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Introduction

Hydrogen is a potential means to store and transport energy. Its chemical energy can be 
converted to electricity in a fuel cell where the hydrogen reacts with oxygen to form water. When 
the hydrogen is produced from a sustainable source, the process has zero emissions except for 
water and can be considered environmentally benign. The storage of hydrogen for vehicular 
applications requires the most stringent conditions in terms of volume, weight, operation 
temperature, hydrogen sorption rates, and safety.1, 2 Until now, no hydrogen storage material has 
been discovered that fulfills all the criteria.

Several storage methods are considered, such as high pressure storage, cryogenic H2, 
physisorbed H2, or H2 in metal-hydrides. Figure 1 shows the relative volume of various storage 
methods compared to the size of a car. High-pressure storage at 200 bar requires a large volume 
and is therefore undesirable. Cryogenic hydrogen storage increases the volumetric density, but the 
cryo-liquefaction process requires a substantial amount of energy and H2 evaporates with ~1% per 
day from the tank.3

Moreover, the safety of liquefied and pressurized storage is questioned in case of a tank 
rupture.2 Another option is to store hydrogen by physisorption in porous materials, e.g. carbon4 or 
metal-organic frameworks.5 This is typically demonstrated at 77 K due to the weak Van der Waals 
forces between the physisorbed hydrogen and the porous support material. The low temperature 
implies that storage of hydrogen is less suitable for automotive purposes. 

Figure 1 Volume of 4 kg hydrogen compacted in different ways, with size relative to the 

size of a car. Reproduced in courtesy from ref.1
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An alternative is to store hydrogen in a metal hydride. This occupies a reasonable amount 
of space compared to a car as seen from the MgNiH4 and LaNi5H6 containers in Figure 1. 

The pioneering work of hydrogen storage using metal-hydrides dates from 19676 and led to 
the development of hydrogen storage tank prototypes for stationary and mobile applications in 
the decades after.7 Unfortunately, the storage tanks were too heavy to be applied for vehicular 
applications, due to the use of heavy atoms (La, Ni, Fe, etc) to absorb the hydrogen. Thus, the 
hydrogen needs to be bonded to lighter materials. 

Promising in that respect is hydrogen storage in light-weight complex metal hydrides. In the 
last years, Li, Na, Mg, Ca and K salts of AlH4

-, NH2
-, and BH4

- (alanates, amides and boranes) 
have received most attention. However, for all (complex) metal hydrides kinetic barriers restrict 
dehydrogenation and rehydrogenation rates8 and need to be reduced. 

Of these potential hydrogen storage media, the structure and storage properties of sodium 
alanate (NaAlH4) have received most attention in the last 10 years as can be concluded from 
several reviews.8-11 This complex metal hydride can, for that reason, be considered as a model 
system to establish generally applicable conclusions for hydrogen storage materials. 
NaAlH4 can store up to 5.6 wt% H2 via the reactions shown in Eq (1). 

NaAlH4 ↔ ⅓ Na3AlH6 + ⅔ Al + H2 ↔ NaH + Al + 1½ H2  (1)

Thermodynamics predict that the equilibrium pressure of H2 is 1 bar at 30 °C for NaAlH4 
and 110 °C for Na3AlH6. In 1997, a breakthrough has been achieved by Bogdanovic et al., who 
discovered that admixing a Ti-precursor via a wet chemical procedure accelerated hydrogen 
desorption and absorption rates.12 Later, ball milling of the Ti precursor with the NaAlH4 has been 
identified to increase sorption rates even further.13 

It has been elucidated in several studies that the mass transfer in the solid is the rate-limiting 
step for sorption in Ti-catalyzed NaAlH4, due to the phase transitions (see Eq. 1).14-16 The lower 
limit of the NaAlH4 particle size is 150-200 nm when using ball milling17 or in the micrometer size 
range for the wet-chemical preparation route.18 This indicates that the mass transfer lengths of the 
solid are large during hydrogen extraction and uptake. Therefore, the absorption and desorption 
rates might be accelerated when the NaAlH4 particles are further reduced in size. The preparation 
of particles smaller than 100 nm, however, cannot be achieved with the conventional techniques. 
Thus different preparation methods are required. For the proof of principle we dispersed NaAlH4 
on the surface of a support material. 
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The preparation of nanoparticles on porous materials can be adapted from the field of 
heterogeneous catalysis. A solution containing the metal precursor is impregnated to a porous 
support material until the pore volume is completely filled. Subsequent drying deposits the metal 
precursor on the support material. Several reports indicate that the particle size of the metal can be 
controlled to or adjusted within the nm range by adapting drying procedure, calcination treatments, 
or by using physical constrains of the support material.19-22 

When the pore volume impregnation method is translated to deposit NaAlH4 on a porous 
support, one has to consider that the alanate can react irreversibly to a variety of oxygen groups 
that might be present on the support. Thus, a support that contains a small concentration of oxygen 
is desired in order to prevent hydrogen losses. Our study focused therefore on the use of Carbon 
Nanofibers (CNF), as they can be prepared to contain small a concentration of oxygen.23

