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1.1 Why hydrogen? 
The world energy supply has been depending mainly on fossil fuels since the nineteenth  

century.1, 2 However, reserves are diminishing and burning fossil fuels causes climate change 

due to the greenhouse gas emissions.3 Meanwhile, the world energy demand is still rising and 

expected to increase by approximately 30 % in the next two decades.4 Hence, a sustainable 

energy system that enables us to meet both the future energy and environmental requirements 

is needed.4-6 

H2 plays an important role in future energy scenarios.2, 7, 8 Large scale use of e.g. solar 

and wind energy sources brings issues related to their intermittent character. H2, as an energy 

carrier, offers the possibility to store the excess solar/wind energy. The mechanism is based 

on the electrolysis of H2O into O2 and H2 using the electricity produced from excess 

solar/wind energy. The H2 can be distributed to the place of use, and used in fuel cells to 

produce electricity for both stationary and mobile applications, only giving water as end 

product.9-11 H2-fuel cells are especially attractive for electric vehicles.11 Presently, 95 % of 

transport fuels are still derived from crude oil, and the transport-sector CO2 emission accounts 

for 23 % of the total CO2 emissions from fossil fuel combustion.12 Furthermore, the number 

of passenger vehicles is expected to double by 2035 owing to the fast industrialization of 

developing countries.12 Hence, using H2-fuel cells to power vehicles could largely decrease 

the oil demand, and reduce CO2 emission if H2 is obtained from sustainable resources.  

 

1.2 Hydrogen storage 
H2 is a gas under ambient pressure and temperature. For both stationary and mobile 

applications, compact and safe hydrogen storage is key for using H2 as a fuel. Three main 

hydrogen storage options are based on compressed gas, cryogenic liquid and chemical 

hydrogen storage.13-18 

Compressed gas storage is a relatively mature technology. The most common high-

pressure cylinders are loaded with a maximum 200 bar H2 pressure. The newly developed 

light weight nanocomposite tank allows to increase the pressure up to 800 bar, from which a 

relatively high gravimetric (5.5 wt% H2) and volumetric (37 g/L H2) energy density can be 

achieved. For on-board hydrogen storage, the current state of the art includes 350 and 700 bar 
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pressurized tanks, and the main research effort in this direction focuses on decreasing weight 

and cost of the tank.8, 16  

H2 can be stored in liquid form at -253 oC. The volumetric energy density of liquid H2 (70 

g/L H2) is high compared to an 800 bar H2  (g) tank. However, its application is hindered by 

safety, energy efficiency and handling considerations.8, 16 Currently, liquefied H2 storage in 

cars is not considered as an option due to the low energy efficiency (30 % energy of the stored 

H2 is needed for liquidification process and boil-off). 

A third option is chemical hydrogen storage in hydrides, in which hydrogen is bound to 

an element that has similar/lower electronegativity.13-15, 19, 20 H2 is released via decomposition, 

which in most cases is reversible.  Generally, hydrides can be classified into three types 

depending on the nature of the bond between metal/non-metal and hydrogen.15, 20  

The first category is the so called metallic hydrides, in which hydrogen is bound to 

transition metals or lanthanides or actinides. These hydrides generally have a relatively low 

H2 content of ~1-3 wt%. Examples of metallic hydrides are PdHx, LaNi5H6 and FeTiH2, with 

a dissociation equilibrium pressure of higher than 1 bar at room temperature and good kinetics 

for H2 desorption and reabsorption under practical conditions.  

The second category is the ionic hydrides. Ionic hydrides have the potential for offering 

both high gravimetric and volumetric energy density. Alkali or alkali earth metals react with 

H2 to form binary metal hydrides (NaH, CaH2, LiH and MgH2 etc.). They have a high 

thermadynamic stability. For instance, for MgH2 (7.4 wt % H2, ΔHf° = -75 kJ/mol H2), 1 bar 

H2 equilibrium pressure is reached at 300 oC. H2 can also be stored in complex metal hydrides. 

Complex metal hydrides consist of an alkali/alkali earth cation (Na+, Mg2+, Ca2+, Li+ etc.) and 

a complex anion of [AlH4]- (alanates), [BH4] - (borohydrides) and [NH2] -(amides), in which H 

is covalently bound to a metal/non-metal atom. Complex metal hydrides are especially 

interesting due to the high H2 content of up to 18.5 wt%. 

The last type is covalent hydrides. Hydrocarbons such as CH4 and CH3OH are used 

directly as fuels by combustion or in fuel cells. Other covalent hydrides such as AlH3, 

NH3BH4 are studied as possible hydrogen sources due to their high H2 contents (10 wt% H2 

and 19.6 wt% H2, respectively) and favorable H2 release temperature. For instance, AlH3 

releases about 10 wt% H2 at temperatures below 100 oC and NH3BH3 releases 6.5 wt%. 

However, the irreversible nature of their decomposition under practical conditions hinders 
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further utilization. H2 can also be stored in liquid organic hydrides, such as 

methylcyclohexane and decaline. Reversible hydrogen storage in this case is based on the 

catalyzed dehydrogenation-rehydrogenation reactions cycles. Main concerns are the energy 

efficiency (a large amount of heat is needed to extract the hydrogen) and the lack of efficient 

and stable dehydrogenation catalysts. 

 

1.3 Requirements for H2 storage materials 
Metal hydrides with high H2 capacities are potentially interesting for both stationary and 

on-board hydrogen storage. However, there are other practical requirements, such as 

appropriate thermal stability, fast H2 release and uptake rate and long cycle life-time. These 

requirements are related to the thermodynamic properties of the materials (H2 de/absorption 

enthalpy), H2 de/absorption kinetics and reversibility of H2 desorption from metal hydrides.  

A typical H2 de/absorption in a divalent ionic metal hydride can be represented by the 

equation below:  

                                                               
The free energy change is given by 

 

and  

 

(ΔG°, ΔH°  and ΔS° stand for the standard reaction free energy, enthalpy and entropy changes, 

respectively; ∆G represents the reaction free energy change under temperature T and H2 

pressure PH2; R stands for the gas constant, 8.314 J/[mol*K]) 

One can estimate the standard enthalpy change of desorption given 1 bar H2 equilibrium 

pressure at a fixed temperature, assuming the main contribution to the entropy change is the 

release of gaseous H2 (130 J/K mol H2). For instance, to achieve 1 bar H2 equilibrium 

pressure at 30 oC, the desorption enthalpy of the metal hydride should be 39 kJ/mol H2. Metal 

hydrides having large positive desorption enthalpies require high temperatures for H2 release, 

and a large amount of heat is generated upon the reabsorption of hydrogen. Materials having 

small positive desorption enthalpies are also undesired, as even though H2 release is favored 

at low temperatures, H2 reabsorption requires large pressures. For instance, the desorption 

MH2  ↔  M +H2 

∆G = ΔG° + RT lnPH2 

 ΔG° = ΔH° – T ΔS° 
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enthalpy of AlH3 is ~7 kJ/mol H2, and therefore about 2.5 GPa H2 pressure is needed for the 

rehydrogenation at 280-300 oC.21  A negative desorption enthalpy means that the hydride is 

unstable, and the regeneration by direct rehydrogenation with practical H2 pressures is 

impossible.  

As for kinetics, hydrides should be able to release H2 with a suitable rate depending on 

the corresponding applications. For instance, for on-board hydrogen storage, 1.6 g H2/s from 

the storage materials is required to power an 80 kW fuel cell.13 

 

1.4 Complex metal hydrides: NaAlH4 and LiBH4 
Complex metal hydrides were for a long time not considered as candidates for reversible 

hydrogen storage. This changed with the discovery of the fascinating catalytic effect of Ti 

based compounds on the hydrogen desorption from NaAlH4 (sodium alanate), and subsequent 

absorption.22-24 NaAlH4, with a total H2 capacity of 7.4 wt %, has drawn much attention in the 

past two decades, as it is the only complex light metal hydride identified so far that combines 

relatively high H2 capacity and favorable thermodynamics. Other alanates such as LiAlH4 and 

Mg(AlH4)2 suffer from a small or even negative desorption enthalpy, which results in 

irreversible H2 desorption under practical conditions.19, 25  

NaAlH4 has a body-centered unit cell. Each sodium cation is coordinated by eight [AlH4]-
 

tetrahedron (Figure 1.1 (a)).26  When heating up, bulk NaAlH4 releases H2 through three steps 

according to the following equations,27, 28 with two intermediates Na3AlH6 and NaH:  

 

   3 NaAlH4 (s) → Na3AlH6 (s) + 2 Al (s) + 3 H2 (g)   3.7 wt% H2       ΔH° =  37 kJ/mol  [H2] 

   Na3AlH6 (s) → 3 NaH (s) + Al (s) + 1½ H2 (g)        1.85 wt% H2    ΔH° =  47 kJ/mol  [H2] 

   NaH (s) → Na (l) + ½ H2 (g)                                    1.85 wt% H2     ΔH° = 112 kJ/mol [H2]  

 

The first and second desorption steps have 1 bar H2 equilibrium pressure at around 33 oC 

and 110 oC, respectively, while the last step requires more than 400 oC and is typically not 

considered for practical applications. Figure 1.1 (b) shows the phase diagram of NaAlH4, 

indicating the stability region of NaAlH4 and the two intermediates in a wide range of 

temperatures and H2 pressures.22 In principle, phase transformation can be induced by 



Chapter 1 

12  

changes in the temperature or H2 pressure. For instance, NaAlH4 is stable at 150 oC at H2 

pressures above ~62 bar, while lowering the pressure will lead to the decomposition of 

NaAlH4 to Na3AlH6. Molten NaAlH4 at ~183 oC is stable only if H2 pressure is higher than 

~137 bar.  

In contrast to the very promising thermodynamic properties, H2 release is slow and only 

starts when the temperature reaches the melting point of NaAlH4 (~183 oC) and the second 

step occurs at even higher temperatures (250 oC). Moreover, once decomposed, the kinetics 

for absorption of H2 by the decomposition products is sluggish, and severe reloading 

conditions are required to obtain partial reversibility (150 bar, 170 oC and 15 h for 10 % 

reversibility).22  

LiBH4 has also been studied intensively in the past few years, owing to its high H2 

content (18.5 wt % H2).29 LiBH4 releases H2 in multiple steps via the generally accepted 

intermediate Li2B12H12: 30, 31  

 

12 LiBH4 (s) → Li2B12H12 (s) + 10 LiH (s) + 13 H2 (g)  10 wt% H2   

Li2B12H12 (s) → 2 LiH (s) + 12 B (s) + 5 H2 (g)              3.8 wt% H2 

Figure 1.1 Crystal structure (a) from ref. 28 and phase diagram (b) of NaAlH4 (dots indicate the 

measurement points) from ref. 22. 
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LiH (s) → Li (l) + ½ H2 (g)                                     4.6 wt% H2             ΔH° = 181 kJ/mol [H2] 

 

LiBH4 has a high thermodynamic stability and only starts to release H2 at around 370 oC. 

Moreover, only partial reversibility (8.3 wt % H2) was achieved even with severe 

rehydrogenation conditions of 600 oC and 155 bar H2 pressure.32 No efficient catalyst for 

improving H2 de/absorption has been identified. 

 

1.4.1 Kinetics and Reversibility 

Hydrogen absorption consists of several steps. Taking the conversion of a metal into a 

metal hydride as an example, the steps include physisorption of H2 at the metal surface, 

dissociation of H2 at the surface, hydrogen atoms permeating into the metal and diffusing 

through the metal, nucleation of a hydride phase, and propagation of the hydride phase. The 

kinetics are determined by the slowest steps. For alkali, and alkaline earth binary metal 

hydrides, hydrogen dissociation/association and/or diffusion in the solid state are normally 

considered as the limiting steps.33, 34 The H2 desorption/absorption process is more 

complicated for complex metal hydrides. Desorption takes place in multiple steps, involving 

the formation of intermediate phases, and long solid-state diffusion distance. For instance, 

phase segregation on the scale of several hundred nanometers in the products was observed 

after the decomposition of NaAlH4.9, 22, 35 In the case of H2 absorption, rather immobile solid 

phases need to diffuse, mix and react with H2 reforming the complex metal hydrides. Hence, 

it is common believe that mass diffusion in/of the solid phases plays an important role in 

limiting the kinetics and reversibility of H2 sorption. 

Catalysis: Adding catalyst to hydrides by wet impregnation or high energy ball milling is a 

convenient method to enhance the kinetics and reversibility. Various metals, oxides and alloys 

have been tested. Classic hydrogenation catalysts such as Ni and Pd work for the H2 sorption 

of MgH2, but no significant influence on complex metal hydrides has been reported, 

suggesting that H2 dissociation/association is not the rate limiting step in these cases. Ti-based 

catalysts have a remarkable impact on the kinetics and reversibility of NaAlH4.22-24, 28, 36, 37 

Even with a very a low doping level (0.9 mol %), the activation energy for the first 

decomposition step was lowered from 120 kJ/mol to 80 kJ/mol, and 4 wt % H2 reversible 

capacity was achieved reloading  under the conditions of ~90 bar H2 pressure, 125 oC and  
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2 h.28 So far the mechanism behind this is still unclear, but most likely the presence of Ti 

facilitates the H2 diss/association and also the formation of mobile species responsible for the 

transport of solid phases.38-41 The addition of catalysts might also improve the hydrogen 

diffusion in the hydride phase and provide extra sites for nucleation.42, 43 In addition to Ti, 

other metals such as Zr, Fe, Sc and Ce show good catalytic performance for NaAlH4. 38, 44-49  

Decreasing the particle size: In addition to catalysis, decreasing the particle size is an 

alternative strategy to enhance the H2 de/absorption of metal hydrides.50-59 High energy ball 

milling is a common method to decrease crystallite and particle size.51, 54 The final products 

consists of large aggregates of nanocrystals. Improved kinetics is mainly attributed to the 

large surface to volume ratio which offers e.g. a larger number of defects and diss/association 

sites, and an increase in the density of grain boundary, as well as a shorter diffusion pathes in 

nanoparticles.42, 53 

For bulk NaAlH4, almost no H2 release was observed at 160 oC within 20 h, while more 

than 3 wt % H2 was released from ball milled NaAlH4 within 2 h.50   However, the size of 

nanoparticles prepared by ball milling is limited to 30-200 nm depending on the physical 

property of hydrides. Furthermore, the benefit from particle size can be lost during H2 

sorption cycling, owing to the sintering and agglomeration of the nanocrystallites. For 

instance, the crystallite size of NaAlH4 grew from ~110 nm after ball milling to ~280 nm after 

raising the temperature to 160 oC, and also the size of desorption products grew significantly 

upon dehydrogenation, which then leads to slow hydrogen absorption rates upon 

rehydrogenation.55 

To bring the particle size down to the lower nanometer range and study the size effect on 

H2 sorption properties, Baldé etc. deposited NaAlH4 on carbon nanofibres (CNF) and 

obtained samples with different particle sizes by varying the loading.56, 57 It was shown that 

the activation energy for H2 desorption was lowered from ~120 kJ/mol for bulk to 58 kJ/mol 

for particles of 2-10 nm, and the H2 release started at room temperature even without any 

metal based catalysts. After desorption, rehydrogenation started from 20 bar H2 pressure at 

115 oC, which was much lower compared to the typical Ti-catalyzed NaAlH4 (started from 40 

bar). However, only limited reversibility was obtained even after increasing the pressure to 90 

bar and dwelling for 48 h. The poor reversibility might be due to the oxidation and/or 

segregation of desorption products (NaH and Al). In the case of LiBH4, combining ball 
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milling with Ni additives lowered the desorption temperature, but harsh conditions such as 

600 oC, 100 bar H2 pressure and 30 h were required to achieve partial reversibility (12 

wt %).60  It seems that phase segregation and solid-state diffusion have a large impact on the 

reversibility of desorption in complex hydrides.  

 

1.4.2 Thermodynamics 

In general, complex metal hydrides having high gravimetric/volumetric densities are 

either unstable or too stable. Hence it is mandatory to tune their thermodynamic stability to 

the desired range.  

As mentioned in  section 1.2, complex metal hydrides consist of complex anions (e.g. 

[AlH4]-, [BH4] - ), where four hydrogen atoms of a tetrahedron are covalently bound to e.g. Al 

or B in the center, and an alkali/alkali earth metal cations (e.g. Na+, Li+) for the stabilization 

of structure. A correlation between decomposition temperature and electronegativity of 

alkali/alkali earth metal has been found.61, 62 With the same complex anion, the stability of 

hydrides increases with the decrease of electronegativity of the alkali/alkali earth metal, e.g. 

NaBH4 is more stable than LiBH4. Hence, altering the desorption equilibrium is possible by 

cation substitution. For instance, the mixed cations hydride LiZn2(BH4)5 has a lower 

desorption enthalpy compared to that of pure LiBH4.63, 64 Thermodynamic tuning is also 

possible by changing the anion complex. For instance, it was found that substitution of H in 

[AlH6]3- by F resulted in a destabilized mixed sodium hydride/fluoride (Na3AlH6-xFx (with x ≈ 

3), which had a higher equilibrium pressure (25 bar at 120 oC) than pure Na3AlH6 (1.5 bar at 

120 oC).65  

Another approach to change equilibrium conditions is dehydrogenation products 

stabilization.66-68  An example is mixing MgH2 and LiBH4, by which the overall desorption 

enthalpy was lowered by ~21 kJ/mol H2 with respect to H2 desorption from LiBH4, and  

30 kJ/mol H2 with respect to H2 desorption from MgH2 by decomposing to a more stable 

product MgB2 instead of B and Mg.67  

Alternatively, the thermodynamic stability of hydrides might be altered when decreasing 

the particle size to the lower nanometers range (< 10 nm), owing to the impact of surface 

energies.42, 59, 69 A metal hydride with small particle size can be stabilized or destabilized with 

respect to the metal depending on the surface energies of the hydride and metal phase. For 
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instance, it was predicted that NaH is destabilized for particles below 5 nm, whereas, LiH is 

stabilized when decreasing particle size.69 In the case of complex metal hydrides, which 

release H2 through several steps, desorption pathways might be altered due to different size 

effects in hydrogenated and dehydrogenated states.70-72  

 

1.5 Nanoconfined hydrides 
Confining hydrides in the pores of a matrix is an alternative strategy to improve the 

kinetics and reversibility. The large influence of nanoconfinement was first reported for 

NH3BH3, which was incorporated into the pores (7.5 nm) of ordered mesoporous silica by 

solution impregnation.73 NH3BH3 is known as a “one-way” chemical hydride for hydrogen 

storage, and has a high H2 content (19.6 wt%). However, the slow kinetics and release of 

undesired borazine gas, as well as difficulties in regenerating the material from the 

decomposition products hamper its practical application. Interestingly, nanoconfined NH3BH3 

in silica showed improved kinetics and the activation energy for H2 release decreased to 67 

kJ/mol compared to 184 kJ/mol H2 for the bulk. Also the release of borazine was suppressed 

by nanoconfinement, suggesting a different desorption reaction. This was further supported by 

the measured desorption enthalpy, which is -21 kJ/mol NH3BH3 for the bulk but only -1 

kJ/mol NH3BH3 for the nanoconfined NH3BH3.  

Later on, confining NaAlH4 into ordered porous silica by solution impregnation was 

reported by Sun’s group.74 The resulting nanoconfined NaAlH4 was x-ray amorphous and 

started to release H2 at lower temperatures (155 oC) compared to that of bulk NaAlH4 (~183 
oC). The isotherm desorption at 180 oC released 3.0 wt % H2 in 60 min for the nanoconfined 

NaAlH4/silica, while only ~0.3 wt % H2 was obtained for the bulk. Furthermore, 67 % 

reversibility of desorption was achieved under relatively mild conditions (55 bar, 150 oC and 

3 h), whereas almost no reversibility was found for the desorption of the bulk under the same 

rehydrogenation conditions. However, no follow-up studies involving silica hosts showing 

similar results were reported since then.  

Nanosized NaAlH4 confined in the pores (~13 nm) of carbon aerogels by melt infiltration 

was reported.16 A reduction of H2 release temperature from ~183 oC for the NaAlH4 with non-

porous graphite to ~140 oC for the nanoconfined NaAlH4 was observed. Moreover, 85 % 

reversibility was achieved after reloading at ~160 oC and 100 bar H2 pressure for 7 h. NaAlH4 
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was incorporated into a metal organic framework HKUST-1 (Cu3(BTC)2) that exhibits a 

microporous structure.75 The resulted nanoconfined NaAlH4/MOF started to release H2 even 

at 70 oC. For all nanoconfined NaAlH4 systems mentioned above, no change in desorption 

equilibrium was reported. 

Extending the nanoconfinement to complex boron hydrides, LiBH4 was incorporated into 

the pores of silica, MOF and porous carbon materials.76-79 Generally, improved H2 desorption 

kinetics and reversibility were found in LiBH4 confined in porous carbon, and the 

enhancement was larger for carbon matrices of smaller pore size. For instance, the desorption 

rate at 300 oC was 0.22 wt% H2/h for LiBH4 with nonporous graphite, while the value was 

increased to 7.8 and 12.5 wt% H2/h for LiBH4 confined in 25 nm and 13 nm pores of carbon 

aerogel, respectively.78 Also more reversibility of the desorption was found for LiBH4 with 13 

nm pores of carbon aerogel. Almost no reversibility was reported for LiBH4 confined in silica 

or MOF due to the irreversible reactions of Li/B containing species with support framework. 

Moreover, in contrast to the release of diborane upon the desorption of bulk or nanoconfined 

LiBH4 in silica or MOF, almost no diborane was observed for LiBH4 confined in carbon 

based porous materials.79 

Clearly, nanoconfinement in a porous matrix has a large impact on the H2 sorption 

properties of metal hydrides.16, 73, 74, 78, 80-90 Firstly, the large surface area of a matrix facilitates 

the preparation of small nanoparticles, and the particle size is limited by the pore size of 

matrix. Secondly, the confinement in the pores might limit the particle growth and phase 

segregation of products upon desorption, and hence facilitate the H2 de/absorption (improve 

reversibility).85 Thirdly, the porous matrix might provide extra nucleation sites for the phase 

transformation during de/absorption, and hence improve the kinetics. Chemical/electronic 

interactions with support might lead to changes in kinetics and/or desorption pathway. 77, 90, 91 

Lastly, as ab/desorption is always accompanied by volume/structure changes (e.g. volume 

expansion during absorption), the thermodynamic properties might be affected by the 

presence of stress caused by confinement or clamping.80  

 

1.6 Preparation of nanoconfined hydrides 
Nanoconfinement is a relatively new strategy to alter the H2 sorption properties of 

hydrides. It would be interesting to extend nanoconfinement to other hydrides and different 
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porous matrices. Both solution impregnation and melt infiltration have been used as 

preparation methods for nanoconfined hydrides. Solution impregnation involves several steps: 

dissolution of the hydride into a solvent, impregnation of the matrix with solution and 

removal of the solvent. Most hydrides are reactive or have only limited solubility in 

commonly used solvents. Hence, only limited loadings of hydride can be achieved in a single 

impregnation step. For instance, the loading of NaAlH4 confined in silica reached 20 wt% 

after two impregnation steps with NaAlH4-THF solution.74 Melt infiltration is a relatively 

simple method for the preparation of nanoconfined hydrides. A standard procedure consists of 

mixing the hydride and matrix, heating to the melting point of hydride under H2 pressure to 

prevent the decomposition and holding for infiltration, and lastly cooling. In other cases, melt 

infiltration is performed with the dehydrogenated products, e.g. Mg and Na from the 

decomposition of MgH2
92 and NaH,93 respectively. Compared to solution impregnation, melt 

infiltration is less complex and time consuming. Moreover, melt infiltration allows the 

preparation of high loading nanoconfined hydrides, as will be discussed in chapter 2.  

 

1.7 Scaffold materials 
One of key requirements for nanoconfined materials is that hydride/decomposition 

products do not react with the matrix. Porous matrices such as silica, alumina, zeolite, porous 

carbon, MOF are widely used in research and industry. However, all of them have 

disadvantages for confining hydrides. Considering the highly reactivity of 

hydrides/decomposition products, and also practical application (low cost and light weight), 

carbon based matrices emerge as very suitable scaffolds.  

Carbon can have different polymorphs. Graphite consists of stacks of graphene sheets, in 

which in-plane σ bond and out-of-plane π bonds hold the carbon atoms together. Porous 

carbon materials also consist of graphene sheets, but with various degrees of stacking disorder, 

which lead to the formation of micro-, meso- and macropores.  

Most commonly used porous carbon materials are activated carbon and synthetic carbon 

materials. Other types of carbon materials include carbon nanofiber (CNF), carbon nanotube 

(CNT) and ordered mesoporous carbon. Though activated carbon materials have large surface 

areas (generally 800-1200 m2/g) and pore volume (0.9-1.5 cm3/g), synthetic carbon materials 

have a higher purity. The carbon matrix used in this thesis is a synthetic carbon (high surface 
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area graphite), which has a broad pore size distribution dominated by pores smaller than 10 

nm. Hydride confined in such small pores might show altered thermodynamics of desorption, 

as will discussed in Chapter 3.  

An interesting question here is in addition to being a physical scaffold, what are the 

chemical/electronic interactions between hydride/desorption products and carbon. It was 

shown that adding graphite, CNT or fullerenes to NaAlH4 affected the H2 sorption properties. 

Fullerenes showed the largest impact. The mechanism was discussed based on the 

electronegativity of carbon and the bonding nature of NaAlH4.  It was speculated that the 

donation of π electron density from the carbon could weaken the bonding in NaAlH4.94 

However, it is hard to imagine how the electronic interaction can take place over a large 

distance.  

Although carbon is considered an “inert” materials, chemical interactions with carbon 

might take place upon de/rehydrogenation.90, 95 Intercalation of Li into the graphene sheets is 

expected,96 but less likely for larger atom such as Na. Nevertheless, intercalated Na was 

reported upon dehydrogenation of NaH/C nanocomposites, leading to a lowered effective H2 

desorption enthalpy of NaH.93 Another special case is NaAlH4 or LiBH4 with fullerenes, in 

which the reversible formation of NaC60 or LiC60 facilitates the desorption of NaH or LiH.97  

Other reactions such as carbide formation (Al4C3, Na2C2, Li2C2 etc.) and methane formation 

are undesirable, as they will lead to the degradation of the microstructure of carbon.98 

Moreover, most carbides are very stable making the reformation of metal hydrides impossible 

Figure 1.2 Oxygen-containing groups on carbon surfaces that can typically be presented (ref. 100).  
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under practical conditions. Li2C2 formation was found after the dehydrogenation of LiBH4/C 

nanocomposites.81, 99 Sodium and aluminum carbides have not been reported as far as we are 

aware.  

Lastly, the impurities, especially the surface groups of the carbon materials might interact 

with metal/metal hydrides. Due to the disorganized structure of porous carbon, dangling 

bonds exist at the edge of the basal planes, where hetero-atoms such as H, O, S and N can be 

located. Generally oxygen-containing groups are dominant. Figure 1.2 gives an overview of 

typical oxygen-containing surface groups.100 Depending on the raw materials and synthetic 

methods used, also other impurities such as Fe, Ni, Co and K etc might be found. In the case 

of metal impurities, they might show a catalytic effect on the de/absorption of hydrides. For 

instance, the formation of nickel boride during the dehydrogenation of ball milled 

LiBH4/CNT might act as a hydrogen de/association catalyst and hence enhance the kinetics.101, 

102  

 

1.8 Characterization 
To understand the influence of nanoconfinement, it is important to know the structure of 

confined materials. X-ray diffraction is a common technique for structural characterization. 

However, in most cases the nanoconfined hydrides and the desorption products lack long-

range crystallinity. N2-physisorption, Differential Scanning Calorimetry (DSC) and Nuclear 

Magnetic Resonance (NMR) are alternatives to access the structural information of confined 

phases. With N2-physisorption, information on the porosity of material and hence indirectly 

the degree of pore filling can be obtained. DSC can follow the interactions between matrix 

and confined hydride, and phase changes. Additionally, whether material is present in small 

pores or large/outside pores of matrix can be determined by studying the melting behavior of 

the material with the DSC. NMR is a powerful technique to identify the phases presented in 

nanocomposites and obtain the local structural information.  

 

1.9 Scope and outline of thesis 
This thesis describes an investigation of the impact of confinement in nanoporous carbon 

matrices on the kinetics, thermodynamics and reversibility of H2 desorption from NaAlH4. In 

chapter 2, a comprehensive study on the preparation and characterization of nanosized 
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NaAlH4 confined in a porous carbon material by melt infiltration is presented. The 

characterization of the obtained nanocomposites is performed by combining XRD, N2 

physisorption, high pressure DSC and solid state NMR. In chapter 3, the H2 release and 

reversibility of the resulting NaAlH4/C nanocomposites is discussed. Since the strongly 

confined 20 wt % NaAlH4 in porous carbon lacks long-range crystallinity and shows different 

melting behavior compared to the bulk, altered thermodynamic properties are expected. 

Therefore, a study of the phase diagram of this sample is presented as well. The nanoconfined 

NaAlH4 showed only partial reversibility of the hydrogen desorption. In chapter 4, we discuss 

the origin of the loss of reversible capacity by studying the morphology and structure of 

dehydrogenated samples, as well as the influence of de/rehydrogenation pressures and 

temperatures. A strategy for achieving full reversibility of desorption from nanoconfined 

NaAlH4 in carbon materials is demonstrated.  In chapter 5, we discuss the influence of carbon 

surface properties on the structural and H2 sorption properties of nanoconfined systems. 

Carbon materials with similar textural structures but different surface properties are used for 

melt infiltration. The nature and quantity of surface groups in carbon are linked to the H2 

capacity and reversibility of nanoconfined samples. Finally, chapter 6 contains the summary 

and outlook. 
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 Chapter 2  
 

Synthesis and Characterization of  

NaAlH4/C Nanocomposites 
 

 

Abstract 

In the search for suitable solid state hydrogen storage systems, NaAlH4 (7.4wt% H2) holds 

great promise due to its suitable thermodynamical properties. However, hydrogen release and 

uptake are hampered by high activation energies, most likely due to solid state mass transfer 

limitations. A recent strategy to improve the hydrogen sorption properties of NaAlH4 is to 

reduce the particle size to the nanometer scale. We prepared high loadings of nanosized 

NaAlH4 confined in the pores of a carbon support by melt infiltration. XRD, nitrogen 

physisorption, high pressure DSC and solid-state NMR are used to evidence that the molten 

NaAlH4 infiltrates the carbon support, and forms a nanosized NaAlH4 phase lacking long-

range order.  

 

 

 

 

 

 

 
 
 
 
 
This chapter is based on the following manuscript: P. Adelhelm, J. Gao, M. H. W. Verkuijlen, C. 

Rongeat, M. Herrich, P. van Bentum, O. Gutfleisch, A. P. M. Kentgens, K. P. de Jong, P. E. de Jongh, 

Comprehensive study of melt infiltration for the synthesis of NaAlH4/C nanocomposites, 

Chem. Mater., 2010, 22, 7, 2233  
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2.1 Introduction 
Sodium alanate (NaAlH4) is an important candidate for the solid state storage of 

hydrogen as it is one of the few (complex) metal hydride systems with thermodynamic 

properties that allow operation at (proton exchange membrane) PEM fuel cell working 

temperatures.1 However, the decomposition of NaAlH4 is kinetically hindered and 

decomposition below its melting point (Tm=181 °C) is very slow.2, 3 An important step 

forward was the discovery of Ti species as effective catalysts that allowed (partial) 

reversibility and dehydrogenation at reduced temperatures.2 More recently, it was found that 

the addition of carbon additives also leads to lower hydrogen desorption temperatures.4-10 The 

underlying mechanism is not well understood, but it is suggested that the catalytic effect of 

carbon might be related to weakening of the Al-H bonds in NaAlH4 due to interaction with 

the electronegative support.11 

An alternative approach to improve the hydrogen sorption properties of metal hydrides is 

by decreasing its crystallite size by supporting it on a high surface area material using solution 

impregnation techniques12-15 or via melt infiltration.5, 16-20 The limited reversibility of the 

hydrogen desorption from NaAlH4 is usually attributed to long solid state diffusion paths, due 

to macroscopic phase segregation upon dehydrogenation.21 It is believed that this phase 

segregation can be limited by using NaAlH4 that is nanosized and confined by a support. 

Improved hydrogen sorption properties were recently reported for a crystalline NaAlH4/C 

nanocomposite (formed by melt infiltration of carbon aerogels with pore size ~13 nm) 17 and 

NaAlH4 nanoparticles supported on SiO2.15 However, in both cases no detailed information on 

the nanostructure of the resulting materials was given.   

Here we report the synthesis and detailed structural characterization of nanosized NaAlH4 

confined in the pores of a carbon material. The material is prepared by melt infiltration of a 

porous carbon with relatively small pores (mainly < 10 nm). The melt infiltration and pore 

filling process were followed using high pressure differential scanning calorimetry (HP-DSC) 

and N2 physisorption measurements. We present a microstructural characterization, 

combining XRD, N2 physisorption and solid-state NMR results, evidencing that the NaAlH4 

up to loadings of more than 20 wt% indeed fully enters the nanopores of the carbon support, 

and that as a result the NaAlH4 lacks long range crystallinity.  
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2.2 Experimental Section 
High purity porous carbon HSAG-500 (Brunauer-Emmett-Teller (BET) surface area 500 

m2g-1, Barrett–Joyner–Halenda (BJH) total pore volume 0.57 cm3g-1, broad pore size 

distribution with a maximum around 2-3 nm, 90 wt% of the particles < 60 µm) and non-

porous graphite KS-6 (20 m2g-1, 0.07 cm3g-1, 90 wt% or the particles < 5.8-7.1 µm) were 

obtained from Timcal Ltd., Switzerland. NaAlH4 (>90%, Aldrich) was used as received as no 

impurities were detected with (X-ray diffraction) XRD and solid-state Nuclear Magnetic 

Resonance (NMR). The observed chemical shift values for 23Na and 27Al concur with 

literature.22 The carbon supports were dried at 500 °C for 3 h under Ar flow before synthesis. 

Carbon support (80 wt%) and NaAlH4 (20 wt%) were mixed in an Ar glove box (Mbraun 

Labmaster I30, 2 ppm H2O and <1 ppm O2) for 1 min in a mortar and transferred to an 

autoclave (Parr 4836). Melt infiltration was conducted by heating the sample under H2 

atmosphere first to 150 °C (5 Kmin-1, 15 min dwell time) and then to 180 °C (1 Kmin-1, 15 

min dwell time). The hydrogen pressure in the autoclave reached ~170 bar at 180 °C. After 

cooling to room temperature, the pressure was released and the autoclave was transferred 

back to the glove box, where the melt infiltrated sample was collected. XRD patterns were 

obtained with a Bruker AXS D8 Advance 120 machine (Co-Kα radiation) using an airtight 

sample holder. Nitrogen physisorption measurements were obtained at 77K using a 

Micromeritics ASAP 2020. BJH pore size distributions were calculated using the adsorption 

branch of the isotherm. Leaching of the melt infiltrated NaAlH4 was done under reflux in a 

1M HCl solution (1h) at 100 °C. 23Na magic angle spinning (MAS) NMR spectra were 

recorded using a Chemagnetics Infinity 600 MHz spectrometer with a 2.5 mm HX MAS 

probe.23 The single pulse excitation spectra were obtained using a short hard pulse of 0.20 μs 

at a RF field strength of 200 kHz using sample spinning speeds of 10.2 kHz.   

The microstructure was observed by scanning electron microscopy (SEM, Leo 1530 

Gemini), 15 kV was used for the images collected with backscattered electron detector. 

Samples were transferred to the SEM chamber without exposure to air. The local 

compositions were determined with energy-dispersive X-ray spectrometry (EDX). High 

pressure Differential Scanning Calorimetry (HP-DSC) measurements were obtained with an 

apparatus from Netzsch (DSC 204 HP Phoenix) at the maximum operable pressure of 120 bar 

H2 operated in an Ar atmosphere glove box.24, 25 This particular pressure was selected as it 
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was the highest pressure experimentally available, and we wanted to avoid NaAlH4 

decomposition as much as possible. However, this implies that melting and equilibrium 

decomposition of NaAlH4 can take place roughly at the same temperature, and kinetics will 

determine which process will dominate. Interpretation of the DSC results would be easier if 

measurements at significantly higher pressures than 120 bar H2 would be possible. This was 

not the case at the time of writing, but recently the possibility of measuring up to pressures of 

200 bar H2 has been reported.26  

 

2.3 Results and Discussion  
2.3.1 Structure and morphology 

 

 
Figure 2.1 shows the XRD patterns of various NaAlH4/carbon samples that have 

previously been heated to 180 oC under H2 pressure. For pure NaAlH4 all diffraction lines 

Figure 2.1 XRD patterns of different samples after heat treatment at 180 °C under 170 bar H2. 

(a) Pure NaAlH4, (b) 20 wt% NaAlH4 with non-porous graphite (mi20NaAlH4/G), and (c) 20 

wt% NaAlH4 with porous carbon (mi20NaAlH4/C). (d) A physical mixture of 20 wt% NaAlH4 

with porous carbon is added for comparison (20NaAlH4/C). Note: The graphite support shows 

an additional carbon diffraction line at 52.5 ° that is absent for the porous carbon. The weak 

lines at 31° and 37° in curve (a) are the Kβ lines of the intense diffraction lines at 35° and 42°. 
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corresponded to NaAlH4 and proof recrystallization during cooling. This also implies that the 

decomposition of pure NaAlH4 at 180 °C was effectively prevented by the high hydrogen 

pressure (curve a). Similar results were found when using non-porous graphite as additive 

(curve b). However, in this case the XRD pattern showed, besides the additional graphite 

diffraction lines, also some very weak features around 2θ = 38° and 45° that might originate 

from Na3AlH6 and Al. Hence graphite seems to promote the decomposition of liquid NaAlH4, 

although the major fraction had not decomposed and recrystallized during cooling.  

No NaAlH4 diffraction lines were found when using the porous carbon as support (curve 

c), evidencing that NaAlH4 after melt infiltration lacks long range crystallinity. This in 

contrast to results reported for NaAlH4 melt infiltrated into carbon aerogels where crystalline 

NaAlH4 and its decomposition products were clearly identified with XRD, though the 

samples contained more NaAlH4 (~50 wt%).17 Aluminium crystallites were detected, which 

are formed as a product of the reaction between molten NaAlH4 and impurities in porous 

carbon upon melt infiltration. No crystalline Na3AlH6 or NaH were detected. Compared to the 

physical mixture of NaAlH4 and porous carbon (curve d), the carbon diffraction lines remain 

unchanged, indicating that the carbon structure was well preserved during the melt infiltration 

process. 

The pore filling of the nanocomposites was studied with nitrogen physisorption (Figure 

2.2). For the pure carbon, the shape of the isotherm (Figure 2.2a) indicates a broad 

distribution of pores in the micro-, meso- and macropore range. After melt infiltration, a 

drastic loss in porosity was observed, indicating that the NaAlH4 efficiently filled (or blocked) 

most of the pores upon melting. BET surface area and BJH total pore volume decreased from 

500 to 156 m2*g(C)-1 and from 0.57 to 0.32 cm3*g(C)-1, respectively. The corresponding BJH 

cumulative pore volumes and pore size distributions are shown in Figure 2.2b. The melt 

infiltration leads to a loss in pore volume, in particular for the smaller pores. The theoretical 

volume NaAlH4 added is 0.20 cm3g(C)-1 (assuming ρNaAlH4=1.24 g cm-3). The total measured 

pore volume loss is 0.25 cm3g(C)-1 and 0.20 cm3 g(C)-1 for pores ≤ 25 nm. Thus it can be 

assumed that, also considering the results from XRD, the NaAlH4 melt entered the pores of 

the carbon matrix and only minor pore blocking occurred. 

To study whether the carbon structure was affected by the melt infiltration, the porosity 

was determined after the NaAlH4 had been leached. The pore volume corresponded well to 
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the original carbon support, corroborating the findings from XRD that the carbon structure 

was well-preserved. 

 

 
 

 

 

Figure 2.2 Results from nitrogen physisorption (77K) comparing the porosity before (pure 

carbon, circles), after melt infiltration (mi20NaAlH4/C, squares) and after leaching of NaAlH4 

(solid gray line). (a) Isotherms, (b) BJH cumulative pore volumes determined from the adsorption 

branch of the isotherm. The inset shows the corresponding pore size distribution  

                                                                                                                                                    

Figure 2.3 SEM image of melt infiltrated 20 wt % NaAlH4/C nanocomposites with backscattered 

electrons imaging (a) and energy-dispersive X-ray mappings of C (b), Al (c) and Na (d) 
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Scanning electron microscopy and energy-dispersive X-ray spectrometry (EDX) were 

applied to study the morphology of NaAlH4/C nanocomposites after melt infiltration. In the 

backscattered electrons image (Figure 2.3a), C and Na are not distinguishable due to their 

similar atomic weight, the bright spots presented are identified as Al by EDX analysis. The 

relatively large bright spots imply the presence of large metallic Al particles, which is in line 

with the XRD results (Figure 2.1c).  EDX mapping gives an overview of the distribution of C, 

Na and Al (image 2.3b-d). Both Na and Al have similar distribution as that of C, indicating 

well dispersed NaAlH4 phase over porous carbon after melt infiltration.  

 

2.3.2 Melt infiltration process 

 

 

Figure 2.4 (a) Pore size distributions (BJH, adsorption branch) and (b) XRD patterns after melt 

infiltration for samples with different contents of NaAlH4 5-40 wt%; (c) BJH cumulative pore 

volumes (adsorption branch) of pure carbon and mi30NaAlH4/C.  The volume of NaAlH4 in 

mi30NaAlH4/C is 0.34 cm3g(C)-1 
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To follow the pore filling with increasing NaAlH4 loading, a series of samples with 

NaAlH4 contents from 5 to 40 wt% was prepared (Figure 2.4a). Considering the BJH total 

pore volume of 0.57 cm3g-1 of the carbon support, the maximum theoretical amount of 

NaAlH4 that can enter the pores is 41.5 wt%. For the different NaAlH4 loadings, the pore 

volume loss in the nanopore range is close to what would be expected. The difference 

between the expected and measured pore volume loss is similar for all samples up to 30 wt%, 

and typically around 0.06 cm3g(C)-1. This indicates that a small fraction of the pore volume 

might be inaccessible for the NaAlH4 melt, for instance due to the specific pore structure or 

the presence of impurities (which could lead to pore blocking due to reaction with the 

NaAlH4). 

For the sample containing 40 wt% NaAlH4, the measured pore volume loss is slightly 

smaller than the calculated volume, indicating that not all NaAlH4 entered the porous carbon 

matrix. This is as expected as this composition is close to the theoretical limit of 41.5 wt%, 

and hence one would expect some NaAlH4 to be present outside the pores or in relatively 

large pores. This is in line with XRD observations (Figure 2.4b) where some crystalline 

NaAlH4 was detected for loadings of 30 wt% and higher. Assuming ideal pore filling starting 

from the smallest pores for sample with 30 wt% NaAlH4 (VNaAlH4= 0.34 cm3 g(C)-1), pores up 

to 20 nm would be filled. However experimentally we find that part of the pores of 5-20 nm is 

not filled, and that also part of the pore volume associated with pores larger than 20 nm is lost 

(Figure 2.4c). The larger pores apparently allow crystallization of the NaAlH4 upon cooling. 

For this reason, further experiments were conducted with samples containing 20 wt% NaAlH4 

to ensure that no crystalline NaAlH4 is present. As the content of non-crystalline NaAlH4 

directly depends on the porosity of the carbon, it might be increased by using carbons with a 

higher pore volume in the low nanometers range.  

An in-situ study of the melt infiltration process was performed by DSC measurements 

under high hydrogen pressure (120 bar H2) starting from physical mixtures of NaAlH4 with 

porous carbon (20NaAlH4/C) and graphite (20NaAlH4/G). Results are shown in Figure 2.5a. 