Scope of the thesis
The aim of this study is to relate structural properties of the Ti catalyst and/or the particle size 

of the NaAlH4 to the hydrogen storage characteristics. In chapter 2 we describe the synthesis 
of nanostructured NaAlH4 on carbon nanofibers (CNF). The relevance of the drying step and 
NaAlH4 loading are discussed for the particle size of NaAlH4. A quantitative size-performance 
relationship of the particle size and the activation energy for hydrogen desorption is presented. 
The absorption properties of the nanostructured NaAlH4 are compared to that of Ti-catalyzed bulk 
NaAlH4. Chapter 3 reports the preparation, structure and performance of Ti(OBu)4 catalyzed 
nanostructured NaAlH4 on CNF. The performance for hydrogen storage is related to the particle 
size of NaAlH4 and to the local structure of the Ti. Chapter 4 deals on the structure of the Ti 
in ball-milled TiCl3-NaAlH4 with X-ray diffraction, Ti K-edge extended X-ray absorption fine 
structure (EXAFS) and Ti K-edge X-ray absorption near edge structure (XANES). A structural 
representation of the Ti is proposed for the as-prepared material and the deactivation process of 
the Ti catalyst is discussed. Chapter 5 reports the local structure investigation of ball-milled 
Ti(OBu)4-NaAlH4 as a function of temperature. The local structure of the Ti is compared to that of 
ball milled TiCl3-NaAlH4 and is linked to literature data on hydrogen desorption and absorption 
kinetics. Chapter 6 describes the first Al K-edge XANES and EXAFS study of NaAlH4. The 
XANES and EXAFS are discussed and compared to that of an oxidized NaAlH4.  
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Sodium Alanate Nanoparticles -

Linking Size to Hydrogen Storage Properties 

Abstract

Important limitations in the application of light metal hydrides for hydrogen storage are slow 
kinetics and poor reversibility. To alleviate these problems doping and ball-milling are commonly 
applied, for NaAlH4 leading to particle sizes down to 150 nm. By wet-chemical synthesis we 
have prepared carbon nanofiber-supported NaAlH4 with particle size ranges of 1-10 µm, 
19-30  nm and 2-10 nm. The hydrogen desorption temperatures and activation energies decreased 
from 186 °C and 116 kJ.mol-1 for the largest particles to 70 °C and 58 kJ.mol-1 for the smallest particles. 
In addition, decreasing particle sizes lowered the pressures needed for reloading. This reported 
size-performance correlation for NaAlH4 may guide hydrogen storage research for a wide range of 
nanostructured light (metal) hydrides.

2
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Introduction

Hydrogen storage materials need to fulfill strict requirements with respect to safety, capacity 
and kinetics for on-board application.1 Lightweight metal hydrides are considered as storage 
media, but kinetic constraints limit their application. A promising approach to address this issue 
is to reduce the particle size of the metal hydride to the nanometer range, resulting in enhanced 
kinetics without the need of a catalyst.2, 3 Nanoparticles often display modified behavior compared 
to bulk particles and are applied for instance in catalysis,4, 5 chemical sensors,6 or optics.7, 8 Here, 
we focus on size effects of sodium alanate (NaAlH4) particles. The structure and hydrogen storage 
properties of NaAlH4 have been studied extensively over the last 10 years as can be concluded 
from several reviews.9-12  This complex hydride can, therefore, be considered as a model system to 
arrive at more generally applicable conclusions on size effects for hydrogen storage materials. 

Particle sizes of metal hydrides are usually decreased by ball milling, for NaAlH4 preferably in 
the presence of a Ti-based catalyst.13-15 However, with that method the particle size is difficult to 
control, the size-distribution is broad, and the smallest particle size achievable is typically 150 to 
200 nm for NaAlH4.

15 Therefore another preparation method is needed to study particles smaller 
than 150 nm. Nanoparticles are regularly synthesized by deposition of a metal precursor onto a 
support material in heterogeneous catalysis.16, 17 

In the field of hydrogen storage, this approach has been demonstrated to facilitate H2 
desorption rates for NaAlH4,

2 nanoscaffolded NH3BH3,
3, 18 and LiBH4.