While heating up, the samples show both exothermic and endothermic contributions to the 

signal starting around the melting point of NaAlH4 (T≈181°C). For both samples 20 wt% 

NaAlH4 is present in the physical mixture. We hence expect the same signal due to melting of 

the NaAlH4 powder. This contributes an endothermic heat flow (∆Hm= 23.2 kJ mol-1 or 28 kJ 
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mol-1).27, 28 A minor endothermic signal might also be present due to partial decomposition of 

liquid NaAlH4 to Na3AlH6 (9 kJ mol-1).28 However, for both samples, a major exothermic 

contribution to the DSC signal is observed starting at the melting point of NaAlH4. For the 

nonporous carbon, the exothermic heat flow is attributed to the wetting of the carbon surface 

area with molten NaAlH4, even though we can not fully exclude a contribution because of 

reactions with impurities of the high-purity carbons (e.g., oxygen containing terminating 

groups of the graphenes). This is a relatively rapid process, which is completed within about 2 

min. 

 

 

 
 

For the mixture with the porous carbon, the exothermic contribution is more than an 

order of magnitude larger than for the nonporous graphite sample. As the exothermic 

contribution is so much larger than the endothermic contribution, the profile seems to suggest 

that two separate exothermic contributions are present. However, as we are sure that the 

endothermic contribution due to the NaAlH4 melting must be included, it is clear that the peak 

profile has to be explained by a relatively small and sharp endothermic peak, superimposed on 

a broader and larger exothermic peak. Hence both for nonporous and for porous carbon, the 

peak shape is a result of the sum of both endothermic and exothermic contributions to the 

Figure 2.5 High pressure DSC measurements (120 bar H2, 5 Kmin-1) starting from physical 

mixtures of NaAlH4 with porous carbon (20NaAlH4/C) and non-porous graphite (20NaAlH4/G). (a) 

heating curves and (b) cooling curves. Note: The signals of 20NaAlH4/G and mi20NaAlH4/G are 

shifted for better comparison. 
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signal. However, in the case of the porous carbon, the process causing the exothermic signal 

takes somewhat longer time to complete (~3-4 min) than for the nonporous carbon (~1-2 min). 

Although a full quantitative analysis of the DSC is difficult because of the heat losses via the 

highly conductive hydrogen gas, it is clear that the exothermic signal roughly scales with the 

surface area of the carbons. The results strongly suggest that this exothermic process is a 

fingerprint of the infiltration of the carbon with molten NaAlH4, hence eliminating the 

carbon/gas and NaAlH4/gas surfaces and forming a low-energy NaAlH4/C interface instead. 

Additional information on the microstructure of the NaAlH4 is obtained from the cooling 

curves after melt infiltration (Figure 2.5b). Interestingly, crystallization of NaAlH4 upon 

cooling is only observed for 20NaAlH4/G. It proves that in this case a major fraction of the 

NaAlH4 has not decomposed into Na3AlH6 under the given conditions. For 20NaAlH4/C, no 

crystallization signal is observed at all. Clearly, the nanoconfinement and close contact with 

the carbon prevent crystallization. This phenomenon is known for other nanoconfined liquids, 

for instance nickel nitrate aqueous solutions in silica pores, in which a glass phase rather than 

a crystalline phase is formed.29, 30  

 

2.3.3 Local structure 

As no long range crystallinity was observed for the nanoconfined sample, few 

characterization techniques are available to study the local structure. One technique that gives 

full and quantitative information about the local surrounding of the atoms in these materials is 

solid-state NMR.  

Figure 2.6 shows the 23Na spectra before and after melt infiltration. Before melt 

infiltration the 23Na spectrum shows a well defined line at -11 ppm chemical shift with respect 

to a 0.1 M aqueous solution of NaCl, and spinning side bands at ± 10.2 kHz, as expected for a 

well-crystallized (bulk) NaAlH4 phase.22 After melt infiltration (mi20NaAlH4/C), the main 

line is clearly broadened and shifted downfield with respect to the resonance in the physical 

mixture. The broadening is attributed to a distribution in chemical shift and quadrupolar 

interaction parameters as a result of structural disorder indicating that the material is no longer 

crystalline. The shift of the resonance line to higher ppm values show that, apart from the 

structural disorder, there are additional interactions that affect the effective shielding of the 

Na atoms in the melt infiltrated sample that are not present in the physical mixture. This can 
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be caused by a multitude of effects such as susceptibility effects from the nearby carbon and 

coupling to conduction electrons in the carbon support.31 From the fact that all Na atoms are 

affected in a similar way we can conclude that the material must be very finely dispersed over 

the carbon support.  

 

 

2.4 Conclusion 
The NaAlH4 melt infiltration of porous carbon is an effective and simple method to 

synthesize highly loaded NaAlH4/carbon nanocomposites. Wetting of the carbon with the 

molten NaAlH4 and other interaction is evidenced by following the process in situ with  

HP-DSC experiments. Combined with N2 physisorption results, it becomes clear that the 

majority of the pore volume of a nanoporous carbon can be filled with NaAlH4 within a few 

minutes. Due to the nanoconfinement, the structure of the resulting NaAlH4 phase is clearly 

different from bulk crystalline NaAlH4. It lacks X-ray crystallinity, and does not show 

melting and solidification as it is found for bulk NaAlH4. 23Na NMR characterization shows 

that the local surrounding of the Na atoms is clearly heterogeneous and suggests intimate 

contact between all NaAlH4 and the nanoporous carbon, at least for loadings of 20 wt%. The 

carbon structure itself is preserved during the synthesis. Although loadings up to 20-30 wt% 

Figure 2.6 23Na NMR spectra before (20NaAlH4/C) and after melt infiltration (mi20NaAlH4/C) 

mi20NaAlH4/C 

20NaAlH4/C 
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of nanoconfined NaAlH4 can already be obtained, a further increase could be expected by 

optimizing the carbon pore structure.  
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Chapter 3  
 

Confinement of NaAlH4 in Nanoporous Carbon: Impact 

on H2 Release, Reversibility and Thermodynamics 
 

Abstract 

NaAlH4 is the only complex metal hydride identified so far that combines favorable 

thermodynamics with a reasonable hydrogen storage capacity (5.5 wt %) when decomposing 

in two steps to NaH, Al, and H2. The slow kinetics and poor reversibility of the hydrogen 

desorption can be combatted by the addition of a Ti-based catalyst. In an alternative approach 

we studied the influence of a reduced NaAlH4 particle size and the presence of a carbon 

support. We focused on NaAlH4/porous carbon nanocomposites prepared by melt infiltration. 

The NaAlH4 was mainly confined in the <10 nm pores of the carbon, resulting in a lack of 

long-range order in the NaAlH4 structure. The hydrogen release profile was modified by 

contact with the carbon; even for (~35 nm) NaAlH4 on a non-porous carbon material the 

decomposition of NaAlH4 to NaH, Al and H2 now led to hydrogen release in a single step. 

This was a kinetic effect, with the temperature at which the hydrogen was released depending 

on the NaAlH4 feature size. However, confinement in a nanoporous carbon material was 

essential to not only achieve low H2 release temperatures, but also rehydrogenation at mild 

conditions (e.g. 24 bar H2 at 150 oC). Not only had the kinetics of hydrogen sorption 

improved, but the thermodynamics had also changed. When hydrogenating at conditions at 

which Na3AlH6 would be expected to be the stable phase (e.g., 40 bar H2 at 160 oC), instead 

nanoconfined NaAlH4 was formed, indicating a shift of the NaAlH4↔Na3AlH6 

thermodynamic equilibrium in these nanocomposites compared to bulk materials. 

 

This chapter is based on the following manuscript: J. Gao, P. Adelhelm, M. H. W. Verkuijlen, C. 

Rongeat, M. Herrich, P. van Bentum, O. Gutfleisch, A. P. M. Kentgens, K. P. de Jong, P. E. de Jongh, 

Confinement of NaAlH4 in nanoporous carbon: impact on H2 release, reversibility, and 

thermodynamics, J. Phys. Chem. C., 2010, 114, 10, 4675 
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3.1 Introduction 
NaAlH4 is known to decompose in three distinct steps (see Table 3.1).1-5 In practice no 

hydrogen is released from undoped NaAlH4 at 30-100 oC due to kinetic limitations. A small 

amount of hydrogen is released upon reaching the melting point (181 oC, the melting enthalpy 

is ~25 kJ/mol), and most of the NaAlH4 decomposes at higher temperatures. The 

decomposition of the hexahydride (Na3AlH6) typically starts at 240-250 oC. This leads to a 

second, clearly distinguishable, desorption step. The release of hydrogen in the third step is 

usually not considered, hence bulk NaAlH4 maximally releases 5.5 wt% hydrogen. Once Al + 

NaH have been formed, absorption of hydrogen is very sluggish, requiring high pressures and 

extended periods of time. The kinetics for both H2 desorption and absorption can be improved 

by the addition of a Ti, Sc, or Ce based catalyst. 1-7 The mechanism is still a matter of intense 

debate, and only partial reversibility is achieved, which is ascribed to the irreversibility of the 

second decomposition step. 

 

 

 

An alternative approach to enhance the kinetics is a decrease of the NaAlH4 particle size 

even below 10 nm. Deposition of NaAlH4 nanoparticles by solution impregnation of a support 

material led to X-ray amorphous materials8, 9 and an onset of hydrogen release even at room 

temperature, despite the absence of a metal-based catalyst. The improved kinetics was 

attributed to the effect of particle size.10 Deposition using the same method in ordered 

mesoporous silica gave much higher hydrogen release temperatures.9 In both cases some 

reversibility was possible at milder conditions than for the bulk, but the reversibility was 

limited (rehydrogenation at 90 bar, 115 oC yielded 0.7 wt% H2 on the second cycle8, 30 bar at 

  wt% 

H2 

ΔHr  

kJ/mol H2 

Teq 

1 bar H2 

Trelease 

in Ar 

1 3 NaAlH4 (s) → Na3AlH6(s) + 2 Al(s) + 3 H2(g) 3.7 37  30 oC > 180 oC 

2 Na3AlH6(s) → 3 NaH(s) + Al(s) + 1½ H2(g) 1.85 47 100 oC > 240 oC 

3 NaH(s) → Na(l) + ½ H2(g) 1.85 112 425 oC > 425 oC 

Table 3.1 Steps in the decomposition of NaAlH4. Indicated are the amount of H2 released in 

individual step, the reaction enthalpy, the equilibrium temperature under 1 bar H2 pressure, and the 

experimentally observed start of H2 release in inert atmosphere 
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125 oC yielded 0.9 wt%)9. Combined with the relative low NaAlH4 loadings that were 

achieved (1-10 wt% on carbon, maximum 20 wt% on SiO2) this makes theses systems less 

relevant for practical applications. More recently it was found that just the addition of small 

amounts of carbon (by ball-milling or simple physical mixing) also influenced the hydrogen 

release temperatures. However, the impact on hydrogen sorption properties was much less 

pronounced, and depended on the type of carbon material added.11-13 Most recently a paper 

has appeared on samples prepared by melt infiltration of porous carbon aerogels with NaAlH4. 

The pore diameter was up to 20 nm, the NaAlH4 showed XRD crystallinity. A strong 

enhancement of the kinetics of hydrogen release was observed, and reasonable reversibility 

was shown (reloading 4.6 wt% at 160 oC under 100 bar H2 for 7 hours).14 

It is clear that carbon has a large impact on the hydrogen sorption properties of NaAlH4. 

However, the nature of this interaction is not yet understood. Support effects are widely 

studied in heterogeneous catalysis, and physical effects of the support can roughly be 

distinguished in three groups:15-17 

Electronic support effects. These are most significant for small metal particles on ionic 

support materials, but are also postulated for small metal particles on carbon nanotubes.18, 19 

Theoretical calculations indicate that the presence of π-electron density close to the graphene 

sheets might influence the ionic bonding strength between the Na+ and AlH4
- units in  the 

NaAlH4.13 Electronic effects have a range limited to about 1-2 nm from the support.  

Structural effects. The support can induce and/or stabilize a certain size, shape and/or 

structure of the active phase. For instance in the presence of a high surface area support often 

nanoparticles are formed from a precursor, while without a support large crystallites of the 

active phase would be formed. This specific size, shape or (lack of) crystallinity can have a 

strong influence on the functionality of the active phase. Kinetics can be influenced by a large 

specific surface area, or shorter solid state diffusion distances. Furthermore for small particles 

(<10 nm) the thermodynamics may be affected. To give an example particle size effects are 

theoretically expected to have a strong influence on the enthalpy of formation of MgH2 for 

particles smaller than 1-2 nm.20, 21 

Interface-related effects. The fact that an interface between two phases is present can lead to 

several effects. If the bonding between support and active phase is strong and the support is 

mechanically robust, the active phase can be clamped (2-dimensional) or even confined (3-
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dimensional, for instance in pores of a support). Phase transitions like (de)hydrogenation 

commonly are accompanied by a change in lattice structure and constants. Restraining the 

material can lead to internal stress, and hence to a change in thermodynamics.22 Furthermore 

kinetic effects can play a role, for instance nucleation of a phase transition might occur at the 

interface. These types of effects extend over distances typically much longer than 10 nm.    

Apart from the physical support effects, also specific chemical effects can occur. For 

instance the active hydrogen storage material might react with the support (e.g. LiBH4 with 

SiO2),23 or intercalation of the metal phase can lead to a change in dehydrogenation enthalpy 

(e.g. NaH in porous carbon).24  

As demonstrated in chapter 2, an intimate contact between the NaAlH4 and the carbon is 

assured by melting the NaAlH4 in the presence of the carbon. In the present study we discuss 

the H2 sorption properties of NaAlH4/carbon composites. As a first system we study a well-

defined graphite, for which relatively large NaAlH4 crystallites on the graphite surface is 

presented. Furthermore we study composites of NaAlH4 with a porous carbon material, with 

mainly < 10 nm pores. Main focus is on the nanocomposite system containing 20 wt% 

NaAlH4, in which the NaAlH4 is confined in the carbon nanopores, and as a result of this 

confinement lacks long-range structural order.25 It is a challenge to characterize which phases 

are present: the active material is X-ray amorphous due to lack of long-range order, its high 

volatility and reactivity make it rather unsuitable for high resolution electron microscopy, and 

the presence of a large amount of carbon seriously hampers spectroscopic methods. Hence in 

addition to hydrogen sorption measurements, we employ high pressure DSC to monitor phase 

transitions, and 23Na and 27Al NMR to obtain a fingerprint of all the Na and Al containing 

components in the system, also upon de- and rehydrogenation steps. As the use of NMR is not 

straightforward, full details of the NMR characterization can be found in a published paper.26 

 

3.2 Experimental Methods 
High purity porous carbon HSAG-500 (BET surface area 500 m2/g and BJH total pore 

volume 0.57 cm3/g, broad pore size distribution with a maximum around 2-3 nm, 90 wt% of 

the particles < 60 μm) was obtained from Timcal Ltd., Switzerland, as well as the non-porous 

graphite Timrex KS-6 (BET surface area 20 m2/g, 0.07 cm3/g pore volume). NaAlH4 (>90%, 

Aldrich) was used as received, no impurities were detected with 23Na and 27Al solid-state 
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NMR. Before synthesis, the carbon support was dried at 500 °C for 4 hours under an Ar flow. 

Typically in total 0.4 g of the carbon support material and NaAlH4 were mixed in an Ar glove 

box (Mbraun Labmaster I30, 2 ppm H2O and <1 ppm O2), and ground for 1 min in a mortar 

(20NaAlH4/C). Melt infiltration was conducted in an autoclave (Parr 4836). The autoclave 

was loaded with ~120 bar H2 at room temperature, and heated first to 150 °C (3 °C min-1, 15 

min dwell time) and then to 180 °C (1 °C min-1, 15 min dwell time), reaching 180-190 bar H2 

pressure at 180 °C. After cooling to room temperature, the pressure was released and the 

autoclave was transferred to the glove box, where the melt infiltrated sample was collected.   

To release all hydrogen, melt infiltrated sample were placed in a flash-dried alumina cup 

(20 × 20 × 50 mm) and transported under an argon atmosphere to a tube furnace. The quartz 

tubes (ø50 × 1000 mm) in the furnace (Thermolyne 79300) had been predried at 200 °C under 

an Ar flow (30 mL/min). To limit evaporation, we placed the sample cup in a narrow alumina 

tube (ø 30 × 60 mm) inside the quartz tube. The sample was kept for 5 h with an Ar flow of 

50 mL/min at 325 oC. After cooling to room temperature, samples were transferred to the 

glove box under Ar atmosphere. Rehydrogenation was performed in the autoclave (Parr 4836) 

at 24 bars, 3 h, 150 °C; 40 bars, 15 h, 150 °C; 55 bars 15 h, 150 °C. 

XRD patterns were obtained with a Bruker AXS D8 Advance 120 machine (Co-Kα 

radiation) using an airtight sample holder. Nitrogen physisorption measurements were 

obtained at 77 K using a Micromeritics ASAP 2020. BJH pore size distributions were 

calculated using the adsorption branch of the isotherm. 23Na and 27Al magic angle spinning 

(MAS) NMR spectra were recorded using a Varian/Chemagnetics Infinity 600 MHz 

spectrometer with a 2.5 mm HX MAS probe. The single pulse excitation spectra were 

obtained using a short hard pulse of 0.20 μs at an effective RF-field strength of 140 kHz after 

correcting for pulse rise and decay times, using sample spinning speeds of ~10 kHz.26 High 

pressure DSC (HP-DSC) measurements were obtained with an apparatus from Netzsch (DSC 

204 HP Phoenix) at 120 bars H2 operated in an Ar atmosphere glove box, and heating and 

cooling with 5 oC/min.27 Hydrogen release was studied by thermal programmed desorption 

under Ar flow (25 ml/min) using a Micromeritics AutoChem II equipped with a TCD detector. 

For measuring desorption and absorption cycles under hydrogen pressure, a magnetic 

suspension balance from Rubotherm was used. 100-200 mg of sample was put in an Inconell 

steel container, containing a 1-2 mm hole to allow equilibrium of the gas atmosphere, but not 
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resulting in a direct gas flow through the sample bed. For hydrogen desorption the sample was 

heated to 300 oC with 1 oC /min under 1 bar H2 flow (50 ml/min). For rehydrogenation the 

temperature was lowered to 150 oC and the H2 pressure was increased to 55 bar H2 in about 

3.5 h, with a dwell time of 30 min. After that the sample was allowed to cool down to 50 oC, 

and the pressure was decreased to 1 bar H2 after which the next desorption run started.  

 

3.3 Hydrogen release from NaAlH4/carbon nanocomposites 
Figure 3.1 shows the hydrogen release for nanocomposites of 20 wt% NaAlH4 with 

carbon prepared by melt infiltration, comparing a composite with non-porous graphite with 

one containing a nanoporous carbon material. Also indicated are the typical hydrogen release 

temperatures associated with the three steps in the decomposition of bulk NaAlH4.  

 

 
For the composite with non-porous carbon, two major hydrogen release peaks are 

observed. The total amount of hydrogen released up to 400 oC is close to 7 wt% with respect 

to the NaAlH4. This means that not only the first two decomposition steps, but also the third 

Figure 3.1 Hydrogen desorption from 20 wt% melt infiltrated NaAlH4/C nanocomposites 

comparing a non-porous graphite and a nanoporous carbon material. The material was heated with 

5 oC/min in Ar flow. Also indicated are the temperature regions for three different steps in the 

decomposition of bulk NaAlH4 to 1. Na3AlH6; 2. NaH; and 3. Na and Al + H2 
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step (decomposition of NaH to Na and ½ H2) was observed. The peak at 300-350 oC can 

clearly be attributed to the decomposition of NaH, as after heating to 300 oC crystalline NaH 

was observed, and a hydrogen release at 300-350 oC was also reported for NaH/porous carbon 

nanocomposites decomposed under the same conditions.24 This implies that the 

decomposition of Na3AlH6 is not observed as a separate step in the desorption profile, in 

contrast with the situation for bulk and Ti-doped ball-milled NaAlH4.    

For the 20 wt% NaAlH4 in the nanoporous carbon, an even larger impact on the hydrogen 

release temperatures was observed. The major peak has shifted to lower temperatures with 

hydrogen release starting already around 120 oC. Furthermore, no clear peak due to NaH 

decomposition is observed, although there is a continuous desorption of hydrogen at 

temperatures above 250 oC. Nanocomposites with porous carbon typically released 6.3 (±0.3) 

wt% H2 with respect to the NaAlH4 upon heating to 400 oC. This means that NaH must at 

least be partially decomposed at these temperatures. The fact that the first two decomposition 

steps combine into a single hydrogen release peak is intriguing, and has been reported before 

for crystalline NaAlH4 contained in carbon aerogels.14 It was then speculated that the kinetics 

for the second decomposition step of the Na3AlH6 to form NaH would be especially enhanced 

by the presence of the carbon. Also surprising is the disappearance of a well defined 

decomposition step for the NaH. No crystalline NaH is observed in these samples after 

decomposition to 300 oC. Hence a tentative explanation is that the second decomposition step 

results in such highly dispersed NaH that it decomposes over a wide temperature range, with 

decomposition starting at a lower temperature than crystalline NaH. Also intercalation of Na 

upon decomposition could play a role in changing the thermodynamics for the decomposition 

of part of the NaH.24  

Figure 3.2 shows the hydrogen release profiles for nanocomposites based on nanoporous 

carbon with NaAlH4 loadings varying from 5-20 wt% and from 30-80 wt%. For the lowest 

loadings (5-20 wt%), the profiles look very similar, with a well-defined, single release peak 

starting around 120 oC, and having a maximum hydrogen release rate around 180-190 oC 

under these conditions. The amount of hydrogen released per gram NaAlH4 decreases for the 

lowest loadings, which is concomitant with the fact that a certain amount (rather than a certain 

fraction) of active material is lost during melt infiltration, handling and storage.  
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For the 30 wt% loading, N2 physisorption demonstrates that the vast majority of the 

NaAlH4 is still present within the pores (see chapter 2). For this sample, XRD detects a small 

amount of crystalline NaAlH4, with an average crystallite size of 26 nm derived from the line 

broadening. It might well be that molten NaAlH4 preferentially starts filling the smaller pores, 

and for the 30 wt% loading also some NaAlH4 is present in pores of 10-50 nm, which allow 

(partial) crystallization of the NaAlH4. The major hydrogen release peak gradually shifts to 

higher temperatures with loading, a trend continued in the 40 and 50 wt% loading. For 

loading of 30 wt% and higher, coinciding with the onset of crystallinity, a separate peak due 

to NaH decomposition evolves. Above 40 wt% NaAlH4 (at which point physisorption showed 

that the maximum amount that can be incorporated into the pores has been reached), a well 

defined peak due to NaH decomposition is observed, of which the position is further not 

significantly affected by the NaAlH4 loading. Only for the very high loading of 80 wt% do 

additional shoulders in the hydrogen release profile become apparent, around 200 oC and  

Figure 3.2 Hydrogen release from melt infiltrated NaAlH4 nanocomposites with nanoporous 

carbon, and NaAlH4 weight loadings ranging from 5-20 wt% (left) and 30-80 wt% (right). Ar flow, 

heating with 5 oC/min 

 

 



Confinement of NaAlH4 in Nanoporous Carbon: 
Impact on H2 Release, Reversibility and Thermodynamics 

 51 

260 oC, which suggest that the sample partly shows bulk-like NaAlH4 decomposition 

behavior. Remarkable is that a distinct hydrogen release profile is present for each individual 

sample. For instance for the 60 wt% sample, for which about 40 wt% of NaAlH4 can be 

present inside the pores, and at least 20 wt% NaAlH4 is present outside the pores, still a clear 

defined hydrogen release profile is observed, not a convolution of two profiles that can be 

ascribed to NaAlH4 confined inside pores, and NaAlH4 on the outer surface of the carbon 

particle. 