19, 20 However, the particle 
size of the hydrides used in those studies was not reported. Here, we present an extensive study 
using alternative preparation routes, characterization of the NaAlH4 particle size and the effect 
of particle size on hydrogen storage properties. The NaAlH4 particles were supported on Carbon 
Nanofibers (CNF). Particle sizes were determined using Scanning Electron Microscopy (SEM), 
Transmission Electron Microscopy (TEM) and quantitative Xray Photoelectron Spectroscopy 
(XPS). The hydrogen desorption properties of the samples were linked to the particle sizes and H2 
absorption characteristics were compared to those of ball milled TiCl3-NaAlH4. 
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Experimental

Fishbone CNF of 20-30 nm in diameter were grown from 5 wt% Ni/SiO2 (425-850 μm 
SiO2 particles) using H2/CO as described by Van der Lee et al.21 After CNF synthesis, SiO2 was 
removed by refluxing the product in 1 M KOH. Subsequently, Ni was removed by refluxing 
the product in fresh concentrated HCl. After each refluxing step, the CNF were thoroughly 
washed with demi-water. Finally, the CNF were dried in inert atmosphere at 500 °C, and stored 
in a glovebox for further use. The CNF prepared in this way contained a low concentration 
(<0.02 mmol.g-1) of oxygen-containing groups on the surface and had a specific surface area of 
130 m2.g-1.22 

All further sample handling was conducted under a dry and inert atmosphere using 
either Schlenk equipment or an N2 filled glovebox with a circulation purifier. NaAlH4 (90% 
Sigma Aldrich) was purified by dissolving it in dried THF followed by filtration to remove 
insoluble contaminants. The pure alanate was obtained as a white powder after evaporation 
of the THF under reduced pressure. It was stored in a glovebox and used within one day. 

NaAlH4 was deposited on CNF by pore volume (1 ml.g-1) impregnation using dried THF as a 
solvent. Samples with NaAlH4 loadings of 2 and 8 wt% were prepared by adapting the concentration 
of NaAlH4 in the impregnation solution. Both samples were dried at reduced pressure (6 mbar) 
while heating from -40 to -15 °C over a period of 3 h; this is denoted as low temperature drying. 
In addition, a sample was prepared with a loading of 9 wt% which was dried at room temperature 
for 5 minutes at 6 mbar (denoted as room-temperature drying). 

Temperature Programmed Desorption (TPD) of H2 was performed using a Micromeritics 
AutoChem II 2920. 200 to 400 mg of sample was loaded in the reactor and heated, in 25 ml/min 
Ar flow while heating from -20 to 300 °C. 

Reloading of the samples was performed in a high pressure magnetic suspension balance from 
Rubotherm.23, 24 For “19-30 nm NaAlH4“, 250 mg sample was loaded in the balance. For ball 
milled TiCl3-NaAlH4 (prepared via procedure described by Haiduc et al.,25 Ti/Al=0.05 at/at) 4 mg 
was loaded. Prior to the uptake measurement, the sample was desorbed at 0.1 bar H2 pressure 
(99.999 % purity) at 250 °C. Next, the temperature was lowered to the absorption temperature 
(115 °C) and equilibrated for 1 hour. H2 uptake was monitored by the weight increase of the 
sample during the subsequent pressure increase (1.38 bar.min-1) to 100 bar H2 pressure. Hydrogen 
uptake and desorption was determined after subtracting the weight changes of an empty sample 
holder and applying a buoyancy correction due to the volume of the sample. 
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Results and discussion

Preparation and structure of nano-NaAlH4 
The CNF support material used in this study consisted of entangled fibers with diameters 

between 20 to 30 nm resulting in a porous skein. Figure 1A displays a typical SEM micrograph 
of a CNF skein to illustrate its morphology. The CNF skeins were impregnated with a solution 
of NaAlH4 in THF until the pore volume was completely filled. NaAlH4 was deposited on the 
CNF by subsequent drying. The drying conditions (temperature) and NaAlH4 loading determined 
the size of NaAlH4 particles on the CNF. Drying at room temperature under reduced pressure of 
9 wt% NaAlH4 on CNF resulted in particles varying from 1 μm (Figure 1B) to 10 μm (Figure 1C) 
at the outer surface of the CNF skeins. This sample will be referred to as: “1-10 μm NaAlH4”. 

For electron microscopy studies al samples were crushed by mortar and pestle in a glovebox. 
SEM studies were performed on an FEI XL30 FEG electron microscope equipped with an EDX 
detector. The crushed sample was fixed to a double-sided carbon tape and transported in an N2 
atmosphere to the microscope. Mounting the sample into the microscope involved brief (less 
than one minute) exposure to air. HR-TEM and STEM images were obtained using a Tecnai 20 
(200 kV) equipped with an EDX and an HAADF detector. All samples were desorbed at 
300 °C prior to analysis after which they were mounted to the sample holder. The specimens were 
passivated in air during transport to the microscope. 

X-ray Photoelectron Spectroscopy (XPS) spectra were acquired from a Perkin Elmer (PHI) 
model 5580 spectrometer using Al Kα radiation. Samples were desorbed at 300 °C, passivated 
in ambient air, crushed and pressed on double-sided carbon tape. Shirley backgrounds were 
subtracted from the raw data to obtain the areas of the C1s, Al2p and Na1s signals. The inelastic 
mean free path of photoelectrons generated in NaAlH4 is very small, i.e., 3.1 nm for C1s, 2.6 nm for 
Al2p, and 1.1 nm for Na1s. Thus, the intensity ratio Al2p/C1s, and Na1s/C1s together with the loading 
and CNF specific surface area was used to calculate the dispersion of Na and Al on the CNF based 
on the model by Kuipers et al..26, 27 Particle sizes obtained earlier for Co on CNF 4 with this model 
were in good agreement with TEM, EXAFS, and H2 chemisorption results. 

In-situ Powder X-ray Diffraction data were recorded on a Bruker-AXS D-8 diffractometer 
using CoKα1,2 radiation. The sample was crushed, loaded in an Anton-Paar reaction chamber in 
the glovebox, closed and transported to the diffractometer. The reaction chamber was connected 
to a gas system and measurements were carried out in flowing N2 with a ramp of 2 °C.min-1 to 
250 °C.
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Figure 1. Overview of NaAlH4/CNF samples. A) CNF skein prior to impregnation; B and C) SEM micrographs of 
“1-10 μm NaAlH4”; D) SEM micrograph of “19-30 nm NaAlH4”; E) TEM and an EDX elemental map of highlighted 
region (C in white and Al (shaded)) for “19-30 nm NaAlH4” after desorption; F) SEM micrograph of “2-10 nm NaAlH4”; 
G) TEM micrographs with Al profile of  “2-10 nm NaAlH4” after desorption. 

A second sample with a comparable loading of 8 wt% NaAlH4 was dried at low temperature 
(-40 °C to -15 °C). In that sample, SEM did not reveal the presence of large NaAlH4 particles 
(Figure 1D). However, the fibers, shown in Figure 1D for a relatively porous part of the sample, 
had been thickened by NaAlH4 deposition suggesting NaAlH4 present on the individual fibers. A 
particle size could not be derived from SEM but required XRD, TEM and XPS of the sample after 
hydrogen desorption, i.e., NaAlH4 decomposed to Al and NaH.28 Whether the particle size of the 
material after desorption represented the original particle size has been verified with XRD. 
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Figure 2. In-situ X-ray diffraction of “19-30 nm NaAlH4” with heating ramp of 2 °C.min-1.

Figure 2 shows a 2-dimensional plot of the XRD patterns of the 8 wt% NaAlH4 as function 
of the desorption temperature. In the fresh material the diffractions of CNF, NaAlH4, and Al were 
detected. During heating the intensity of the NaAlH4 diffractions decreased and became zero 
above 150 °C. The disappearance of the NaAlH4 diffractions was paralleled by an increase in the 
Al diffraction line. From the width of the NaAlH4 and Al diffraction lines it was established that 
both the NaAlH4 and Al particles were on average 22 nm. Therefore, the Al particle size obtained 
after decomposition by all techniques coincided with the original NaAlH4 particle size. 

Figure 1E shows a TEM micrograph of this sample after desorption together with the Al 
and C elemental maps of the highlighted region. The carbon map followed the structure of the 
fibers as expected. Al domains were detected on the fibers with sizes between 20 and 30 nm. 
The particle size of Al was additionally determined using quantitative XPS, which was based 
on the Al:C ratio of desorbed NaAlH4 samples, specific surface area of the CNF and NaAlH4 
loading.26, 27 The atomic Al:C and Na:C ratios are listed in Table 1. When the model was used 
assuming hemispherical particles, the Al particles size was calculated to be 19 nm (Table 1). The 
high atomic Na:C suggested that NaH was highly, possibly atomically, dispersed. The Al particle size 
is in agreement with the 20-30 nm particle size range obtained from TEM (Figure 1E), illustrating 
the suitability of the XPS model. The sample will be referred to as “19-30 nm NaAlH4”.
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In the third sample, the fibers were impregnated with a lower concentration of NaAlH4 in 
solution. The impregnated material was dried at low temperature, and the loading was 2 wt% 
NaAlH4. SEM only detected the individual CNF fibers in this sample (Figure 1F), indicating 
that the NaAlH4 particles were small. From STEM-EDX line scans over several single Al 
particles (one line scan is shown in Figure 1G) it was concluded that the upper limit of particle 
size was 10 nm. XPS shows that the atomic Al:C and Na:C ratios were significantly larger 
after normalization to the alanate loading for the 2wt% loaded sample, than for the 8 wt% 
loaded sample (Table 1). This indicates that the dispersion of Al and NaH was higher in the 
2 wt% loaded sample than for the 8 wt% sample. When the same quantitative XPS model was 
applied, it was calculated thatthe 2 wt% loaded sample consisted of 2 nm Al particles. Such 
small Al particles could not be inferred from the EDX line scan shown in Figure 1G, as the 
spatial resolution was insufficient. Therefore, the combination of TEM and XPS provided 
a 2-10 nm particle size range, and the sample will be referred to as “2-10 nm NaAlH4”. 