From the hydrogen release properties of these samples, we can deduce a few things about 

the origin of the differences with bulk NaAlH4 decomposition. First, in the presence of non-

porous graphite, as demonstrated in Figure 3.1, we can see that a single broad peak represents 

the first two decomposition steps of the NaAlH4, with the average decomposition temperature 

being close to that of bulk NaAlH4. A slight shift to lower temperatures of the NaH 

decomposition is observed. It is highly unlikely that direct electronic impact of the carbon 

plays an important role here, as the average layer thickness for this 20 wt% sample, assuming 

complete wetting of the carbon with the alanate, is ~10 nm. Furthermore, the majority of the 

NaAlH4 is crystalline (the crystallite size derived from line broading of the (112) diffraction 

line in XRD was ~35 nm). It is also unlikely that a change in thermodynamics has occurred 

related to particle size effects or limited crystallinity of the active phase induced by the 

support. Hence the change in hydrogen release properties for the composite with non-porous 

graphite is most likely due to kinetic effects, such as the NaAlH4/carbon interface providing 

nucleation sites during phase transformation, or faster kinetics due to the larger specific 

surface area and shorter solid state diffusion distances in the active phase.  

For the NaAlH4 samples containing nanoporous carbon, quite different hydrogen 

desorption profiles are found (Figure 3.2), with a single clearly defined hydrogen release peak 

at lower temperatures. In this case for samples up to 20 wt%, the NaAlH4 is confined within 

the mainly < 10 nm pores of the carbon, hence has close contact with the carbon surface. This 

means that in addition to the kinetic effects mentioned above, also thermodynamic changes 

might also have occurred due to loss of NaAlH4 crystallinity, limited particle size, clamping 

and/or electronic interaction with the carbon. This will be discussed in more detail in the 

following sections.      
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3.4 Reversibility of the hydrogen desorption  

 

 
An important point with NaAlH4 is the reversibility of the hydrogen sorption. For bulk 

samples it has been reported that virtually no hydrogen can be reabsorbed, even at 300 oC and 

100 bar H2, unless a metal-based catalyst is present.1 However, recently for nanocomposites 

with carbon aerogels reversibility was reported reloading at 160 oC under 100 bar H2 for 7 

hours.14 Figure 3.3 shows the hydrogen release for NaAlH4/nanoporous carbon samples that 

were rehydrided at 150 oC at conditions of 24 bar up to 55 bar. For comparison also results for 

the composite with non-porous graphite are shown. In the latter case virtually no hydrogen is 

released in the second dehydrogenation run, indicating that rehydrogenation under mild 

conditions is not possible. This means that the long range interaction with the carbon that 

lowers the temperatures for hydrogen release from NaAlH4 has no or a much more limited 

effect on the reverse reaction. In contrast, for the nanocomposites with the porous carbon an 

Figure 3.3 H2 release for composites with nanoporous carbon containing 20 wt% NaAlH4 after 

rehydrogenation at 150 oC at different pressures and durations as indicated. H2 desorption was 

measured under 25 ml/min Ar, heating with 5 oC/min to 400 oC followed by a 20 min dwell time. 

The quantity of NaAlH4 released is indicted between brackets. For comparison also the 1st 

desorption is shown, as well as results for the composite with non-porous graphite.  
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appreciable amount of hydrogen is released after rehydrogenation at mild conditions. 

Although the profile has broadened, the peak position is roughly at the same temperatures as 

during the first desorption. The conditions used here are milder than those reported in 

literature so far for non-catalysed alanates. For reloading at pressures up to 60-70 bar and 150 
oC, full reloading to NaAlH4 is not expected, and the Na3AlH6 formed would theoretically 

release a maximum of 3.7 wt% H2. After reloading at 55 bar, 3.3 wt% H2 was released. This is 

a remarkable high number, especially considering the fact that the first desorption run had an 

efficiency of ~80%, and taking into account that the rehydrogenation procedure (transferring 

samples back to the glovebox after the TPD measurements, and then to an autoclave, 

reloading them in the autoclave, and then via the glovebox again transfer them to the TPD 

equipment) inevitable comprises limited air exposure of the samples. 

 

 
To avoid the oxidation associated with transfers between TPD instrument and autoclaves, 

we studied the hydrogen cycling in a magnetically coupled microbalance. In this instrument 

we can measure under hydrogen pressure, as well as use slow heating rates, which allow us to 

Figure 3.4 H2 desorption from 20 wt% NaAlH4 in nanoporous carbon for subsequent cycles under 

1 bar H2 flow and heating with 1 oC/min. Rehydrogenation was performed at 150 oC with a 

maximum pressure of 55 bar H2.  
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approach thermodynamic equilibrium. Figure 3.4 shows the hydrogen loss in subsequent 

cycles, while heating with 1 oC/min under 1 bar H2 pressure. Hydrogen release starts around 

100-120 oC, very comparable to the onset of hydrogen loss in Ar flow instead of 1 bar H2. 

Most hydrogen is released below 170 oC, which is lower then in the TPD runs, probably due 

to the lower heating rate. The onset of hydrogen release under 1 bar H2 is just above the 

temperature at which bulk Na3AlH6 at thermodynamic equilibrium decomposes under 1 bar 

H2 (100 oC). NaH is not expected to decompose under 1 bar H2 in this temperature range. 

Reloading was performed at 150 oC with a maximum pressure of 55 bar H2. This yielded less 

hydrogen on the second desorption run than on the first which had been preceded by 180 bar 

H2 pressure at 180 oC. However, upon further cycling hardly any decay in capacity was 

observed, indicating very good partial reversibility and only limited loss of active material 

due to oxidation during measurement. 

An intriguing aspect of this cycling under mild conditions is illustrated by the XRD 

patterns as shown in Figure 3.5. After melt infiltration only peaks due to the carbon and a 

small amount of Al are observed. Upon desorption of the hydrogen from the non-crystalline 

nanocomposite, more crystalline Al is observed. The crystallite size is larger than 100 nm, as 

implied by the peak width at half height. This is in contrast with the microstructure of the 

NaAlH4 that is included in the mainly <10 nm nanopores of the carbon and that does not show 

long range order. The fact that larger Al crystallites are formed, which do not fit in the 

smallest pores of the carbon, indicates that the Al moves over relatively long distances. 

However, the major part of this process is reversible, as upon rehydrogenation the peak due to 

the crystalline Al decreases in height. Nevertheless, no crystalline NaAlH4 is formed, 

indicating that upon hydrogenation the non-crystalline NaAlH4 is reformed. It is difficult to 

image the large mobility of metallic Al at temperatures so far below its melting point of 

660 oC. Several species have been theoretically proposed to contribute to the mobility of Al 

upon rehydrogenation and recombination with Na(H) to NaAlH4, with one possibility being 

gaseous species such as AlH3. However, given the results it is safe to state that although the 

migration of Al over large distances is probably the limiting factor in the reversibility of the 

hydrogen desorption from NaAlH4, it seems that confining the NaAlH4 in a nanoporous 

matrix at least limits the Al migration upon decomposition to such an extent that 

rehydrogenation is possible without a metal-based catalyst.    
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3.5 A change in thermodynamic stability? 

We have observed that for the nanoconfined NaAlH4 the hydrogen release starts well 

below the bulk melting point (181 oC28), while for undoped bulk NaAlH4 only melting allows 

enough mobility within the undoped bulk phase to start the release of (a limited amount of) 

hydrogen. An important question is whether this is only related to a change in the kinetics of 

the hydrogen release reaction, or whether also a change in thermodynamics might be involved. 

It is known that the melting point of solid substances can be lowered by confining them into 

small pores, according to the Gibbs-Thomson equation. Hence a valid question is whether the 

melting point of NaAlH4 in these composites might be lowered due to the nanoconfinement. 

A possible melting point depression was studied using DSC under high hydrogen pressure 

(120 bar H2) and cycling between room temperature and 200 oC, see Figure 3.6. 

Upon heating to 200 oC (Figure 3.6a) a clear exothermic signal is observed for the 

composite with non-porous graphite. This can be ascribed to either the phase transformation 

of NaAlH4 to Na3AlH6, or the melting of NaAlH4, or most likely a combination of the two. 

Figure 3.5 XRD patterns for the 20 wt% NaAlH4/porous carbon nanocomposite, after melt 

infiltration, after decomposition at 325 oC for 5 hr in Ar, and after rehydrogenation at 150 oC at 

different H2 pressures and durations as indicated. 
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Remarkably for the nanoconfined NaAlH4 no heat effect at all is observed. Also upon 

subsequent cooling (Figure 3.6b), the composite with non-porous graphite shows a clear 

phase transition/solidification peak due to the presence of Na3AlH6/NaAlH4, while no heat 

effects are distinguished at all for the nanocomposite between 200 oC  and room temperature. 

It is documented that, for solid in pores, a large decrease in melting point can be observed, as 

well as a non-frozen layer up to certain distances from the interface.29 The extent of these 

effects is determined by the interfacial properties of the material involved. Hence the NaAlH4 

in nanoconfinement probably has a disordered structure. This is in agreement with the fact 

that no crystalline NaAlH4 is observed with XRD, and implies that the enthalpy of formation 

of this nanoconfined non-crystalline phase is different from that of solid bulk NaAlH4 (and 

shifted towards that of liquid NaAlH4). As the melting enthalpy of NaAlH4 (~23-28 kJ/mol) is 

not much smaller than the decomposition enthalpy for NaAlH4(s) to Na3AlH6(s) (37 kJ/mol) it 

means that possibly a significant change in dehydrogenation enthalpy might be expected. 

However, it can not a priori be derived what the impact on the thermodynamics of hydrogen 

release will be, as Na3AlH6 and NaH are also not detected as crystalline phases, hence the 

particle size and confinement effects do not only influence the thermodynamic stability of the 

NaAlH4, but most likely also that of the decomposition products Na3AlH6, NaH, and Na. 

Another remarkable experimental observation is that no heat effect due to the phase transfer 

from NaAlH4 to Na3AlH6 and reversed is observed. According to the bulk phase diagram 

Figure 3.6 Differential scanning calorimetry comparing 20 wt% NaAlH4 composites with porous 

carbon and non-porous graphite during (a) heating to 200 oC; and (b) subsequent cooling with 

5 oC/min under 120 bar H2 pressure.  
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(Figure 3.7a), this should occur around 170 oC. However, DSC shows no heat effects, and 

hence no phase transition when cooling from 200 oC to room temperature.   

In none of the hydrogen desorption or rehydrogenation experiments was there any 

indication for the presence of Na3AlH6 as an intermediate phase in the decomposition, while 

for both bulk and Ti-catalyzed ball-milled NaAlH4 this phase is readily observed upon partial 

decomposition or rehydrogenation. In the hydrogen release curves, the decomposition of 

NaAlH4 into NaH or even Na seems to proceed in a single step, without any Na3AlH6 

intermediate. NMR investigations of several partly desorbed nanocomposite samples never 

showed any presence of Na3AlH6, in contrast to measurements on the bulk NaAlH4.26 DSC 

heating and cooling of the composite sample with non-porous carbon under 120 bar H2 

showed a weak feature indicating the presence of some Na3AlH6 as evidence by small heat 

effects due to the phase transformation around 245 oC (see Appendix, Figure S1), but not in 

the case of nanocomposites with porous carbon. As it seemed that Na3AlH6 could not be 

formed in any of the experiments, we wondered whether perhaps the stability region of 

Na3AlH6 in the phase diagram had changed. Figure 3.7a gives the bulk phase diagram for the 

 

Figure 3.7 Phase diagram (a) for bulk NaAlH4, dots indicate the measurement points (data from ref 

[30]; (b) indicative phase diagram for nanoconfined NaAlH4. With markers the rehydrogenation 

conditions are indicated at which the presence of NaAlH4 and the absence of Na3AlH6 were 

measured with NMR.  
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Na, Al, H system, as derived from experimental measurements on Ti-doped and ball milled 

NaAlH4.30  

We examined nanocomposites that previously had been dehydrogenated completely at 

325 oC for 5 h.
 The conditions under which the dehydrogenated samples were rehydrogenated 

are indicated in Figure 3.7b (55 bar H2 at 150 oC, respectively 40 bar H2 at 160 oC). Under 

these conditions partial rehydrogenation was achieved. From the bulk phase diagram it is 

clear that under the indicated conditions Na3AlH6 is the stable phase that should be formed, 

and formation of bulk NaAlH4 from NaH (or Na), Al and H2 is not possible under these 

conditions. As no crystalline phases other than Al were detected in our samples, we employed 

solid state 27Al NMR to evidence which phases were present. For the samples that had been 

rehydrogenated at 55 bar H2, after rehydrogenation only nanoconfined NaAlH4 and Al were 

identified, while no appreciable amount of Na3AlH6 was observed. For final proof we chose 

to rehydrogenate under 40 bar, 160 oC for 15 h, well into the region of the phase diagram 

where Na3AlH6 should be the stable phase. The relevant solid state 27Al NMR spectra are 

shown in Figure 3.8. For full details on the NMR characterization we refer to ref. 26.26 

The physical mixture (curve (a)) shows the NaAlH4 signal at 98 ppm (and two spinning 

side bands). The main feature is broadened and the side bands have disappeared after melt 

infiltration (curve (b)).  The small feature at 80 ppm is due to some aluminum oxides, which 

are formed during preparation and handling of the samples and which are insensitive to 

(de)hydrogenation. The intensity of this feature slightly increases upon further cycling and 

handling due to limited air exposure. After dehydrogenation, only metallic Al is formed 

(curve (d), peak at 1635-1640 ppm outside the range of this Figure). However, after 

rehydrogenation for 15 h at 160 oC and only 40 bar H2 pressure, no Na3AlH6 was observed 

(curve (c)), as is clear from comparison with the Na3AlH6 reference spectrum (curve (e)). 

Apart from the Al, a clear signature due to the NaAlH4 was found. Although this feature was 

slightly more broadened on the high field side (due to a limited amount of Al (hydr) oxides), 

it remarkably resembles the profile of the original nanoconfined NaAlH4. In combination with 

the DSC results evidencing no phase transitions when cooling from 200 oC to room 

temperature under H2 pressure, this unequivocally shows that the thermodynamic equilibria 

have shifted due to the nanoconfinement of the NaAlH4, and that, in this case, a stabilization 

of the NaAlH4 phase with respect to the Na3AlH6 phase was obtained, with decomposition 
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occurring just above 100 oC under 1 bar H2 (Figure 3.5). The single feature that is observed in 

the hydrogen release, and the fact that no Na3AlH6 was detected in any of the experiments, 

suggest that the Na3AlH6 region in the phase diagram has decreased significantly, or even 

disappeared.  

 

 

3.6 Discussion and conclusions 
We conducted a study of the hydrogen sorption properties of nanocomposites of NaAlH4 

with non-porous and porous carbon. The presence of the carbon had a large impact on the 

hydrogen sorption properties, both on the release profile, the reversibility, and even the 

thermodynamics. The impact of the carbon can have different origins, and be related to 

electronic, structural, and/or interfacial effects. To trace the origin of the different effects, it is 

useful to systematically review the occurrence of these effects for three different types of melt 

infiltrated samples: the composite of 20 wt% NaAlH4 with non porous graphite (~35 nm 

Figure 3.8 Solid state 27Al NMR spectra of samples containing 20 wt% NaAlH4 and porous 

carbon (a) physical mixture; (b) after melt infiltration; (c) after rehydrogenation at 160 oC for 3 

hours under 40 bar H2; (d) dehydrogenated; and as a reference (e) a physical mixture of 20 wt% 

Na3AlH6/Al and porous carbon 
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NaAlH4 crystallites on the carbon support), the nanocomposite with porous carbon (in which 

the NaAlH4 is confined to mainly < 10 nm pores, and as a result has no crystallinity), and the 

NaAlH4/carbon aerogel system reported recently by Stephens et al.14 in which the carbon is 

confined, but the pore size of 10-15 nm pores allows it to be crystalline.  

The presence of carbon led to the following observations regarding the hydrogen sorption 

properties of NaAlH4: 

1. The hydrogen release profile was changed in the sense that the two first steps of the 

NaAlH4 decomposition (3NaAlH4 → Na3AlH6+2Al+3H2→3NaH+3Al+6H2) were observed 

as a single step. This was the case for all three samples, regardless of whether the NaAlH4 was 

confined in pores or on the outside of carbon particles, and regardless of whether the NaAlH4 

was crystalline or not. However, the dimensions of the NaAlH4 phase did influence the exact 

peak position (the hydrogen release temperature), showing a gradual shift to lower 

temperatures with decreasing size. A similar shift to lower release temperatures with 

decreasing feature size was observed before for NaAlH4 deposited from solution.10 We can 

conclude that this shift is a kinetic effect, most likely related to shorter solid state diffusion 

distances and/or higher specific surface areas for the smaller particle/crystallite sizes. 

2. The most strongly confined NaAlH4 (in < 10 nm rather than 10-15 nm diameter pores) 

showed the lowest hydrogen release temperatures (with hydrogen release starting at 100-120 
oC, even under 1 bar H2). Only for these samples no distinct feature due to the decomposition 

of NaH was observed in the hydrogen release profile. This can be related to structural effects: 

while for the other samples crystalline NaAlH4 was decomposed via crystalline Na3AlH6 and 

crystalline NaH, for these samples no crystalline phases except Al were detected during the 

decomposition process. A very high dispersion of the NaH would explain the decomposition 

of this compound to start at low temperatures and the absence of a well defined hydrogen 

release peak.  

3. The hydrogen absorption was strongly enhanced for the samples in which the NaAlH4 was 

confined in nanopores, but not for the composite with non-porous graphite. We observed that 

even for the NaAlH4 confined in < 10 nm pores, the Al formed upon decomposition had a 

strong tendency to sinter, leading to > 100 nm large crystallites. Surprisingly upon 

rehydrogenation under mild conditions, the XRD signature of these large Al crystallites 

disappeared and amorphous NaAlH4 was reformed. This implies that the Al is mobile over 
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relatively long distances. However it can be concluded that the confinement of the phases in 

3D nanopores (whether mainly < 10 or 10-15 nm sized) is essential to restrict this mobility to 

such an extent that rehydrogenation of a major part of the material at mild conditions is 

possible. 

4. For the first time we observed a strong change in thermodynamic properties: the NaAlH4 

showed an increased stability region, as the expense of the Na3AlH6 stability region in the 

phase diagram. NMR identification the presence of nanoconfined NaAlH4 rather than 

Na3AlH6 under rehydrogenation conditions at which according to the phase diagram Na3AlH6 

should be formed (for instance 160 oC and 40 bar H2), indicating that the Na3AlH6 stability 

region has either decreased significantly or even disappeared. This effect is only found for 

NaAlH4 confined in the smallest pores. For these samples DSC measurements under 120 bar 

H2 pressure showed no indication of heat effects in the temperature range up to 250 oC. This 

means that not only the NaAlH4→Na3AlH6 phase transition is not observed, but also no 

melting and crystallization of the NaAlH4 phase is seen. It can at present not be excluded that 

electronic interaction with the carbon plays a role, which could be verified by confining the 

NaAlH4 in a material with similar pore size, but different electronic properties than carbon. 

However, given the result it is most likely that the shift of the NaAlH4↔Na3AlH6 phase 

boundary is related to the intrinsic impact of the nanofinement on the thermodynamic 

potentials of the NaAlH4 and Na3AlH6 phases. 
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  Chapter 4  
 

Reversibility of H2 Sorption in  

Carbon Matrix Confined NaAlH4 and LiBH4  

 

Abstract 

Complex metal hydrides, containing up to 18 wt % H2, are attractive candidates for on-board 

hydrogen storage. However, only limited reversibility of H2 desorption is achieved under mild 

conditions, especially in the absence of catalysts. Nanoconfining the materials in porous 

matrices facilitates rehydrogenation, but still full reversibility has been rarely achieved. We 

reveal the factors that limit the reversibility using NaAlH4 in a porous carbon matrix as a 

model system. Relatively large Al crystallites (>100 nm) are formed after desorption, 

migrating out of the mesopores of the matrix. However, their formation does not 

fundamentally limit the reversibility, as these crystallites react with Na(H) and H2 reforming 

nanoconfined NaAlH4 under relatively mild conditions. We show for the first time that the 

main limiting factor for the decayed cycling capacity is the loss of active alkali metal species. 

Evaporation losses are minor, even when dehydrogenating at 325 oC in vacuum. Significant 

losses (30 - 40 %) occur upon the first hydrogen desorption run, and are attributed to the 

reaction of Na species with impurities in the carbon matrix. A one-time addition of extra Na 

compensates for this loss, leading to close to full reversibility (> 90 %) at 150 oC under 55 bar 

H2 pressure. A similar effect is found when adding extra Li species to nanoconfined LiBH4. 

For nanoconfined complex metal hydrides irreversible loss of the reactive alkali metal species 

due to reaction with impurities can act as a major loss mechanism. However, the one-time 

addition of extra alkali metal species is very effective in resolving this issue, leading to close 

to full cycling reversibility under relatively mild conditions even in the absence of catalysts. 