Influence of NaAlH4 loading and drying 
Thus, we have tuned the NaAlH4 particle sizes in discrete ranges of 2-10 nm, 19-30 nm and 

1-10 µm. A detailed discussion about the influence of the preparation parameters on the particle size 
can be found in the following part. During impregnation the pores of the CNF became completely 
filled with the NaAlH4 solution. After impregnation the sample was dried during which the 
concentration of NaAlH4 in the solution gradually increased eventually leading to precipitation 
of NaAlH4. Precipitation initially takes place on anchoring sites, being either oxygen containing 
groups or defect sites on the carbon support. The precipitated particles can act as nucleation sites 
on which particles can grow, providing NaAlH4 is present in the impregnation solution. As a 
consequence, the particle growth can be limited by using a lower concentration of NaAlH4 in

Table 1. Atomic ratios and particle size obtained by XPS.

NaAlH4 loading Al:C
(at / at)

Na:C
(at / at)

Al
(d / nm)

2 wt% 0.0055 0.032 2

8 wt% 0.0071 0.059 19
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solution. For that reason we prepared the sample with a lower concentration of NaAlH4 resulting 
in 2 wt% NaAlH4. 

The importance of the drying procedure on particle size was shown for the preparation of 
nanoparticles in heterogeneous catalysis.29, 30 In the current study, drying was performed in two 
ways denoted as low-temperature drying and room-temperature drying (see experimental). For 
the low-temperature drying, the cooling step to -40 °C might have resulted in over-saturation of 
the impregnation solution and consequently to precipitation of NaAlH4 particles inside pores of 
the CNF skeins. In addition, the viscosity of the solvent increased at lower temperatures. This is 
favorable for a higher dispersion, since the viscous flow of NaAlH4 with the evaporating solvent 
might be suppressed.31

In another sample, the impregnated skeins were dried at room temperature at 6 mbar pressure. 
This was detrimental for the dispersion of the NaAlH4, as shown in Figure 1B and C. Boiling 
of the solvent possibly caused the formation of gas bubbles in the pores, which forced the 
NaAlH4/THF solution to the surface of the CNF-skeins. After that, the THF evaporated further 
leaving μm-sized NaAlH4 on the outer surface of the CNF skeins. The detrimental effect of room 
temperature drying was not observed in our previous study.2 However, in that work the CNF were 
oxidized which resulted in ~0.2 mmol.g-1 of oxygen-containing groups. The oxygen-containing 
groups might have functioned as anchoring sites. The CNF in the present work had not been 
oxidized and contained less than 0.02 mmol.g-1 of oxygen-containing groups22, i.e. a low amount 
of anchoring/nucleation sites. Therefore, for the non-oxidized CNF used in this study, the drying 
procedure was critical to prepare nano-sized particles of NaAlH4. 

Size-performance relationship
As described previously, we have tuned the NaAlH4 particle sizes in discrete ranges of 2-10 nm, 

19-30 nm and 1-10 µm. The effects of the particle size on H2 desorption and absorption properties 
will be discussed in the next section. Figure 3 shows the H2 desorption profiles for the three CNF-
supported NaAlH4 samples. The temperature at maximum desorption rate (Tmax) was highest for 

“1-10 μm NaAlH4” (186 °C) followed by “19-30 nm NaAlH4” (164 °C) and lowest for “2-10 nm 
NaAlH4” (70 °C). Thus, the smaller the particles, the lower the H2 desorption temperature. 

The activation energy for H2 desorption was calculated using a Kissinger analysis that 
is based on the shifts in Tmax with heating rates (β) of 0.5, 1, 2 and 5 °C.min-1.32 For that, 
ln(β/Tmax

2)  was plotted versus 1/Tmax (see Figure 4). The slope of the curve represents -Eact/R  in 
which R is the gas constant. From the slope in Figure 4 was established that the Eact for H2 desorption 
was 116 kJ.mol-1 for “1-10 μm NaAlH4”, which is in good agreement with reported values for 



Sodium Alanate Nanoparticles-Linking Size to Hydrogen Storage Properties 

15

uncatalyzed bulk NaAlH4 (120 kJ.mol-1).33, 34 Thus, the 1-10 μm NaAlH4 particles showed bulk-
like H2 desorption behavior. However, the sample desorbed a small amount of H2 below 140 °C 
(Figure 3). This was probably H2 desorption from a small fraction of the NaAlH4 that was smaller 
in size (vide infra). 

Figure 3. Temperature Programmed 
Desorption profiles of H2 for NaAlH4/CNF 
samples under Ar-atmosphere. Heating 
ramp 5 °C/min.

Figure 4. Kissinger plots, and temperature 
at maximum desorption rate (Tmax) for 
NaAlH4 samples.
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The H2 desorption from “19-30 nm NaAlH4” proceeded from 25 to 250 °C. This indicates that 
a broad particle size distribution was present. Most likely, H2 evolution from 25 to 100 °C came 
from a fraction of particles that had a similar size as for “2-10 nm NaAlH4”, since the desorption 
temperature coincided with that of “2-10 nm NaAlH4” (Figure 3). The peak with Tmax at 164 °C 
then reflects desorption from the larger (19-30 nm) NaAlH4 particles. The activation energy for 
H2 desorption from these particles was 80 kJ.mol-1 (Figure 4) a value comparable to that of Ti-
catalyzed NaAlH4.

33, 34 However in “19-30 nm NaAlH4”, no Ti was present as a catalyst. Thus, 
solely by reducing the particle size to the nanometer range, the activation energy decreased to the 
same value as ball milled TiCl3-NaAlH4. 

The activation energy lowered to an unprecedented value of 58 kJ.mol-1 when the NaAlH4 
particle size was decreased to 2 - 10 nm. The relation between activation energies and particle size, 
i.e., a size-performance relationship, is shown in Figure 5. This correlation opens the possibility 
to link experiment with theoretical calculations on metal hydride nanoclusters, since now the 
experimental available cluster size is in the same size range as those used in the theoretical 
studies.35-38 But most importantly, the correlation is an advance that is applicable to other hydrogen 
storage materials as well. 

A possible explanation for the reported particle size dependence for H2 desorption can be 
found in the calculations performed by Vegge on the stability of the NaAlH4 surfaces.38 It appears 
that the (0 0 1) surface is the most stable and most abundant surface in NaAlH4 particles from 
which it is difficult to desorb H2. The relative abundance of this most stable surface is expected 
to decrease progressively by reducing the NaAlH4 particle size, which might in turn lead to a 
decrease of the activation energy. 

Figure 5 Relation between particle size and 
activation energy for hydrogen desorption 
from NaAlH4/CNF. The spread in the particle 
size reflects the results from different 
characterization techniques, and the error-
bars in activation energies were obtained 
from linear regression analysis.
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The generally accepted target from the Department of Energy indicates that that an ideal 
automotive storage tank liberates H2 from -30 to 85 °C. The often studied Ti-catalyzed NaAlH4 
has not met this target in a scale-up study.39 However for “2-10 nm NaAlH4”, Tmax ranged from 40 
to 70 °C (Figures 3 and 4). These are, to the best of our knowledge, the lowest reported desorption 
temperatures for NaAlH4, and indicate that the target is now within reach and nanosized NaAlH4 
has potential for application. The loading of the 2-10 nm NaAlH4 particles in this paper was 
2 wt% on the CNF and has to be increased for automotive applications. This might be achieved by 
encapsulation of the NaAlH4 in nano-cavities rather than the here-reported deposition of NaAlH4 
on the convex surface of the nanofibers. 

For application, reloading of the NaAlH4 after H2 extraction must be achieved at low H2 
pressure. We studied the uptake characteristic of “19-30 nm NaAlH4” as a function of H2 pressure 
at 115 °C (Figure 6). For reference, the pure support material (CNF) was included which did not 
absorb H2 from 0.1 to 100 bar. The “19-30 nm NaAlH4” started to absorb H2 from a relatively low 
H2 pressure of 20 bar. Please note that a typical catalyzed NaAlH4 (ball milled TiCl3-NaAlH4) 
absorbed H2 starting from 45 bar (Figure 6). It was also observed that the H2 uptake from 
“19-30 nm NaAlH4” was lower than the total hydrogen capacity (5.6 wt% H2). A reason for the 
lower loading capacity might be that the sodium hydride and aluminum particles were physically 
separated at the CNF surface that hampered recombination of the NaH and Al to the NaAlH4. The 
previously mentioned encapsulation, i.e. confining the NaAlH4 in nanocavities, might overcome 
this as well.

Figure 6 H2 uptake for the 1st absorption step 
at 115 °C for 19-30 nm NaAlH4 compared 
to the uptake from ball milled TiCl3-NaAlH4 
and pure CNF. ∆P/∆t = 1.38 bar.min-1.
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Conclusion

Summarizing, a quantitative relation is found between the activation energy for H2 desorption 
and the particle size of NaAlH4 varying from 116 kJ.mol-1 for 1-10 μm particles to 80 kJ.mol-1 for 
19-30 nm particles, to 58 kJ.mol-1 for 2-10 nm particles, the latter being lower than for Ti-catalyzed 
NaAlH4. For the 2-10 nm particles, the H2 desorption temperature was below 70 °C, therewith 
meeting the target from the Department of Energy for H2 release. Moreover, after desorption the 
nano-NaAlH4 showed uptake under relatively low H2 pressures (starting at 20 bar) which can lead 
to the development of safer, more economical and lighter storage tanks. The nanoparticles reported 
in this paper were non-catalyzed, and the improvement in activation energies, and absorption 
properties could be solely accounted by reducing the NaAlH4 particle size. The size-performance 
relationship reported provides new avenues for other hydrides, such as other complex metal 
hydrides and amides, which contain a higher weight fraction of hydrogen. 
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Linking Structure to Performance in 
Ti-catalyzed Nanosized-NaAlH4