 
This chapter is based on the following manuscript: J. Gao, P. Ngene, I. Lindemann, O. Gutfleisch, K. 

P. de Jong, P. E. de Jongh, Enhanced reversibility of H2 sorption in nanoconfined complex metal 

hydrides by alkali metal addition, J. Mater. Chem., 2012, 22, 13290 
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4.1 Introduction 
As described in chapter 3, nanosizing and confining NaAlH4 in porous materials is an 

effective strategy to enhance the H2 release kinetics and reversibility. Improved kinetics and 

reversibility of H2 sorption were also reported for NaAlH4 and LiBH4 that have been 

nanosized on or confined in several porous supports. 1-13 For NaAlH4 confined in ordered 

mesoporous silica, 30 % of H2 with respect to the first hydrogen desorption capacity was 

released at 180 oC after charging under 35 bar H2 pressure at 125 oC for 3 h, and the 

reversibility increased to 67 % with rehydrogenation conditions of 55 bar H2 pressure and 150 
oC.7 Enhanced reversibility of H2 desorption was also reported on NaAlH4 confined in 

different porous carbon materials. Lohstroh and co-workers studied nanoconfined NaAlH4 in 

activated carbon and showed that 55 % of H2 with respect to the initial hydrogen capacity was 

released at 150 oC after charging under 100 bar H2 pressure at 125 oC.10 For bulk NaAlH4, 

desorption was barely reversible under the rehydrogenation conditions mentioned above.14 

Meanwhile, the influence of nanoconfinement on the reversibility of LiBH4 desorption was 

investigated by Vajo and his co-workers.6 Their studies showed that after the first H2 sorption 

cycle, up to 65 % of original hydrogen capacity was obtained for LiBH4 confined in carbon 

aerogel, and the reversible hydrogen capacity was higher if the pores were smaller; in contrast 

the value was only 37 % for the physical mixture of LiBH4 and non-porous graphite. In 

addition, the matrix material (e.g. carbon) itself might have a catalytic effect on the H2 

sorption properties of metal hydrides.15-19 

Clearly, nanoconfinement is a promising approach to increase the reversibility under mild 

conditions. However, it is not clear what exactly determines the reversibility of desorption in 

these nanoconfined complex metal hydrides, and how it could be improved further. Several 

factors potentially limiting the reversibility are deduced from the published work on both bulk 

and nanoconfined hydrides materials. Firstly, although confining the active materials in a 

nanosized porous structure limits agglomeration and phase segregation of decomposition 

products, relatively large particles remain after desorption, e.g. large Al grains or B particles 

were found in desorbed nanoconfined NaAlH4 or LiBH4.6, 9 Therefore, solid-state transport of 

decomposition products upon rehydrogenation might be prohibitively slow. Secondly, the 

amount of each active component after desorption might no longer be stoichiometric. This 

could be caused by the formation of gaseous products beside the H2 during desorption,20 e.g. 
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the release of B2H6 during the decomposition of LiBH4 with additives, or reactions with air or 

supports,21 e.g. the reaction between silica and LiBH4 leading to the formation of stable 

lithium silicates.  

To understand the factors that limit the reversibility of nanoconfined complex metal 

hydrides desorption, in the present chapter, we proceed the study on nanoconfined 

NaAlH4/carbon system, focusing on the reversibility of H2 desorption.  We discuss the factors 

that govern the H2 absorption by the decomposition products of nanoconfined NaAlH4, and 

how full reversibility can be achieved. Our findings have general applicability to complex 

metal hydrides systems, as demonstrated by similar results obtained from nanoconfined 

LiBH4/C. 

 

4.2 Experimental Methods 
Porous carbon (HSAG-500) was obtained from Timcal Ltd., Switzerland. The carbon 

displayed a BET surface area of 500 m2/g, a BJH total pore volume of 0.57 cm3/g and 

contained mainly < 10 nm mesopores. Typically, ~3 g carbon was dried at 500 oC with an Ar 

flow (50 mL/min) in a tubular oven and stored in an Ar glovebox (Mbraun Labmaster I30, < 

0.1 ppm H2O and < 0.1 ppm O2) for later use. NaAlH4 (93 %, Aldrich) was used as received. 

To prepare the nanoconfined 20 wt% NaAlH4/C, a physical mixture of NaAlH4 (0.1 g) and 

carbon (0.4 g) was loaded in a graphite sample holder, and placed in a stainless steel 

autoclave with volume of ~40 mL in a glovebox. The autoclave was then removed from the 

glovebox, filled with ~120 bar H2 and heated up to 180 oC (first heated to 150 oC with a ramp 

of 3 oC /min, dwell for 15 min, and then heated to 180 oC with a ramp of 1 oC /min, and dwell 

for 15 min); the final pressure was around 170 bar H2. After cooling to room temperature, the 

autoclave was transferred back to the glovebox after releasing the H2 pressure, and then 

samples were collected. 

To fully dehydrogenate nanoconfined NaAlH4, melt infiltrated samples were placed in a 

graphite holder and transported to a tubular oven under Ar atmosphere. Samples were heated 

to 325 oC (5 oC/min) and kept for 5 h with an Ar flow (50 mL/min) to promote full 

dehydrogenation. 325 oC was chosen to lower the possibility of Na evaporation. To partially 

dehydrogenate, the sample was heated to 200 oC and kept for 2 h. After cooling to room 

temperature, samples were transferred to the glovebox under Ar atmosphere. To introduce 
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extra Na to the dehydrogenated sample, a physical mixture of NaH and melt infiltrated 20 

wt % NaAlH4/C was treated with the conditions described above for the full dehydrogenation, 

after which liquid Na formed from the decomposition of NaH infiltrated into the carbon 

support. The mixture was prepared in such a way that the initial molar ratio of Na and Al was 

1.3. Rehydrogenation was performed in the autoclave (Parr 4836) with different conditions 

(55 or 110 bar, 150 oC for 10 h; 170 bar and 180 oC for 10 h).  

For the preparation of Li/LiH containing carbon, physical mixture of 10 wt % LiH 

(Arcos-organics 98% pure) and carbon was placed in a tubular reactor and heated to 475 °C 

(5 °C /min, 1 h dwell time) under an Ar flow (25 ml/min). After cooling down to room 

temperature, the sample was transferred to the glovebox under Ar atmosphere. For the 

nanoconfined LiBH4, 20 wt % LiBH4 (Acros-organics 95% pure) was incorporated into the 

pure carbon or Li/LiH containing carbon by melt infiltration. Typically physical mixture of 

carbon or Li/LiH containing carbon and LiBH4 were placed in a graphite sample holder and 

inserted into a stainless steel autoclave in the glovebox. The autoclave was loaded with ~50 

bar H2 at room temperature, and heated to 300 oC (3 oC /min, 30 min dwell time) with a final 

pressure of ~ 100 bar H2. After cooling to room temperature, the pressure was released, and 

the autoclave was transferred to the glovebox, where the melt infiltrated sample was collected.  

To dehydrogenate nanoconfined LiBH4, melt infiltrated samples were placed in a tubular 

reactor and heated to 400 °C (5 °C /min, 25 min dwell time) under an Ar flow (25 ml/min). 

Rehydrogenation of the desorbed samples was performed in an autoclave by heating to 

325 °C with initial pressure of 30 bar H2 (3 °C/min) and dwelling at 325 °C for 5h with final 

pressure of ~60 bar.  

X-ray diffraction (XRD) patterns were obtained with a Bruker AXS D8 Advance 120 

machine (Co Kα radiation, λ= 1.79026 Å) using an airtight sample holder. The microstructure 

was observed by scanning electron microscopy (SEM, Leo 1530 Gemini) 15 kV was used for 

the images collected with backscattered electron detector and 5 kV for the imaging with the 

InLens detector. Samples were transferred to the SEM chamber without exposure to air. The 

local compositions were determined with energy-dispersive X-ray spectrometry (EDX). 

Hydrogen release was studied by thermal programmed desorption under an Ar flow (25 

mL/min) using a Micromeritics AutoChem II equipped with a thermal conductivity detector 

(TCD). H2 sorption cycling was conducted with a Sieverts apparatus. Isotherm desorption at 
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150 °C were recorded. Each isotherm desorption was first performed with the initial H2 

pressure of ~1.3 bar; and then after reaching the equilibrium, desorption was continued by 

lowering the H2 pressure of the reactor to ~0.1 bar. After each isotherm desorption, the 

sample was heated to 325 °C and then kept under dynamic vacuum for 30 min at 325 °C. 

After cooling down to 150 oC, the fully desorbed sample was reloaded with 55 bar H2 

pressure for 10 h.  

 

4.3 Results and discussion  
4.3.1 Morphology and structure of nanocomposites after desorption  

 

 

After melt infiltration, the NaAlH4 in the nanocomposites lacked long-range crystallinity 

and was mainly confined in the <10 nm pores of the carbon matrix.22 The pore volume loss 

corresponded to 47 % pore filling of the carbon material. After full dehydrogenation at 325 oC 

for 5 h, large Al crystals (>100 nm) were present according to the XRD measurements, while 

Figure 4.1 Morphology of dehydrogenated 20 wt % NaAlH4/C nanocomposites. (a) SEM image of 

dehydrogenated sample with backscattered electron detector; EDX mappings of carbon (b), 

aluminium (c) and sodium (d). 
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no crystalline Na was observed.9 Given the size of Al crystallites, it is expected that they 

located outside of the mesopores of carbon matrix after the full dehydrogenation.  

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectrometry (EDX) 

were applied to obtain insight into the distribution of the Al and Na species over the carbon 

support. Figure 4.1 shows a backscattered electron image of a fully desorbed material, as well 

as EDX mapping on C, Na and Al of the same area of the sample. Results for the melt 

infiltrated sample can be found in chapter 2 and for the rehydrogenated sample can be found 

in Appendix (Figure S2). In the backscattered image (Figure 4.1a), C and Na can not be 

distinguished due to their similar atomic weight. The bright spots with sizes up to ~2 μm were 

identified as Al by EDX analysis. Some Al particles are located on the outer surface of the 

porous carbon particles (see Appendix, Figure S3). This confirms that upon dehydrogenation 

Al migrates out of the smaller pores of the matrix forming larger crystallites, in some cases 

even on the outer surface of the carbon particles. EDX mapping gives an overview of the 

distribution of C, Na and Al (image 4.1b-d). The Na distribution resembles that for C, 

indicating highly dispersed Na over the carbon support after desorption. For the Al density 

mapping, areas with homogeneously distributed Al and high Al density were both observed. 

The difference in dispersion between Al and Na could be related to the relatively high surface 

energy of Al (Al: 0.87 J/m2, Na: 0.20 J/m2, NaAlH4: 0.1-0.3 J/m2),23, 24 as this provides a 

strong driving force for particle growth.  

Remarkably, the nanoconfined 20 wt % NaAlH4/C desorption showed partial reversibility 

after reloading with 55 bar H2 pressure and 150 oC for 10 h, while for bulk material in the 

absence of a catalyst the hydrogen uptake under these conditions is negligible. ~60 % of H2 

with respect to the initial hydrogen capacity was released after reloading. The intensity of the 

Al diffraction peaks had decreased drastically after rehydrogenation.9 This means that even 

the large Al crystallites react with Na and H2 forming NaAlH4. A general approximation for 

the onset of atom mobility is given by the Tamman temperature, which is related to the 

melting point of a material.25 This temperature is -88 oC for Na, -46 oC for NaAlH4, and 194 
oC for Al. Hence all species (Na, NaAlH4 and Al) are expected to be very mobile upon 

dehydrogenation, with their distribution most likely determined by their tendency to sinter 

(high for Al, lower for the other compounds) and their affinity for the carbon (high for Na as 

inferred from the fact that it is so highly dispersed over the carbon support).  During 
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rehydrogenation at 150 oC high mobility is expected for the NaAlH4 and as it wets carbon, the 

reformed NaAlH4 will be drawn into the pores by capillary suction. This is confirmed by N2-

physisorption results (see Appendix, Figure S4), which show the presence of NaAlH4 in pores 

smaller than 20 nm. However it is not clear what is the mobile species that allows the 

reformation of the NaAlH4 starting from the large Al crystallites. Most likely a first step is the 

facile hydrogenation of Na into NaH,18 and NaH is not expected to be very mobile. It is 

possible that the Al has enough mobility under these conditions to allow reaction.26-28 For 

instance, mobile AlH3 species have been found during the catalyzed rehydrogenation process 

to form NaAlH4.29  However, part of the large Al crystallites did not react to form NaAlH4 

upon reloading with 55 bar H2 pressure at 150 oC for 10 h. It could be speculated that simply 

the given time, temperature and pressure are not enough for the rather unreactive large Al 

crystallites to fully react. Hence the effect of providing a larger driving force (by increasing 

the rehydrogenation pressure) or faster kinetics (by increasing the rehydrogenation 

temperature) is discussed in the following section.  

 

4.3.2 Influence of rehydrogenation conditions 

 
Figure 4.2 shows hydrogen release measured by increasing the temperature to 400 oC 

under an Ar flow from NaAlH4/C nanocomposites which were rehydrogenated under different 

conditions. Also represented is the first hydrogen desorption of nanoconfined NaAlH4 after 

melt infiltration, from which 1.07 wt % H2 with respect to the sample was released (curve a). 

After reloading the fully desorbed sample for 10 h with 55 bar H2 pressure at 150 oC,  

  

 

Figure 4.2 H2 release from 20 wt% 

NaAlH4/C nanocomposites: 1st 

desorption (a), and 2nd desorption 

after reloading for 10 h  at 150 oC, 

55 bar H2 (b); 150 oC, 110 bar H2 

(c); 180  oC, 170 bar H2 (d). 
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0.66 wt % H2 was released in the second desorption (curve b). To investigate if more 

hydrogen could be absorbed with higher H2 pressure, the desorbed sample was recharged with 

110 bar H2 pressure at 150 oC for 10 h. However, still only ~0.7 wt % H2 was released in the 

second desorption, as shown by curve c. Further increasing the reloading H2 pressure and 

temperature to 170 bar and 180 oC did not increase the amount of hydrogen desorbed (curve 

d). It seems that a certain part of material can not be rehydrogenated after the first 

dehydrogenation, irrespective of the rehydrogenation conditions applied. Although according 

to 27Al NMR study some aluminum oxide was formed in the dehydrogenated sample,30 the 

amount is not more than a few percent and hence this cannot account for the limited 

reversibility.   

To investigate this further, we studied the influence of the dehydrogenation conditions, as 

these influence the phases and phase distribution that is the starting point for the 

rehydrogenation. Figure 4.3 shows the second H2 release for NaAlH4/C nanocomposites 

which had in the first run been dehydrogenated at either 200 oC or 325 oC, after which 

rehydrogenation was performed under 55 bar H2 pressure and 150 oC. Interestingly, the 

amount of H2 released in the second desorption increased from 0.66 wt % (curve c) to 0.78 

wt % (curve b), if the dehydrogenation temperature was lowered to 200 oC. However, 

according to XRD results, still large Al crystallites (>100 nm) were formed after the 

dehydrogenation at 200 oC. 

  

Figure 4.3 2nd H2 release from  

20 wt% NaAlH4/C nanocomposites 

which had been reloaded using 55 

bar H2 and 150 oC for 10 h after 

dehydrogenation at 200 oC (a) or 325 
oC (b). For comparison, also a full 

first dehydrogenation is shown (c). 
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An important aspect that is influenced by the dehydrogenation temperature is the 

dehydrogenation products; besides Al, mainly Na is formed at the dehydrogenation 

temperature of 325 oC, while in case of 200 oC rather solid NaH is the main product. Na is 

liquid at 325 oC and has a relatively high vapor pressure (~ 5 Pa), hence it is possible that Na 

evaporates upon dehydrogenation. Other possible causes for the loss of Na are side reactions 

between Na and impurities in the carbon support, and oxidation of Na during sample transfer 

after dehydrogenation. When the main dehydrogenation product is solid NaH rather than Na 

(if the dehydrogenation temperature is decreased from 325 oC to 200 oC), the more limited 

mobility and reactivity could limit the loss of active Na species. Hence, the fact that a 

significant fraction of the Al did not react with H2 and Na(H) to reform NaAlH4 was most 

likely due to a substoichiometric amount of Na species available for the reformation of 

NaAlH4. To obtain insight into the cause of Na unavailability upon dehydrogenation at 325 oC, 

we studied the H2 sorption cycling of 20 wt% NaAlH4/C nanocomposites without sample 

Figure 4.4 H2 desorption at 150 oC from 20 wt% NaAlH4/C nanocomposites in 4 subsequent runs 

(1st ■, 2nd ○, 3rd □, 4th ●). Initial H2 pressure during the desorption were 1.3 bar (at t = 0) and 0.1 bar 

(at t = 1.5-2). After each run, full dehydrogenation was established by heating the sample to 325 oC 

and then keeping under dynamic vacuum for 30 min. Rehydrogenation was performed at 55 bar H2 

and 150 oC for 10 h. 
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transfer by volumetric measurements. Figure 4.4 shows the H2 release at 150 oC in subsequent 

cycles. For the first desorption, totally 2.43 wt% H2 with respect to the NaAlH4 was released. 

After raising the temperature to 325 oC and then keeping the sample under dynamic vacuum 

for 30 min (to ensure full dehydrogenation), the sample was reloaded with 55 bar H2 and 150 

oC for 10 h. In the second desorption, 73% (1.76 wt% H2 /g NaAlH4) of H2 with respect to the 

initial capacity was released. Only a minor decay (1-2 %) was observed upon further cycling. 

This indicates that the Na evaporation due to the high dehydrogenation temperature cannot 

account for the observed capacity loss (27%). It is clear that the activity is specifically lost in 

the first cycle, upon the first dehydrogenation action. Though the carbon material is of 

relatively high purity, traces of contamination such as oxygen containing groups,31, 32 are 

commonly present. It is hence possible that there is a one-time-only loss of active Na species 

due to the reaction of a significant fraction with impurities upon the first dehydrogenation. 

 

4.3.3 Influence of extra Na on the reversibility 

In order to test this hypothesis, the impact of the one-time addition of extra Na on the 

reversibility of nanoconfined NaAlH4 desorption was studied. Melt infiltrated NaAlH4/C was 

mixed with NaH; the nominal molar ratio of Na and Al in the desorbed sample was 1.3 (see 

Table 4.1). 

 

 

 

 

 

 

 

 
         Figure 4.5 shows the first H2 release of a physical mixture of melt infiltrated NaAlH4/C 

and NaH (Na/Al = 1.3), and the second hydrogen release after the rehydrogenation under the 

conditions of 55 bar and 150 oC. For comparison, the amount of H2 released from the 

stoichiometric NaAlH4/C sample and the subsequent release after rehydrogenation are 

indicated by two stars (1.07 wt % and 0.66 wt % H2). For the sample with Na/Al molar ratios 

Na/Al 

molar ratio 

Carbon  wt % H2/g Sample 

wt%/g Sample aFrom NaAlH4 From NaH 

1.0 80% 1.07% - 

1.3 78% 1.04% 0.1% 

aAssuming 72 % H2 desorption efficiency from melt infiltrated 20 wt% NaAlH4/C nanocomposites. 

Table 4.1 Hydrogen capacity of two as prepared samples with different Na/Al molar ratios.  
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of 1.3, 1.13 wt % H2 with respect to the sample was released after the first desorption. The H2 

release starting at 275  oC could partly be attributed to the decomposition of additional NaH. 

Remarkably, 1.06 wt % H2 was released in the second desorption. As NaH could theoretically 

contribute a maximum of 0.1 wt % H2 to the second desorption, it is safe to say that the 

reversibility of NaAlH4 desorption in this sample is drastically improved and above 93 %.  

 

 
 

        Meanwhile, this also suggests that most Al has been reconverted to NaAlH4. This is 

confirmed by XRD, as shown in Figure 4.6. For the starting sample (curve a, a physical 

mixture of melt infiltrated 20 wt% NaAlH4/C and NaH), the weak Al diffraction lines 

originate from the melt infiltration process, in which a small fraction of the NaAlH4 reacts to 

oxygen containing groups and other species. After desorption the peak intensity 

corresponding to large Al crystallites has drastically increased(curve b). Diffraction lines due 

to Na or NaAlH4 are absent. After the rehydrogenation (curve c), again only minor Al 

diffraction peaks are observed, indicating that almost all large Al crystallites are reconverted 

to NaAlH4 at 150 oC under 55 bar H2 pressure. In addition, SEM-EDX mapping results (see  

Figure 4.5 H2 release of nanocomposites with a Na/Al molar ratios of 1.3, as prepared and after 

rehydrogenation with 55 bar H2 pressure at 150 oC. Amount of H2 released from 1st (☆) and 2nd 

(★) desorption runs from nanocomposites with Na/Al molar ratios of 1.0. 
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Appendix, Figure S5) demonstrate the presence of large Al-containing particles in the 

dehydrogenated sample with extra Na, while no large Al containing particle is found in the 

subsequently rehydrogenated sample. Furthermore, structural characterization (XRD, solid 

state 27Al NMR (see Appendix, Figure S6)) does not reveal significant changes in 

microstructure of rehydrogenated sample. This proofs that the large size of the Al crystallites 

is not a fundamental limiting factor for the reversibility. Instead, it is the amount of Na

available, which is not sufficient to complete the reactions with Al upon rehydrogenation. To 

verify that one-time addition of Na is sufficient to maintain the full cycling capacity, we 

studied H2 sorption cycling of nanocomposites with a Na/Al molar ratio of 1.3 by volumetric 

measurements (refer to Fig. 4.4 for detailed de/rehydrogenation conditions). For comparison, 

Figure 4.6 XRD patterns for the 

nanocomposites with Na/Al molar ratio 

of 1.3. (a) physical mixture of melt 

infiltrated 20 wt% NaAlH4/C and NaH. 

(b) after dehydrogenation at 325 oC for 5 

h. (c) after rehydrogenation at 55 bar H2 

pressure and 150 oC. 

Figure 4.7 H2 desorption at 150 oC from 

nanocomposites with Na/Al molar ratio of 

1.3 in three subsequent runs (1st ▲, 2nd ▼, 

3rd ♦); As references, the 1st (■) and 2nd (◄) 

H2 desorption runs  from melt infiltrated 

NaAlH4/C (with Na/Al molar ratios of 1.0) 

were firstly recorded and also shown. 
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two H2 desorption cycles of the melt infiltrated 20 wt % NaAlH4/C were firstly recorded, after 

which NaH was added to the sample in its rehydrogenated state. After full dehydrogenation, 

the nanocomposites with Na/Al molar ratio of 1.3 was reloaded at 150 oC under 55 bar H2 

pressure. Three subsequent H2 desorption cycles at 150 oC were recorded (Fig. 4.7). For the 

20 wt % NaAlH4/C nanocomposites, ~27 % capacity loss was again observed in the first cycle. 

However, with the addition of extra Na, the H2 capacity was completely recovered after 

reloading the nanocomposites at 150 oC under 55 bar H2 pressure. Moreover, hardly any 

capacity loss was observed in the following cycles, owing to the addition of sufficient Na to 

compensate for the loss of Na in the first cycle. After the third desorption, sample was 

reloaded again and totally 1.05 wt % H2 with respect to sample was released by increasing the 

temperature to 400 oC under an Ar flow. This indicates that one-time addition of Na is an 

efficient strategy to maintain the full H2 cycling capacity. 

 

4.3.4 Influence of extra Li(H) on the reversibility of H2 release from LiBH4/C 

 

 
We speculate that the loss of alkali metal might be a more general phenomenon for light 

metal hydrides in porous scaffolds. To confirm this, we also investigated a different system: 

Figure 4.8 H2 release of 20 wt % LiBH4/ (C+Li/LiH) and 20 wt % LiBH4/C: (a), (c) after 

melt infiltration; (b), (d) after rehydrogenation with 60 bar H2 pressure at 325 oC. 
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LiBH4 in nanoporous carbon, and the impact of adding extra Li species on the reversibility of 

nanoconfined LiBH4 desorption. Figure 4.8 compares the hydrogen release from LiBH4/C 

nanocomposites with and without extra Li species added. A 20 wt % LiBH4/C nanocomposite 

released 2.9 wt % H2 with respect to the total sample weight after heating to 400 oC. For 

another sample 20 wt % LiBH4 was used to melt infiltrate a carbon material, to which already 

Li species had been added by using 10 wt % LiH and heating 475 oC. In total this sample 

contained ~8 wt % Li/LiH with respect to the sample. After melt infiltration 3.0 wt % H2 was 

released from this sample (LiBH4/(C+Li/LiH)). The minor difference with the melt infiltrated 

20 wt % LiBH4/C is most likely due to some hydrogen evolving from the rehydrogenated 

lithium species that was initially contained in the carbon. After desorption, the samples were 

rehydrogenated in an autoclave under relatively mild conditions of 60 bar H2, 325 oC for 5 h. 

44 % of H2 with respect to the first hydrogen desorption capacity (1.27 wt % H2) was released 

in the second desorption. Interestingly, the rehydrogenated extra Li/LiH containing 

nanocomposite released 2.17 wt% H2, which is 72 % of the original release. To estimate the 

potential contribution of hydrogen release from the extra LiH, ~10 wt % lithium species 

containing carbon as a reference was reloaded under the same conditions, which released only 

0.35 wt% (see Appendix, Figure S7). This clearly shows that also in this case the reversibility 

of the hydrogen sorption is limited by the amount of active Li-species present, and that adding 

extra Li species to the sample greatly improves the reversibility. 

The reversibility of the H2 desorption from nanoconfined NaAlH4/C and LiBH4/C is 

different. For nanoconfined NaAlH4/C, a lack of active Na(H) due to reaction with carbon 

material is the major reason for the limited reversibility. In the case of nanoconfined LiBH4/C, 

in addition to the lack of active Li(H), mass diffusion of solid phases also plays an important 

role. Hence, the extra Li(H) added might have two functions: to compensate the ‘loss’ caused 

by the reactions with the carbon material, and to increase the interaction between Li(H) and 

other solid decomposition products. 

 

4.5 Conclusion 
We studied the reversibility of hydrogen sorption in NaAlH4/porous carbon composites 

and the factors limit the reversibility. Large Al crystallites (>100 nm) formed after hydrogen 

desorption, but they could react with H2 and Na(H) to reform nanoconfined NaAlH4 under 
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relatively mild conditions (150 oC, 55 bar H2). An H2 sorption cycling study showed that the 

major capacity loss occurred in the first cycle, especially if the sample was dehydrogenated to 

Na rather than NaH. This is attributed to a shortage of active Na(H) in the dehydrogenated 

sample. The loss of active Na(H) species is most likely caused by side reactions with 

impurities, especially O-containing groups on the surface of the carbon support, and not Na 

evaporation during the dehydrogenation or oxidation during the sample transfer. The 

reversibility can be increased if dehydrogenation products are less reactive and mobile, for 

instance, form solid NaH rather than Na by lowering the dehydrogenation temperature. The 

loss of capacity can be recovered by one-time addition of extra Na to the dehydrogenated 

sample. With extra Na, close to full reversibility is achieved after reloading under relatively 

mild conditions (55 bar H2 and 150 oC). Also in another nanoconfined complex metal hydride 

system, adding Li/LiH to nanoconfined LiBH4 greatly enhances the reversibility. The extend 

of capacity loss depends on the presence of impurities and surface groups, hence could be 

limited by using very high purity carbon materials, as will be shown in chapter 5. However, 

our results show that it can also be conveniently combated by the one-time addition of extra 

alkali metal species, leading to close to full reversibility under relatively mild conditions. 
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Chapter 5  
 

NaAlH4- and LiBH4-Carbon Nanocomposites for H2 

Storage: Impact of Carbon Surface Modification 
 
Abstract 

Carbon matrices with different surface properties were obtained by introducing or removing 

oxygen containing groups, and were used as scaffolds for confining NaAlH4 and LiBH4 by 

melt infiltration. The influence of the nature and the amount of carbon surface groups was 

studied. After melt infiltration, confined hydrides with similar nanostructures were obtained, 

regardless of the carbon surface properties. High pressure DSC was used to follow the melt 

infiltration and showed that in addition to the endothermic melting, a large exothermic heat 

flow in the presence of a significant amount of oxygen-containing groups, which was due to 

reaction between the molten hydrides (less than 25 %) and the carbon matrix. Though it has 

been previously suggested that the electronic and chemical properties of the interface with the 

carbon would have a large impact on the H2 sorption properties of nanoconfined complex 

metal hydrides, our study showed that the surface modification of the carbon had no 

significant influence on the H2 desorption temperature. However, it influenced the first H2 

desorption capacity, which decreased with the increasing the amount of oxygen-containing 

groups in the carbon matrix. Importantly, a large impact on the reversibility of the H2 sorption 

was found. In the case of NaAlH4, almost full reversibility (95%) was achieved if most 

oxygen-containing surface groups were removed, while the reversibility was only 66% for 

surface oxidized carbon. This clearly shows the importance of accessing the nature and 

amount of surface groups present in commonly assumed “inert” carbon matrices to evaluate 

and optimize the hydrogen storage performance of metal hydrides-carbon nanocomposites. 
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5.1 Introduction 
Complex metal hydrides are attractive solid-state hydrogen storage materials, owing to 

the potential to achieve both high gravimetric and volumetric energy densities.1, 2 However, as 

it is the case for most metal hydrides, high temperatures are normally required to initiate the 

H2 release, and after desorption, only partial reversibility can be achieved under practical 

rehydrogenation  

conditions.3-5 

A strategy to combat the sluggish kinetics and even alter the phase equilibria of hydrides 

is reducing the particle size by depositing hydrides onto a porous support.6-8 For instance, 2 

wt% NaAlH4 with a particle size in the range of 2-10 nm was obtained by deposition on 

carbon nanofibers (CNF) using solution impregnation. The sample started to release H2 at 

around 40 oC compared to ~183 oC for the bulk NaAlH4.9 Furthermore, it was found that the 

activation energy of desorption decreased from ~120 kJ/mol for bulk NaAlH4 to 80 kJ/mol for 

the 19-30 nm NaAlH4 particles, and was further lowered to 58 kJ/mol for 2-10 nm particles.10 

Later on, nanosized NaAlH4 confined in the ~13nm pores of carbon aerogel by melt 

infiltration was reported.11 The H2 release started at ~140 oC from nanoconfined NaAlH4, 

which showed X-ray crystallinity. Remarkably, 85 % reversibility was achieved after 

reloading at ~160 oC and 100 bar H2 pressure for 7 h, while for the bulk hardly any 

reversibility could achieved under the same conditions. In both studies discussed above, H2 

release followed the well-known three-step desorption pathway of bulk NaAlH4. In contrast, 

we studied a non-crystalline NaAlH4 phase mainly confined in < 10 nm pores of carbon in 

chapter 3, which started to release H2 at ~120 oC and showed a different desorption pathway 

and thermodynamic stability.12, 13 The altered thermodynamic stability was also reported for 

NaAlH4 confined in activated carbon nanofiber.14 NaAlH4 was also incorporated into a 

microporous metal organic framework HKUST-1 (Cu3(BTC)2).15 The resulting 

nanocomposite started to release H2 at 70 oC.  

Enhanced H2 release kinetics was also found for LiBH4 confined in silica, MOF, porous 

carbon materials.16-21 In the case of mesoporous carbon as scaffold for LiBH4, generally the 

onset H2 desorption temperature was lowered by ~150-200 oC compared to that of the bulk. 

Moreover, it was found that the activation energy of desorption decreased for smaller pore 

sizes, e.g. 111 and 103 kJ/mol for LiBH4 confined in 25 nm and 13 nm pores of carbon 
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aerogel, while the value is 146 kJ/mol for the bulk material.16 In addition, improved 

reversibility was found for LiBH4 with carbon based porous materials, while almost no 

reversibility was reported for LiBH4 confined in silica or MOF due to the irreversible 

reactions of Li/B containing species with support framework.15  

One would expect that the H2 sorption properties of nanoconfined hydrides would be 

influenced by the composition and textural structure of the porous matrix. Indeed the effect of 

pore size of matrix on the H2 sorption in nanoconfined hydrides has been discussed in 

literature,10, 16, 20 generally finding that the H2 de/absorption kinetics increase with the 

reduction of pore size. However, we found no study focusing on the influence of the nature of 

the interface between the active hydride phase and porous matrix by varying surface 

properties while keeping the same texture. Nevertheless, interactions with the carbon surface 

are believed to play an important role. It has been speculated that the carbon surface might 

provide extra nucleation sites (defects and surface groups) for phase transformation, and 

hence enhance the H2 de/absorption kinetics.6, 16, 22 Also it was suggested that the π electron 

density of the graphene layers of carbon might weaken the ionic bonds in complex light metal 

hydrides (e.g. NaAlH4), and hence facilitate H2 desorption.23 Furthermore, hetero-atom at the 

interface between the active hydride phase and carbon matrix might influence the H2 sorption 

of nanoconfined hydrides. For instance, stable lithium or boron oxides were formed upon the 

desorption of nanoconfined LiBH4 in ordered mesoprous carbon or carbon foam.21, 24  

The objective of the present work is to study the impact of the nature of the interface 

between the active hydride phase and matrix using nanoconfined NaAlH4 and LiBH4 in 

carbon material as examples. To this end, we modify the surface of the carbon support either 

to a less polar surface by removing oxygen-containing surface groups, or to a more 

hydrophilic and polar surface by introducing extra oxygen-containing surface groups, such as 

carboxylic, lactone, phenol, carbonyl, anhydride, ether and quinone groups. This is expected 

to provide nucleation sites for phase transformation, influence the electron density distribution 

at the carbon surface, and possibly change the surface mobility of phases. We study the 

impact of the carbon surface properties on the interaction of metal hydrides with carbon 

during the melt infiltration process and more importantly the H2 sorption properties of the 

resulting nanocomposites.  
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5.2 Experimental methods 
High Surface Area Graphite (HSAG-500) was obtained from Timcal Ltd., Switzerland. 

NaAlH4 (93 %, Aldrich) and LiBH4 (Acros-organics 95% pure) were used as received. To 

remove moisture and absorbed gas, ~3 g pristine carbon was dried at 500 oC with an Ar flow 

(50 mL/min) in a tubular oven and stored in an Ar glovebox (Mbraun Labmaster I30, < 0.1 

ppm H2O and < 0.1 ppm O2). This matrix will be referred to as “C_Ar”. To introduce extra 

oxygen containing groups to carbon, a mixture of carbon and nitric acid with concentration of 

65% (1g : 50 ml) was stirred for 110 min at 80 oC. After filtration, the obtained carbon 

materials were dried at 200 oC overnight in a tubular oven under an Ar flow (50 mL/min) and 

stored in a glovebox. This material will be referred to as “C_O”. To remove the oxygen 

containing groups, the as-received carbon material was first dried at 200 oC overnight under 

an Ar flow in a tubular oven. The temperature was then increased to 600 oC, after which the 

gas flow was switched to H2. After keeping at 600 oC for 2 h, the sample was cooled down 

and transferred to a glovebox for storage. This matrix will be referred to as “C_H”. For the 

preparation of nanoconfined 20 wt% NaAlH4/C, typically a physical mixture of NaAlH4 (0.1 

g) and carbon (0.4 g) was loaded into a graphite sample holder, and placed in a stainless steel 

autoclave with a volume of ~40 mL in a glovebox. The closed autoclave was filled with ~120 

bar H2 and heated up to 180 oC (heating from 150 oC to 180 oC with 1 oC /min, and dwelling 

for 15 min at 180 oC); the final pressure was around 170 bar H2. After cooling to room 

temperature, the autoclave was transferred back to the glovebox after releasing the H2 

pressure, and the sample was collected. 

The nanoconfined 15 wt % LiBH4 was prepared in a similar way. The closed autoclave 

was loaded with ~50 bar H2 at room temperature, and heated to 300 oC (3 oC /min, 30 min 

dwell time) with a final pressure of ~ 100 bar H2. After cooling to room temperature, the 

pressure was released, and the autoclave was transferred to the glovebox, where the melt 

infiltrated sample was collected.  

Nitrogen physisorption measurements were performed at 77 K using a Micromeritics 

ASAP2020. BJH pore size distributions were calculated from the adsorption branch of the 

isotherm using carbon black as reference.25 This gave different result than alumina reference 

used before.12, 13 CO2 and CO evolution as function of temperature were determined by 

combining temperature programmed desorption (TPD) with a calibrated bi-channel infrared 
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detector (Leybold BINOS 1001). Typically, 100 mg sample was loaded into a quartz tube 

reactor (6 mm outer diameter, 4 mm inner diameter). The samples were first heated to 80 °C 

at 5 °C min-1 under a helium flow (30 mL/min) and held for 60 min to remove absorbed 

moisture, and then heated to 1100 °C at 2 °C min-1
 and held for 60 min in helium, lastly were 

cooled down to room temperature. High-pressure DSC (HP-DSC) measurements were 

performed with an apparatus from Netzsch (DSC 204 HP Phoenix) operated in an Ar 

atmosphere glovebox. The instrument was calibrated for temperature and heat flow under 10 

bar H2 using In, Sn, Bi, Pb, Zn and CsCl. The heating rate was 5 °C for all samples. For the 

physical mixture of NaAlH4 and carbon, DSC measurements were conducted at 120 bar H2 

pressure. This particular pressure was selected as applying higher H2 pressure (140 bar) 

resulted in similar results, implying the decomposition of NaAlH4 during the melting was 

negligible. For a physical mixture of LiBH4 and carbon, high pressure DSC measurements 

were conducted at 15 bar H2 pressure.  

Cycling was performed in a micro-autoclave (~0.4 ml) in a Sieverts apparatus without air 

exposure. To dehydrogenate nanoconfined NaAlH4, melt infiltrated samples were heated to 

250 oC and kept for 30 min under dynamic vacuum. After desorption, rehydrogenation was 

performed with 55 bar, 150 oC for 12 h. To dehydrogenate nanoconfined LiBH4, melt 

infiltrated samples were heated to 400 oC and kept for 30 min under dynamic vacuum. After 

desorption, rehydrogenation was performed with 50 bar, 330 °C for 12 h.  

Full hydrogen releases from the melt infiltrated and rehydrogenated samples were studied 

by thermal programmed desorption under an Ar flow (25 mL/min) using a Micromeritics 

AutoChem II equipped with a thermal conductivity detector (TCD).  

 

5.3 Results  
5.3.1 Modification of the carbon surface 

The carbon material C_Ar after treatment at 500 oC under an Ar flow is highly porous 

and displays a surface area of 500 m2/g and a BJH total pore volume of 0.56 cm3/g. (Table 5.1) 

After surface modification, C_O and C_H exhibit a surface area of 470, 451 m2/g and pore 

volume of 0.57, 0.52 cm3/g, respectively. The change is less than 10 % compared to C_Ar. A 

slight reduction in surface area might be caused by some collapse of pore structure due to the 

acid and heat treatments. Nevertheless, we conclude that the textural properties of the carbon 
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materials are very comparable, that is to say, carbon structures are largely preserved upon the 

treatments. 

It is known that carbon materials with oxygen-containing groups at the surface will lead 

to the release of CO2 and/or CO upon heating.26, 27 The quantity and the nature of these 

functional groups in carbon can be determined from the amount and temperature range at 

which CO2/CO evolve. In general, CO2 is released from carboxylic groups at 100-400 oC, and 

lactone groups at 350 – 630 oC. Anhydridic groups lead to both CO2 and CO release in the 

temperature range of 300-630 oC. While phenol, carbonyl, ether and quinone groups lead to 

CO release only at temperatures above 600 oC.  

 

  
CO2 and CO evolution profiles upon the heating for three different samples are displayed 

in Fig.5.1. For C_Ar, CO2 and CO evolution peaks starting at around ~490 oC are observed. 

This is indicative of the presence of relatively stable groups: anhydridic and lactone groups, as 

well as phenol, carbonyl, ether and/or quinone groups. For C_O, the CO2 and CO desorption 

starts at lower temperatures and much more gas release is detected. This suggests that a large 

amount of extra oxygen containing groups has been introduced. In addition to the functional 

groups present in C_Ar, now also a large amount of carboxylic group is present in C_O. In 

contrast, treating the as-received carbon sample at 600 oC under H2 atmosphere (C_H) 

removed almost all the oxygen containing groups.28 If we assume that all detected oxygen-

containing groups are present at the carbon surface and do not account for the minor 

Figure 5.1 Temperature programmed desorption profiles of CO2 (a) and CO (b) of C_Ar, 

C_O and C_H. 



NaAlH4- and LiBH4- Carbon Nanocomposites for H2 Storage: 
 Impact of Carbon Surface Modification 

 89 

contribution from H2O evolution (which might form due to the condensation of two adjacent 

carboxylic groups29), the calculated average oxygen surface densities are 1.2, 4.4 and 0.16 O-

atoms/nm2 for C_Ar, C_O and C_H, respectively. 

The porous carbon material used in this study is a high purity synthetic high surface area 

graphite, and hence contains little contamination. In general, the in-plane bonding in graphite 

is strong, and the graphene planes contain little defects. However, at the edges of the graphene 

sheets, unsaturated C-bonds are present. The termination of these reactive dangling bonds 

depends on the nature and treatment of the carbon material.30 Typically they are terminated by 

oxygen or hydroxyl groups, and decompose in a broad temperature range (100-1000 oC), 

leaving again the dangling bonds. For the as-received carbon dried at 500 oC under an Ar flow, 

indeed some surface oxides are still expected, as seen for C_Ar. In the case of C_H, high 

temperature treatment and cooling down under H2 not only removed the oxygen containing 

groups, but also terminated the active edge of the carbon material with hydrogen by forming 

C-H bonds.29, 31 On the other hand, the surface of carbon is oxidized by treatment with a 

liquid oxidant e.g. HNO3 acid in water,32 which explains the large amount acidic groups, as 

evidenced by CO2/CO desorption for C_O.  

Based on the results from N2 physisorption and TPD, it can be concluded that three types 

of carbon materials having similar pore structure, but exhibiting different surface properties 

have been obtained. The high oxygen density in C_O makes the carbon surface hydrophilic 

and acidic, while C_H possesses a hydrophobic and apolar surface and a very low density of 

surface groups.  

 

5.3.2 Interaction with the carbon matrix during melt infiltration 

To conduct melt infiltration successfully, wetting of the matrix surface with the molten 

hydride is essential to achieve capillary suction. It is known that wetting depends on the 

surface energy of the solid, the surface energy of liquid, as well as the solid-liquid interface 

energy. Wetting is enhanced by increasing the first, and/or decreasing the last two parameters. 

In general, carbon has a low surface energy and wetting is expected to be favorable for liquids 

with a low surface energy. For instance, it has been reported that to wet a carbon nanotube, 

the surface energy of a liquid should not be higher than 0.2 J/m2.33 On the other hand, the 

effective surface energy of the carbon is higher at the edges of the graphene planes due to the 
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presence of hetero-atoms. For instance, the basal plane of graphite has a surface energy of 

0.077 J/m2, while the edge, where hetero-elements (dominated by oxygen) are mainly located, 

posses surface energies of up to 4 J/m2.34 For most complex metal hydrides, the surface 

energy of molten phase is in the range of 0.1-0.3 J/m2.35, 36 Molten complex metal hydrides 

such as NaAlH4, LiBH4 and NaBH4 shows wetting of porous carbon materials, as evidenced 

by the sucessful synthesis of nanoconfined hydrides in carbon by melt infiltration.12, 21, 37 

However, modification of the carbon surface might influence the interaction. 

To verify whether the surface treatment of carbon influences the wetting and infiltration 

process, and hence the final morphology of the nanocomposites, melt infiltration of C_Ar, 

C_O and C_H was performed with NaAlH4 and LiBH4. Textural properties of carbon 

matrices and melt infiltrated samples are given in Table 5.1. Figure 5.2 shows the decrease in 

pore size distribution of the carbon matrices as a result of the melt infiltration. 