Abstract

The effects of a Ti-catalyst on sodium alanate (NaAlH4) particles (<30 nm size) have been 
studied in relation to acceleration of hydrogen absorption and desorption kinetics. Ti-catalyzed 
NaAlH4 nanoparticles were obtained by deposition onto carbon nanofibers (CNF). The order of Ti 
and NaAlH4 deposition turned out to have a significant influence on the sorption characteristics of 
the final material. When NaAlH4 is deposited first, Ti displays merely a catalytic role, decreasing 
the temperature of maximum H2 desorption rate from above 160 °C (without Ti) to 132 °C in 
Ar. However, when Ti is deposited first, a “Ti-Al” catalyst is formed which has a twofold role: it 
functions as a catalyst and as an aid to further reduction of the NaAlH4 particle size. Due to the 
ambivalent role of the Ti, the temperature for the maximum H2 desorption rate is further decreased 
to 99 °C. Moreover, the Ti also lowers the initial uptake pressure of hydrogen from 20 (without Ti) 
to 10 bar H2 pressure at 115 °C.

3
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Introduction

Hydrogen is regarded as a future energy carrier and promising candidates for hydrogen 
storage are light-weight metal hydrides.1 However, hydrogen release and absorption rates 
are often impeded in metal hydrides and need to be improved. Two generic solutions are put 
forward to address this issue, i.e. reducing the particle size in to the nm range (typically below 
30 nm),2-8 or addition of one or a combination of catalysts.9-11  Nanoparticles have a larger surface 
to volume ratio than bulk materials and therefore exhibit modified properties. Besides that, mass 
transfer lengths of the solid are considerably reduced with nanoparticles, which is important for 
fast hydrogen release and uptake. 

For catalyzed H2 absorption and desorption in sodium alanate (NaAlH4) a breakthrough has 
been realized by Bogdanovic and co-workers who discovered that mixing a few mol% Ti precursor 
with NaAlH4 in solution led to enhanced sorption rates.9 Later, it was found that ball milling the Ti 
precursor with the NaAlH4 was more effective and facile.12 Various studies indicate that the catalytic 
species in ball milled Ti-NaAlH4 is a Ti-Al-alloy nanoparticle.13-17 The NaAlH4 particles, however, 
are typically 150-200 nm in these materials.18, 19 The aim of the current research is to combine the 
Ti-based catalyst with NaAlH4 particles smaller than 30 nm. Therefore, a preparation method had 
to be developed to create NaAlH4 nanoparticles that mix with highly dispersed Ti catalyst particles. 
This has been achieved by deposition of Ti(OBu)4 and NaAlH4 on a carbon nanofiber (CNF) 
support material by performing two consecutive pore volume impregnations. Two Ti-catalyzed 
materials will be described in which the impregnation order was varied. Their characteristics will 
be compared to undoped nano-NaAlH4 on CNF and ball milled TiCl3-NaAlH4. Structure activity 
relationships will be established by relating Ti K-edge Extended X-ray Absorption Fine Structure 
(EXAFS), in-situ X-ray Diffraction (XRD), and X-ray Photoelectron Spectroscopy (XPS) results 
with the hydrogen absorption and desorption characteristics of the samples. 

Experimental

Sample preparation
Fishbone Carbon Nanofibers (CNF) of 20 to 30 nm in diameter were grown from 5 wt% Ni/

SiO2 (425-850 μm SiO2 particles) using H2/CO as described by Van der Lee et al.20 After growth, 
SiO2 was removed by refluxing twice in 1 M KOH for 1 hour. Subsequently, Ni was removed by 
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refluxing twice in fresh concentrated HCl for 1 hour. After each refluxing step, the CNF were 
thoroughly washed with demi-water until the supernatant had a pH of 5. Finally, the CNF were 
dried in an inert atmosphere at 500 °C and stored in the glovebox for further use. CNF prepared 
in this way comprised a low concentration (<0.02 mmol.g-1) of oxygen-containing groups on the 
surface, had a specific surface area of  130 m2.g-1 and had a pore volume of 1.0 ml.g-1. 

All further sample handling was conducted under a dry and inert atmosphere using either 
Schlenk equipment or a glovebox equipped with a circulation purifier. The solvents, tetrahydrofuran 
(THF) and diethylether, were distilled over Na in N2 atmosphere to remove H2O and O2 traces. 
NaAlH4 (90%, Sigma Aldrich) was purified by dissolution in THF and filtrated to remove 
insoluble contaminants. The pure alanate was obtained as a white powder after evaporation of the 
THF under reduced pressure. It was stored in the glovebox afterwards and used within one day. 