 

 

 

 

 

All samples showed a loss in pore volume due to melt infiltration. The loss of pore 

volume is mostly due to the filling of pores by hydrides, as discussed previously.12 Other 

contribution are pore blocking caused by reaction with impurities in carbon and/or pore 

destruction during sample treatment. No large difference in pore volume loss or pore size 

distribution is observed for LiBH4 in different carbon matrices, and only minor difference is 

observed for the NaAlH4 samples, especially in the pore size range of 2-20 nm. For NaAlH4 

with C_Ar and C_O, the pore volume loss up to 20 nm pore diameter corresponds to ~90 % of 

Sample 

Code 

Carbon matrix NaAlH4/C LiBH4/C 

VBJH 

(cm3/g C) 

SBET 

(m2/g C) 

VBJH 

(cm3/g C) 

SBET 

(m2/g C) 

VBJH 

(cm3/g C) 

SBET 

(m2/g C) 

C_Ar 0.56(0.07) 500 0.30 (0.01) 150 0.23 (0.01) 96 

C_O 0.57 (0.06) 470 0.26 (0.02) 198 0.24 (0.01) 101 

C_H 0.52 (0.06) 451 0.31 (0.0) 145 0.24 (0.01) 103 

Table 5.1 Textural properties of pure carbon and melt infiltrated sample (20 wt% NaAlH4 /C and 

15 wt% LiBH4/C) determined by N2 physisorption.  

Data presented in brackets indicates the micropore volume. Added hydride volume is 0.20 cm3/g 

C for NaAlH4 and 0.27 cm3/g C for LiBH4. 
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added NaAlH4 volume, while the value is ~70 % for NaAlH4/C_H. It is remarkable that the 

two hydrides still exhibit favourable wetting on C_H, which has very little surface groups. 

The slightly smaller amount of molten NaAlH4 infiltrating into the small mesopores of C_H 

suggests that the wetting of carbon surface with molten NaAlH4 is indeed slightly weakened 

due to the removal of oxygen containing groups. 

 

 

 
To study in situ the interaction between the molten hydrides and the carbon matrices, 

high pressure DSC measurements were performed on physical mixtures of NaAlH4 (LiBH4) 

and carbon materials. Figure 5.3 shows the heat flow evolving upon heating to 200 oC under 

120 bar H2 pressure starting with physical mixtures of NaAlH4 and carbon, and to 320 oC 

under 15 bar H2 pressure starting with physical mixtures of LiBH4 and carbon. A summary of 

enthalpy change upon heating for each sample is presented in Table 5.2. 

While heating up, all samples show a signal around the melting temperatures of the 

hydrides. In the case of C_H with both hydrides, an endothermic heat flow is observed, 

corresponding to 13 kJ/mol for NaAlH4/C_H, and 5 kJ/mol for LiBH4/C_H. These values are 

considerably lower than the theoretical melting enthalpy of hydrides (23 kJ/mol for NaAlH4, 

and 7.5 kJ/mol for LiBH4). Wetting is expected to contribute a small exothermic heat flow. 

Furthermore, parasitic heat loss might be due to the high thermal conductivity of hydrogen at 

Figure 5.2 Comparison of pore size distribution of pure carbon and melt infiltrated samples 

determined from N2 physisorption. (a): 20 wt % NaAlH4/C; (b): 15 wt% LiBH4/C  
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these high pressures and temperatures. Hence although a qualitative comparison under the 

same conditions is possible, the absolute numbers should be interpreted with care.  

 

 

 
 

   
 

Sample 

enthalpy change for NaAlH4/C 

(kJ/mol [NaAlH4]) 

enthalpy change for LiBH4/C 

(kJ/mol [LiBH4]) 

endo- exo- 
wetting and 

reactiona 
endo- exo- 

wetting and 

reactiona 

C_Ar 1 -9 -21 1 1 -5 

C_O 0 -80 -93 0 -35 -40 

C_H 13 0 0 5 0 0 

Figure 5.3 High pressure DSC measurements starting with physical mixtures of 20 wt% 

NaAlH4 and carbon under 120 bar H2 pressure (a), and 15 wt% LiBH4 and carbon under 15 bar 

H2 pressure (b) 

a: assuming the measured endothermic heat flow for hydrides with the C_H is the corresponding 

melting enthalpy of hydrides. 

 

Table 5.2 Measured heat flow for NaAlH4/C and LiBH4/C upon melt infiltration.  
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For C_Ar with both hydrides, in addition to endothermic heat flow, an exothermic signal 

is observed. As there is no reason to assume that the bulk hydrides melt differently in these 

samples, the peak profile observed must be a convolution of the endothermic melting 

behavior and exothermic contributions. The exothermic signal might be a result of the wetting 

on the carbon surface with molten hydrides.12 However, the wetting enthalpy is expected to be 

in the range of few kJ/mol (assuming the interfacial energy of carbon/hydride is around 0.1 

J/m2, and considering the decrease in surface area after melt infiltration is in the range of 270-

400 m2/g C, as shown in Table 5.1). The fact that a considerable exothermic heat flow is 

observed suggests that exothermic reactions take place, with a reaction enthalpy larger than 

the melting enthalpy. Samples with C_O show an even larger exothermic signal, 

corresponding to 80 kJ/mol for NaAlH4/C_O, and 35 kJ/mol for LiBH4/C_O. This indicates 

that indeed exothermic reactions take place upon the melt infiltration (one should aware that 

the reaction enthalpy showed here has been normalized per mole hydrides in sample, it 

doesn’t mean all hydrides react). Since C_O contains a considerable amount of oxygen 

containing groups, the exothermic peak is ascribed mainly due to the reactions between 

molten hydrides and carbon surface groups (and other impurities) upon melting infiltration.  

The exothermic heat flow is roughly 4-8 times higher for hydrides with C_O than for 

hydrides with C_Ar. This correlates nicely with the ratio of the amount of carboxylic, 

anhydridic and lactonic oxygen containing groups in C_O and C_Ar (Figure 5.1). It suggests 

that the exothermic heat flow during melt infiltration is mainly due to reactions between the 

molten hydrides and specifically these surface groups. After heating, samples were cooled 

down under the same H2 pressure as that during heating. For all samples with either NaAlH4 

or LiBH4, no clear peak due to the recrystallization is observed upon cooling. This is in line 

with the formation of nanoconfined hydrides lacking long-range crystallinity, as reported 

earlier in literature.12, 19, 24 

Based on our studies, we can say that although the three carbon materials exhibit very 

different surface properties, NaAlH4 (LiBH4) have been successfully melt infiltrated into the 

pores of all three carbon matrices. The exothermic heat flow measured upon melt infiltration 

is a fingerprint for the reactions of molten complex metal hydrides and specific surface groups 

of the carbon. The obtained nanocomposites have a similar microstructure and active phase 
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distributions, but large differences in the chemical and electronic nature of the interface 

between the active complex metal hydrides and the carbon matrix.  

 

5.3.3 H2 release and reversibility 

To evaluate the influence of the hydride-carbon interface, the H2 release for a series of 

NaAlH4/C and LiBH4/C nanocomposities was followed by increasing the temperature to 400 
oC under an Ar flow, The hydrogen desorption profiles are shown in Figure 5.4 (a) and (b).  

 

 

 
All NaAlH4/C samples show one major hydrogen desorption peak starting at around  

120 oC. This is in line with our previous finding that the nanoconfined NaAlH4 decomposes in 

a single step, in contrast to bulk NaAlH4 that shows a clearly separate desorption step due to 

Figure 5.4 H2 release from 20 wt% NaAlH4/C and 15 wt% LiBH4/C nanocomposites: first 

desorption (a), (b) and second desorption after rehydrogenation (c), (d). 
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the formation of the intermediate Na3AlH6.13 Surprising little difference is found for the 

hydrogen desorption release temperatures for the three different samples. However, there is a 

small but significant difference in the H2 desorption capacities. The largest H2 release was 

found for NaAlH4 confined in C_H. The H2 desorption capacity was 10 % and 13 % lower for 

NaAlH4 with C_Ar and C_O, respectively.  

The results for the first hydrogen release from the LiBH4/C nanocomposites are very 

similar. H2 desorption starts at ~200 oC and with a maximum desorption rate at ~350 oC. It 

has been reported that surface oxidation of LiBH4 should enhance the H2 desorption rate.38 

However, we find no hydrogen release at lower temperatures for LiBH4 nanoconfined in C_O, 

despite the fact that in this sample ample oxide species must be present at the interface with 

the carbon. In the case of LiBH4, the H2 desorption capacity was 6 % and 25 % lower for 

LiBH4/C_Ar and LiBH4/C_O compared to that of LiBH4/C_H.                                                                                                                         

These findings can be correlated to the DSC results and be explained by the fact that a 

certain amount of hydrides has been ‘lost’ during melt infiltration due to irreversible reaction 

with oxygen containing groups in the carbon. If we would assume that the loss of H2 

capacities can be solely ascribed to loss of active phase (metal hydrides) due to reaction with 

the carbon functional groups, the reaction enthalpy measured with DSC (Table 5.2) translates 

into 200-690 kJ per mol NaAlH4 that has reacted (C_Ar-C_O) and 83-160 kJ/mol per mol 

LiBH4 that has reacted. This suggests that NaAlH4 reacts considerably more exothermically 

with the oxygen-containing functional groups of the carbon than LiBH4. Furthermore, the 

reaction enthalpy for hydrides with different oxygen containing groups is different, and ~2-3 

times higher for the reactions with carboxylic, anhydridic and lactonic groups in C_O than for 

the less reactive oxygen-contaning groups in C_Ar. However, one should keep in mind that 

the measured reaction enthalpies do contain a relatively large error due to the uncontrollable 

heat leakage via the high pressure H2 during the DSC measurements.  

A crucial parameter for using nanoconfined metal hydrides for hydrogen storage is the 

cycling efficiency. After the dehydrogenation of NaAlH4/C and LiBH4/C, the resulting 

products were rehydrogenated under 55 bar H2 pressure at 150 oC for the former, and 50 bar 

H2 pressure at 330 oC for the latter. Figure 5.4 (c) and (d) shows the H2 release after the 

rehydrogenation. Interestingly, 95% reversibility is achieved for NaAlH4/C_H. This value is 

only 89% for NaAlH4/C_Ar and 66% for NaAlH4/C_O. Not much difference in reversibility 
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is found between LiBH4 in C_H and LiBH4 in C_Ar (44% and 46%, respectively). Whereas 

for C_O, only 34% reversibility is achieved. Clearly, the surface properties of carbon have 

large impact on the reversibility, with the two metal hydrides showing similar trends, but 

significantly lower reversibility being reached for LiBH4 than for NaAlH4.  

 

5.4 Discussion 
For nanoconfined systems, in addition to the particle size effect,9, 10 the interaction with 

matrix is expected to play an important role on altering the hydrogen sorption properties of 

hydrides.6, 7 A high surface area support facilitates the preparation of small nanoparticles and 

stabilizes their size during cycling. However, it has been proposed that the interface with the 

carbon might also provide extra nucleation sites for phase transformation during H2 

de/absorption, and hence improve the kinetics.16, 22 If this would be the case, different H2 

release profiles would be expected for samples based on C_O, which has a high density of 

polar surface groups compared to C_H that containing almost no functional groups. However, 

the fact that complex metal hydrides confined in carbon matrices with very different surface 

properties give similar H2 release profiles shows that the interfacial phase nucleation is not a 

critical factor limiting the H2 desorption rate for the systems studied here. 

Since the effective oxygen density is 4.4 O-atoms/nm2 for C_O, while only 0.16 O-

atoms/nm2 are presented for C_H, it is fair to say that also the electronic properties of these 

two carbon matrices are very different. It has been proposed that a change in H2 release rates 

for hydrides in close contact with carbon materials can partly be ascribed the specific 

electronic properties of graphite-based materials.39 A proposed mechanism is that π-electrons 

of the carbon interact with alkali metal cations (e.g. Na+), weakening the ionic bond between 

the alkali metal cations and the complex anions (AlH4
-).23 However, given the finding that 

very similar H2 desorption profiles were observed in nanoconfined hydrides based on either 

C_O or C_H (Figure 5.4 (a) and (b)), we have no indication that this mechanism plays an 

important role. Hence, it seems that in the present system, the major role of the carbon 

matrices is as physical porous supports, which stabilize the small hydrides particles and limit 

their particle growth owing to the high surface area and porosity.  
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Nevertheless, our study points out that the nature and density of surface groups in the 

carbon matrix play an important role in determining the hydrogen cycling efficiency. Our 

results show that several mechanisms can play a role in the H2 capacity loss.  

A significant amount of active phase can already be lost during the melt infiltration 

process, but only if very reactive surface groups are present, such as carboxylic groups. 

Though thermodynamically reaction might be expected also for other groups, there seem to be 

kinetic barriers preventing molten metal hydrides to react with the less reactive groups such 

are present in modest amounts in high purity synthetic high surface area graphites. The fact 

that molten hydrides do not always react with any oxygen-containing group present is also 

supported by earlier work, which reports the possibility to melt infiltrate LiBH4 into 

amorphous porous SiO2 without reaction, but only as long as hydrogen pressure is applied to 

prevent decomposition of the LiBH4.17  

A second major loss of reversible capacity occurs in the first cycle, as evidenced by the 

considerably lower amount of hydrogen released for instance for NaAlH4/C_O in the second 

cycle. This means that the reaction products that are generated by dehydrogenation of the 

complex metal hydrides are much more likely to react with specific carbon surface groups 

than the molten metal hydrides themselves. For nanoconfined NaAlH4 samples, we already 

have shown previously that the reversibility of desorption is greatly enhanced if extra Na is 

added to the system,40 which shows that reaction of either Na or NaH with the oxygen-

containing groups is the dominant loss mechanism in this case.  

For LiBH4, the reversibility of the hydrogen desorption is systematically lower than for 

NaAlH4.  For bulk LiBH4, loss of boron due to the formation of gaseous B2H6  and the 

formation of stable Li2B12H12 upon rehydrogenation have suggested to be the reasons for the 

poor reversibility of H2 desorption.41 However, the former is not expected to be the case for 

nanoconfined LiBH4, as almost no B2H6 evolution was observed upon the desorption of 

nanoconfined system.16, 19, 42 Hence, for nanoconfined LiBH4, in addition to the lack of active 

Li(H) due to reaction with carbon material, most likely the formation of stable Li2B12H12 upon 

rehydrogenation also plays an important role in the limited reversibility, as it has been shown 

also for nanoconfined LiBH4 systems that this phase is very difficult to rehydrogenate. 21, 42 

Using a purified carbon matrix (C_H) leads to full reversibility of H2 desorption from 

nanoconfined NaAlH4, but no significant change for nanoconfined LiBH4. The surface 
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properties of the carbon material might influence the distribution/microstructure of 

decomposition products from nanoconfined LiBH4, as Li-containing species might not wet 

carbon surface well (e.g. we know Li(H) does not wet carbon well).  

Carbon is very commonly used as a matrix to confine light metal hydrides for hydrogen 

storage, as it contributes relatively little weight, and is considered inert. However, it is clear 

that great care should be taken regarding the purity of the carbon, and the amount and nature 

of functional groups present. The carbon material used in this study is relatively pure 

compared to widely applied porous carbon matrices such as activated carbon and ordered 

mesoporous carbon.21, 42 For instance some studies proposed a stoichiometric reaction 

pathway based on the exact amount of H2 releases. It is clear from our study that one should 

seriously consider also the influence of reaction with oxygen-containing groups of the carbon 

matrix on the exact amount of hydrogen released. 

 

5.5 Conclusion 
We prepared carbon matrices with different surface properties, varying from almost no 

oxygen-containing functional groups, to a large density (>4 O/nm2) oxygen containing groups 

of mostly carboxylic, anhydridic and lactonic nature. In all cases we found good wetting of 

the porous carbon matrix with the molten metal hydrides NaAlH4 and  LiBH4 during melt 

infiltration, although for the sample with only 0.2 O/nm2 wetting seemed slightly less 

favourable. In-situ DSC measurements showed that during melt-infiltration reaction takes 

place between specific carbon surface groups (especially the acidic, anhydridic, and/or 

lactonic groups) and the molten metal hydride. Nevertheless there was little difference in the 

active phase distribution in the resulting nanocomposites. 

Despite the fact that the electronic and chemical nature of the interface between metal 

hydride and carbon matrix has been proposed to have a significant influence on the 

dehydrogenation kinetics, all dehydrogenation profiles looked very similar. However, the 

carbon surface modification had a large impact on the reversible hydrogen capacity of the 

samples. For NaAlH4/C_H based on a carbon matrix almost without oxygen containing 

functional groups almost full reversibility (95%) was found. If on purpose oxygen-containing 

groups had been introduced (C_O) the value was only 66%. Although some capacity loss 

occurs due to reaction between molten hydride and matrix during melt infiltration, a large part 
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(depending on the type of functional groups present) also occurs during the first 

rehydrogenation cycle. For LiBH4 similar trends were found, although overall the reversibility 

of desorption was more limited.  

In general, it can be concluded that although the presence of carbon functional groups has 

no significant influence on the dehydrogenation temperatures for nanoconfined complex 

metal hydrides, it does have a large influence on the reversible hydrogen capacity of 

nanoconfined samples. Depending on the nature of the oxygen-containing surface groups 

reaction occurs either with the molten hydride during infiltration, or with the decomposition 

products upon first rehydrogenation. This means that great care must be taken to know and 

control the carbon surface properties when evaluating the reversible hydrogen capacity of 

nanoconfined metal hydrides.  
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Chapter 6  
 

Summary and Outlook 
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H2 is an attractive fuel in future energy scenarios, as it can serve as an intermittent energy 

storage medium connected to large scale utilization of e.g. solar and wind energy. However, 

one of the challenges we face is its compact and safe storage. A promising method is chemical 

H2 storage in complex light metal hydrides. However, the slow H2 de/absorption rates and in 

most case unfavorable thermodynamics are challenges for practical application. NaAlH4 

contains 7.4 wt% H2 and displays an equilibrium pressure of 1 bar H2 at 30 oC. However, in 

practice it only starts to release H2 when temperatures reach its melting point (~183 oC). 

Furthermore, limited absorption of H2 with NaH/Al is achieved even under high pressures and 

temperatures. This thesis describes an investigation of the impact of nanoconfinement of 

NaAlH4 in porous carbon matrices on the H2 release kinetics, reversibility, and 

thermodynamic stability. 

In Chapter 2, we describe the synthesis and structural characterization of NaAlH4/porous 

carbon nanocomposites. Carbon-supported materials are routinely made by solution-based 

impregnation. However, NaAlH4 reacts with most solvents, and it is only sparsely soluble in 

solvents like THF and ether. We hence explored melt infiltration to synthesize 

nanocomposites with NaAlH4 loadings varying from 5 wt% to 40 wt%. High pressure DSC 

was applied to study the melt infiltration process in situ, and it was combined with XRD, N2 

physisorption, and solid-state NMR measurements to characterize the structural properties of 

the resulting nanocomposites.  Almost the full pore volume of the carbon was filled with 40 

wt% NaAlH4. For loadings up to 20 wt%, NaAlH4 was mainly located in < 10 nm pores of 

carbon. As a result, a strongly confined NaAlH4 phase was formed, in close contact with the 

carbon matrix pore walls and lacking long range crystallinity.  

In Chapter 3, we proceeded to explore the influence of the presence of carbon materials 

and the additional nanoconfinement on the H2 release kinetics, reversibility, and 

thermodynamic stability for 20 wt% NaAlH4 in porous carbon. Even contact with non-porous 

graphite modified the H2 desorption profile of NaAlH4, making the decomposition to NaH 

occur in a single step instead of two steps. However, the average H2 desorption temperature 

was close to that of bulk NaAlH4. The change in H2 desorption profile was attributed to 

smaller NaAlH4 particle sizes and more nucleation sites for phase transformation in the 

presence of graphite. The onset of H2 release temperature was shifted from ~175 oC for 

NaAlH4 with non-porous graphite to ~120 oC for NaAlH4 confined in porous carbon. In 
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addition, partial reversibility of H2 desorption from NaAlH4/porous carbon was achieved 

under mild rehydrogenation conditions, whereas almost no reversibility was found for 

NaAlH4 with non-porous graphite under the same conditions. Most interestingly, the NaAlH4 

phase diagram was altered due to the confinement. NaAlH4 was stabilized with respect to 

Na3AlH6, leading to a single dehydrogenation step from NaAlH4 to NaH. Relative 

stabilization of NaAlH4 with decreasing size is not surprising, as it has a very low surface 

energy compared to its decomposition products. Hence, nanoconfining NaAlH4 in porous 

carbon increased H2 desorption kinetics and reversibility, and shifted the phase equilibria.  

Chapter 4 describes a detailed study on the reversibility of the H2 desorption from 

nanoconfined NaAlH4/C. Partial reversibility (60%-70%) was achieved, relatively 

independent of the pressures and temperatures used for the rehydrogenation. Large Al 

crystallites were detected after H2 desorption, but they partially reacted with Na(H) and H2 

reforming nanoconfined NaAlH4 under rehydrogenation conditions of 55 bar H2 pressure, 150 
oC and 12 h. The cycling efficiency was fundamentally limited by a lack of active Na species 

after the first H2 desorption. With one-time addition of extra Na, almost full reversibility 

(>93%) was achieved. The unavailability of Na was mainly caused by the side reactions of Na 

species and impurities (especially O- containing groups) in the carbon support. Likewise 

increased reversibility of desorption from nanoconfined LiBH4 in porous carbon was achieved 

by the addition of extra Li(H).  

It has been proposed in literature that carbon nanomaterials act as catalysts for the 

dehydrogenation of NaAlH4 due to an electronic interaction at the surface. To gain more 

insight into this, we studied the influence of the nature of the carbon surface on the H2 release 

kinetics and reversibility from nanoconfined NaAlH4 and LiBH4, as discussed in Chapter 5. 

The surface of carbon was tuned from high polarity by introducing oxygen-containing 

functional groups (> 4 atomic O/nm2), to an apolar (low energy) surface by removing most 

oxygen-containing groups (0.2 atomic O/nm2). Irrespective of the surface properties of the 

carbon material, wetting and melt infiltration of NaAlH4 and LiBH4 were successful. In situ 

DSC measurements showed that molten hydrides reacted with surface oxygen-containing 

groups, especially the highly reactive groups (carboxylic, anhydridic and lactonic groups). 

Very similar H2 desorption profiles were observed for the resulting NaAlH4/C and LiBH4/C 

nanocomposites. Hence, in the present systems, there is no indication for a significant impact 
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of the electronic nature of the carbon surface on the H2 desorption kinetics from complex 

metal hydrides. However, the nature of the carbon surface greatly affected the reversible H2 

desorption capacity. Almost full reversibility (95%) was achieved for NaAlH4 in a carbon 

matrix, from which the oxygen-containing groups had carefully been removed, while the 

value was only 66% with a surface-oxidized carbon matrix.  

To summarize our results, studies described in this thesis demonstrate that 

nanoconfinement is a promising approach to improve H2 release kinetics and reversibility. 

Melt infiltration is a relatively simple and fast method to prepare nanoconfined NaAlH4, and 

can probably also be used for the preparation of other confined hydrides. In addition to 

improved H2 release kinetics and reversibility of desorption, we were the first to shown that 

the phase equilibria in the nanoconfined Na-Al-H system are different than for bulk NaAlH4. 

Also we demonstrated that the loss of active products due to reaction with carbon surface 

upon dehydrogenation fundamentally limits reversibility, and full reversibility of H2 

desorption can be achieved by the addition of extra Na, or alternatively by controlling the 

purity of the carbon matrix. 

The changes observed are closely related to particle sizes, interfaces and physical 

confinement. However, it is very difficult to study independently the impact of individual 

parameters on kinetics, reversibility and thermodynamics. For the H2 release kinetics, specific 

surface areas and mass transfer distance play an important role, factors that are directly 

influenced by particle size. However, also interfaces and physical confinement are important. 

Compared to NaAlH4 particles that have similar size but freely “stand” on the outer surface of 

carbon nanofibres, NaAlH4 confined in the pores of a carbon matrix displays slower H2 

release kinetics. This indicates that in the latter case hydrogen diffusion through the pores 

filled with hydride might also be a limiting factor. Another factor is the interfacial area 

between hydride and matrix, which might provide nucleation sites for phase transformation. 

However, in our system we find that nature of the interface has no significant influence on the 

H2 release. More insight might be obtained by a systematic variation of the morphology of the 

samples, for instance pore size.  

Reversibility clearly benefits from the confinement of active material in nanopores, 

which leads to decreased feature sizes of the decomposition products and decreased solid state 

diffusion distances. However, in addition it seems that the presence of a porous matrix also 
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adds mobility to species. In contrast to the situation for bulk NaAlH4 powder, in the case of 

NaAlH4 nanoconfined in porous carbon, the large Al crystals formed after desorption can 

react with Na(H) and H2 reforming non-crystalline NaAlH4. An interesting question is how 

the H2 re-absorption take place (e.g. what is the mobile species). Especially Na, NaAlH4 and 

NaH wet the carbon surface well and have relatively low melting points, hence surface 

mobility of these species might play an important role. 

Thermodynamic stability depends on particle size, owing to the contribution of 

different surface energies. Computational studies predict that NaAlH4 particles with a size 

below 10 nm are expected to decompose to NaH in a single step. However, the outcome of 

these calculations depends strongly on the assumptions e.g. small Al particles after desorption, 

whereas we experimentally observed large Al crystallites. Additionally, first-principle 

calculations showed that Na3AlH6 nanoclusters are unstable with respect to NaAlH4 clusters 

due to Jahn-Teller effects. Also physical confinement and interfaces might play a role in 

altering the thermodynamic stability of the phases. For instance, the NaAlH4 phase fully fills 

the pores at the melting temperature, and hence cooling might introduce mechanical stress due 

to differences in thermal expansion coefficient if the NaAlH4 is bound to the carbon at the 

interface. Currently, we do not know exactly why nanoconfinement influences the 

thermodynamic stability of NaAlH4, and further studies are needed, preferentially on well-

defined model systems combined with a computational approach.  

In view of practical considerations, at the moment, no solid-state hydrogen storage 

material meets all the requirements concerning hydrogen release and uptake temperatures, and 

reversible capacity. A disadvantage is that the presence of carbon materials lowers the 

effective gravimetric hydrogen density of the nanocomposites. For instance ~35 % of H2 

storage capacity is lost for NaAlH4 confined in a carbon matrix with a pore volume of ~1.5 

cm3/g. However, H2 storage performance can also benefit from other aspects of matrix, e.g. 

improved heat transfer and mechanical stability during H2 sorption cycling. A decrease in 

capacity might easily be outweighed by advantages such as increased kinetics (which can be 

further enhanced by combining with catalysts) and reversibility. The H2 capacity of 

nanoconfined NaAlH4 is still low, and hence other materials with high gravimetric hydrogen 

contents might be more attractive especially for mobile applications. Tuning the materials 

properties will be mandatory to obtain suitable H2 sorption properties, and hence increasingly 
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multi-component systems are being studied. In these cases nanoconfinement can be crucial to 

attain reversibility. Also more generally, a better understanding of particle size and support 

interactions, and the impact of nanoconfinement, can be beneficial to tune functional 

materials properties. 
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Samenvatting 
 
 

In een toekomstige maatschappij gebaseerd op hernieuwbare energiebronnen, zal 

waterstof waarschijnlijk een belangrijke rol spelen. Een probleem van energieopwekking met 

behulp van bijvoorbeeld wind en zon is dat elektriciteit wordt opgewekt in plaats van een 

gasvormige of vloeibare energiedrager. Elektriciteit is moeilijk op te slaan, maar het zou 

gebruikt kunnen worden om waterstof te maken uit water. Met behulp van een brandstofcel 

kan dit weer omgezet worden in elektriciteit op de plaats en het moment dat dit gewenst is. 

Waterstof is echter een gas met een lage dichtheid, en daardoor is het moeilijk compact op te 

slaan. Een veelbelovende methode is om het gas op te nemen in een metaal, waardoor een 

metaalhydride wordt gevormd. Dit is een omkeerbaar proces; het gas kan weer worden 

afgestaan wanneer nodig. Voor praktische toepassing hiervan vormen echter de relatief 

langzame waterstofopname en –afgifte, en vaak ook de ongunstige evenwichtsligging voor de 

vorming van het metaalhydride een uitdaging. NaAlH4 (natriumalanaat) wordt vaak genoemd 

als mogelijk waterstofopslagmedium. Het bevat 7.4 gew% waterstof en een 

waterstofevenwichtsdruk van 1 bar wordt bereikt bij 30 oC. Helaas wordt in praktijk pas 

waterstof afgegeven als het materiaal verhit wordt tot de smelttemperatuur (~183 oC) en voor 

de daarop volgende waterstofopname zijn hoge druk en temperatuur nodig. Dit proefschrift 

beschrijft onderzoek naar het nanobegrenzen van NaAlH4 (het opsluiten van kleine NaAlH4 

deeltjes in de poriën van een koolstofdrager) en hoe daardoor de eigenschappen van 

waterstofafgifte en opname worden beïnvloed (snelheid, cycleerbaarheid, en 

evenwichtsligging). 

In hoofdstuk 2 wordt beschreven hoe de NaAlH4-nanodeeltjes in een koolstofdrager 

gemaakt kunnen worden, en wat de structuur van de nanocomposiet is. Een standaard 

methode om kleine deeltjes in een koolstofdrager te brengen is door ze op te lossen in een 

vloeistof, de oplossing door de poriën te laten opzuigen, en dan het oplosmiddel te verdampen. 

NaAlH4 is echter slechts beperkt oplosbaar in THF en ether, en reageert echter met de meeste 

andere oplosmiddelen. Als alternatief hebben we daarom smeltinfiltratie onderzocht, waarmee 

we 5 tot 50 gew% NaAlH4 konden aanbrengen. Het smeltinfiltratieproces werd bestudeerd 

door warmteopname en afgifte tijdens het smelten te meten. Ook gebruikten we 
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röntgendiffractie, stikstoffysisorptie en vaste stof NMR-metingen om de structuur van de 

materialen te bepalen. De poriën van de koolstofdrager konden bijna volledig gevuld worden 

met 40 gew% NaAlH4. Bij beladingen van 20 gew% en lager bevonden de NaAlH4-deeltjes 

zich voornamelijk in de kleinste poriën (<10 nm) van de drager. Daardoor waren de deeltjes 

in direct contact met de poriewanden, en niet kristallijn.  

In hoofdstuk 3 beschrijven we de invloed van het contact met koolstof en de 

nanobegrenzing op de reactiesnelheid, reversibiliteit en de evenwichtsligging van de 

waterstofafgifte uit NaAlH4 (20 gew% NaAlH4 in een koolstofdrager). Zonder koolstof 

ontleedt NaAlH4 naar NaH in twee stappen (via Na3AlH6), waarbij bij elke stap waterstof 

vrijkomt. De aanwezigheid van koolstof, zelfs als deze niet poreus is, zorgt voor 

waterstofafgifte in één stap, beginnend bij 175 oC, maar met een gemiddelde 

waterstofafgiftetemperatuur ongeveer gelijk aan die voor grote NaAlH4 deeltjes zonder 

koolstof. Waarschijnlijk zorgt het grensvlak met de koolstof voor kiemvorming waardoor een 

nieuwe fase (NaH) gemakkelijker gevormd wordt, en ook zijn de NaAlH4-deeltjes iets kleiner 

in de aanwezigheid van koolstof, zelfs als deze niet poreus is. De begintemperatuur voor de 

waterstofafgifte werd verlaagd naar 120 0C door een poreuze koolstofdrager te gebruiken. Een 

extra voordeel van het gebruik van poreuze kool was dat de afgegeven waterstof ook weer 

gemakkelijk opgenomen kon worden, wat niet het geval was als de aanwezige koolstof niet 

poreus was. Bijzonder is dat we voor het eerst hebben laten zien dat nanobegrenzing van 

NaAlH4 in een poreuze koolstofdrager ook een verschuiving veroorzaakte van de 

fasenevenwichten. In het Na-Al-H fasediagram is nanobegrensd NaAlH4 relatief stabiel ten 

opzichte van de Na3AlH6 fase die niet meer in het fasediagram wordt teruggevonden. Dit 

verklaart de directe ontleding van NaAlH4 naar NaH bij verwarmen. Het feit dat voor zeer 

kleine deeltjes NaAlH4 relatief stabieler wordt dan de ontledingsfasen hangt waarschijnlijk 

samen met de relatief lage oppervlakte energie van NaAlH4. Nanobegrenzing van NaAlH4 in 

een poreuze koolstofdrager zorgt dus voor snellere waterstofafgifte en opname, betere 

omkeerbaarheid van de reactie, en een verschuiving van de fasenevenwichten.  

Hoofdstuk 4 beschrijft hoe we in detail gekeken hebben naar in welke mate door NaAlH4 

afgegeven waterstof ook weer opgenomen kan worden (cycleerbaarheid). Voor nanobegrensd 

NaAlH4 werd in de tweede cyclus 60%-70% van de oorspronkelijk afgegeven hoeveelheid 

waterstof opnieuw afgestaan, niet sterk afhankelijk van de exacte druk en temperatuur die 
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werden gebruikt tijdens de absorptiestap. Bij ontleding van NaAlH4 werden grote  

Al-kristallen gevormd. Onder 55 bar waterstofdruk en bij 150 oC reageerden deze echter in 12 

uur met Na(H) en werd nanobegrensd NaAlH4 opnieuw gevormd. Een deel van de 

waterstofcapaciteit ging echter verloren. Dit kon worden toegeschreven aan onvoldoende 

beschikbaarheid van Na(H). Na een eenmalige toevoeging van extra Na werd de 

cycleerbaarheid zeer hoog (>93%). Het verlies van beschikbaar Na was voornamelijk toe te 

schrijven aan nevenreacties (in het bijzonder met zuurstofrijke oppervlaktegroepen van de 

koolstofdrager). Een soortgelijke verbetering van de cycleerbaarheid werd gevonden voor 

nanobegrensd LiBH4, maar dan door de toevoeging van extra Li.  

In de literatuur is gesuggereerd dat koolstofmaterialen als katalysator voor 

waterstofafgifte kunnen dienen, bijvoorbeeld door elektronische interactie van het 

koolstofoppervlak met NaAlH4. In hoofdstuk 5 beschrijven we een gedetailleerde studie naar 

de invloed van de aard van het koolstofoppervlak op de waterstofafgifte door NaAlH4 en 

LiBH4. Het koolstofoppervlak werd zeer polair gemaakt door veel (>4 O-atomen/nm2) 

functionele zuurstofgroepen aan te brengen. Maar ook werd juist een zeer lage 

oppervlakteenergie bewerkstelligd door alle zuurstofhoudende groepen te verwijderen (<0.2 

O-atomen/nm2). Deze veranderingen in de aard van het koolstofdrageroppervlak waren geen 

belemmering om NaAlH4 en LiBH4 in de poriën te brengen via smeltinfiltratie. Warmteafgifte 

tijdens de smeltinfiltratie toonde aan dat reactie plaatsvond tussen de gesmolten hydriden en 

de zuurstofhoudende groepen op de koolstofdragers. Waterstofafgifte door het nanobegrensd 

NaAlH4 en LiBH4 werd echter niet significant beïnvloed door de aard van het 

koolstofdrageroppervlak, en we hebben dus geen enkele aanwijzing gevonden dat de 

elektronische eigenschappen van de koolstofdrager een belangrijke rol spelen in katalyse van 

de waterstofafgifte. De waterstofcycleerbaarheid van de materialen werd echter wel sterk 

beïnvloed. Een zuurstofvrij oppervlak leverde 95% reversibiliteit op voor NaAlH4 tegenover 

66% wanneer een koolstofdrager werd gebruikt die veel zuurstofgroepen bevatte. 

Kort samengevat laat ons onderzoek zien dat het nanobegrenzen een veelbelovende 

strategie is om voor NaAlH4 waterstofafgifte te versnellen en cycleerbaarheid te verbeteren. 

Smeltinfiltratie is een relatief eenvoudige en snelle methode om nanodeeltjes in een poreuze 

koolstofdrager te maken en kan ook toegepast worden voor andere metaalhydriden. Wij zijn 

de eersten die hebben aangetoond dat de faseevenwichten in het Na-Al-H systeem veranderen 



Samenvatting 

 112 

door het nanobegrenzen van de deeltjes. Daarnaast hebben we aangetoond dat onzuiverheid 

van de koolstofmatrix een bovengrens stelt aan de waterstofcycleerbaarheid van materialen, 

maar dat vrijwel volledige cycleerbaarheid bereikt kan worden door het eenmalig toevoegen 

van een extra hoeveelheid van het lichte metaal (Na of Li), of door de koolstofdrager goed te 

zuiveren voor gebruik. 

De fundamentele verandering van de eigenschappen van NaAlH4 die we waarnemen 

hangt samen met factoren zoals deeltjesgrootte-effecten, grensvlakken, en fysieke 

opsluitingseffecten. Het is echter lastig om te onderscheiden wat exact de invloed is van elke 

individuele parameter op de reactiesnelheid, cycleerbaarheid en fase-evenwichten. Voor de 

reactiesnelheid zijn diffusieafstanden en grensvlakken van groot belang, en het is hierdoor 

aannemelijk dat de deeltjesgrootte een grote invloed heeft. Reactiesnelheden zijn hoger als de 

NaAlH4 deeltjes aan de buitenkant van een koolstofdrager zitten dan wanneer ze 

nanobegrensd zijn in poriën. De diffusie van het gevormde waterstof door de poriën van de 

koolstofdrager (die vrijwel gevuld zijn met NaAlH4) kan dus ook een limiterende factor zijn. 

Over het algemeen wordt het grensvlak tussen drager en actieve fase van groot belang geacht, 

omdat het groeikernen zou kunnen bieden en dus reacties zou kunnen versnellen. In de 

systemen die we hebben bestudeerd vinden we daar echter geen aanwijzingen voor. Meer 

inzicht zou verkregen kunnen worden door systematisch de geometrie en grootte van de 

poriën in de koolstofdrager te variëren.  

De cycleerbaarheid wordt sterk verbeterd door nanobegrenzing van het materiaal, die 

leidt tot kleinere deeltjesgrootten ook voor de ontledingsproducten. De snelheid waarmee de 

Al en Na componenten weer met waterstof te reageren tot NaAlH4 is veel hoger, wat 

toegeschreven kan worden aan kortere diffusieafstanden, maar ook lijkt het erop dat de 

aanwezigheid van het koolstofoppervlak zorgt voor grotere mobiliteit. Bij ontleding van 

NaAlH4 worden grote Al kristallieten gevormd. In sterk contrast tot de situatie zonder 

koolstof kunnen deze in aanwezigheid van een poreuze koolstofdrager weer met Na(H) en H2 

reageren tot NaAlH4. Een interessante vraag is hoe deze reactie exact plaatsvindt, en welke 

stoffen hierbij zich verplaatsen. Zowel Na als NaAlH4 en NaH hebben een grote affiniteit 

voor koolstofoppervlakken en lage smeltpunten, dus diffusie over het koolstofoppervlak 

speelt mogelijk een grote rol. 
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De stabiliteit van verschillende fasen is afhankelijk van deeltjesgrootte door bijdrage van 

de oppervlakte-energie. Theoretische berekeningen voorspellen dat de ontleding van NaAlH4 

naar NaH voor deeltjes kleiner dan 10 nm in 1 stap verloopt. Het resultaat van de 

berekeningen hangt echter sterk af van de aannames die worden gedaan. Een van de aannames 

is dat kleine Al-deeltjes worden gevormd na ontleding van NaAlH4, wat niet overeenkomt 

met onze experimentele resultaten. Echter ab-initio berekeningen suggereren ook dat 

Na3AlH6-nanoclusters niet stabiel zouden zijn ten opzichte van NaAlH4 door Jahn-Teller 

effecten. Ook druk op het rooster, bijvoorbeeld doordat bij afkoelen NaAlH4 en koolstoffase 

niet in dezelfde mate krimpen, kan een verandering in stabiliteit geven. Op dit moment 

begrijpen wij niet volledig de oorsprong van de verschuiving in het Na-Al-H fasediagram en 

hoe de begrenzing van de nanodeeltjes hier invloed op heeft. Dit zal verder onderzocht 

moeten worden bij voorkeur met goed gedefinieerde model systemen en in combinatie met 

theoretische berekeningen. 

Vanuit praktisch oogpunt voldoet op dit moment geen enkel waterstofopslag materiaal 

aan alle gestelde eisen met betrekking tot afgiftesnelheid, cycleerbaarheid, evenwichtsligging 

en capaciteit. Een nadeel van het toevoegen van koolstof is dat de opslag capaciteit lager 

wordt. Een derde van de opslagcapaciteit gaat verloren voor een NaAlH4 systeem dat 

opgesloten is in een koolstofdrager met een porievolume van ongeveer 1.5 cm3/g. Daar staan 

echter een verbetering van de reactiesnelheid en een betere cycleerbaarheid tegenover. De 

reactie zou nog sneller kunnen verlopen door nanobegrenzing te combineren met toevoeging 

van katalysatoren. De opslagcapaciteit van ons systeem is laag voor toepassingen in auto’s, en 

het is zinvol ook andere materialen met een hogere opslag capaciteit te bestuderen. Deze 

bestaan echter vaak uit vele chemische componenten, en in dat geval, zoals we hebben gezien, 

kan nanobegrenzen essentieel zijn voor goede cycleerbaarheid. Daarnaast zijn een beter 

begrip van de invloed van deeltjesgrootte en nanobegrenzing van groot belang om een 

materiaalsysteem met de gewenste eigenschappen te kunnen synthetiseren. 
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Appendices  
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 

Figure S1 Differential scanning calorimetry for 20 wt% NaAlH4/C comparing composites with 

graphite and porous carbon. Heating and cooling rates 5 oC/min under 120 bar H2 pressure. 

Indicated is the temperature at which the α→β Na3AlH6 phase transition is expected (~250 oC) 
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Figure S3 Scanning electron micrographs of dehydrogenated 20 wt % NaAlH4/C 

nanocomposites (a), (c) and corresponding images of same area with backscattered electron 

imaging (b), (d), showing that some Al particles are located on the outer surface of the carbon 

particles (examples indicated by circles in image(c) and (d). 

Figure S2 Scanning electron micrographs of rehydrogenated sample with backscattered electrons 

imaging (a) and energy-dispersive X-ray mappings of C (b), Al (c) and Na (d). Na disperses very 

well over carbon. Less large Al containing particles are observed compared to that of 

dehydrogenated sample, suggesting part of Al is reconverted to NaAlH4 upon rehydrogenation.  
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Figure S4 N2 physisorption results for sample 20 wt % NaAlH4/C, comparing the porosity after 

melt infiltration, dehydrogenation, rehydrogenation and after leaching the rehydogenated sample: 

(a) isotherm; (b) pore size distribution. Carbon material gained porosity in the small pore range 

after dehydrogenation and lost porosity again after rehydrogenation. The porosity of carbon was 

almost fully recovered after leaching, indicating that the carbon structure was preserved during the 

H2 sorption cycle. 
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(a) A 

Figure S5 Scanning electron micrographs of (A) dehydrogenated and (B) rehydrogenated 

nanocomposites (with Na/Al molar ratio of 1.3) with backscattered electrons imaging (a) and 

energy-dispersive X-ray mappings of C (b), Al (c) and Na (d).The results show Na well 

dispersed over the carbon support in both samples. Some large Al containing particles are 

observed in the dehydrogenated sample, while no large Al containing particles are found in the 

rehydrogenated sample. 



Apendices 

 119 

 

 

 

50 100 150 200 250 300 350 400 450
0.0

0.5

1.0

1.5

2.0

2.5

2nd H2 release of
20 wt% LiBH4/(C+Li/LiH) 

H2 release of 
(Li/LiH)/C after 
rehydrogenation 

 

 

 

 

wt
%

 H
2 /

 g
 S

am
pl

e

Temperature oC
 

 

NaAlH4 

Figure S6 27Al NMR of rehydrogenated nanocomposities (Na/Al = 1.3). Results of starting 

sample (physical mixture of NaAlH4/C and NaH) and subsequently dehydrogenated sample are 

also show as references. The results indicate that no significant microstructural change for the 

reformed NaAlH4 compared to that of starting sample. 

Figure S7 Second H2 release of 20 wt% LiBH4/(C+Li/LiH) and H2 release of Li/LiH containing 

carbon ((Li/LiH)/C) after rehydrogenation under 50 bar H2 pressure and 325 oC for 5 h. 
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