Ti(OBu)4 (≥97%, Sigma-Aldrich) and purified NaAlH4 were deposited on the CNF using pore 
volume impregnations followed by drying. Typically, 8 wt% NaAlH4 with 10 mol % Ti(OBu)4, 
relative to the NaAlH4 loading, were deposited on the CNF. In the first sample, the pore volume of 
the CNF was first impregnated with Ti(OBu)4 in diethylether until the pore volume was completely 
filled. The diethylether was removed by drying the impregnated sample at room temperature. 
Subsequently, 8wt% NaAlH4 was impregnated using THF as a solvent. The sample was cooled to 

-40 °C in an acetone-dry-ice bath after the second impregnation step. Then, a drying procedure was 
performed from -40 to -15 °C over a period of 3 h by reducing the pressure to 6 mbar (denoted as 
low-temperature drying). This sample will be referred to as “NaAlH4-Ti/CNF”. 

A second sample was prepared in which the impregnation order of NaAlH4 and Ti(OBu)4 was 
reversed. Thus, the CNF were first impregnated with NaAlH4 and dried at low temperature. Next, 
the material was allowed to heat up in an Ar atmosphere to room temperature and the Ti(OBu)4 
dissolved in diethylether was impregnated to the NaAlH4/CNF. The sample was immediately 
cooled down after impregnation to prevent thermal decomposition of the NaAlH4 and dried at low-
temperature. This sample will be referred to as “Ti-NaAlH4/CNF”. An uncatalyzed nano-NaAlH4 
with a similar NaAlH4 loading was prepared via pore volume impregnation and low temperature 
drying. This sample will be referred to as “NaAlH4/CNF”.3 For comparison, a bulk sample was 
prepared by ball milling TiCl3 with purified NaAlH4 (Ti:Al= 4.5 mol%) using a SPECS ball milling 
apparatus as described by Haiduc et al..21 This sample will be referred to as “ball milled TiCl3-
NaAlH4”. Due to the sensitive nature towards water, oxygen, and temperature, the as-prepared 
samples were stored at -20 °C under nitrogen atmosphere. Transport to the synchrotrons was 
conducted below 5 °C under nitrogen atmosphere to limit thermal decomposition of the NaAlH4. 
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Hydrogen Sorption
Temperature Programmed Desorption (TPD) of H2 was performed using a Micromeretics 

AutoChem II 2920. The quartz reactor was typically loaded with 0.2 g of sample and heated with 
a ramp of 2 °C.min-1 from -20 to 160 °C 25 ml/min Ar. H2 concentrations were measured using a 
calibrated Thermal Conductivity Detector. 

H2 uptake characteristics were recorded with a high pressure magnetic suspension balance 
from Rubotherm.22, 23 Typically, 0.25 gram NaAlH4(-Ti)/CNF or 0.004 gram of ball milled TiCl3-
NaAlH4 were loaded in the balance. The sample was desorbed at 0.1 bar H2 (99.999%) pressure 
at 250 °C, after which the temperature was lowered to 115 °C and equilibrated for 1 hour. Next, 
the hydrogen pressure was increased to 100 bar with 1.38 bar.min-1 during which the H2 uptake 
was recorded (flow of H2 was 300 ml.min-1). When the pressure reached 100 bar, the sample 
was equilibrated for 1 hour in 30 ml.min-1 H2 flow. The cycle was completed by desorbing the 
sample at 0.1 bar H2 pressure for 1 hour. This cycle was repeated two more times. The amount of 
hydrogen uptake and desorption was determined after subtracting the weight changes of an empty 
sample holder and applying a buoyancy correction for the volume of the sample. The volume of 
the sample was determined from its weight and the true density of the sample. 

Structural Investigation
X-ray absorption spectroscopy was performed on the Ti K-edge at station E4 of the DESY 

synchrotron (Hamburg, Germany). The storage ring was operated at 4.4 GeV with a mean current 
of 120 mA. The experimental station was equipped with a Si (111) double crystal monochromator 
which was detuned to 60% to suppress higher harmonics. The measuring cell was dried by heating 
under vacuum (10-4 mbar) for 1 hour. Afterwards, it was closed under reduced pressure and 
transferred to the glovebox. 120 mg sample was pressed in a pellet and mounted to the cell in the 
glovebox. Next, the cell (with sample and filled with Ar) was transferred to the beam-line to be 
flushed with He. XAS experiments were performed at 77 K in flowing He. 

Extraction of the EXAFS data from the measured absorption data was performed with the 
XDAP program.24 Three scans were averaged and the pre-edge background was approximated 
by a Victoreen function before subtraction.25 The position of the edge energy was determined 
at the maximum of the first derivative of the spectrum and was calibrated using a Ti-foil as a 
reference in each scan. The spectrum was background corrected by employing a cubic spline 
routine.26 Normalization was performed by dividing the absorption spectrum by the height of the 
background at 50 eV from the edge. 
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The Ti-Al backscattering amplitude and phase shift were calculated using the FEFF 8.0 
code27 and calibrated using an experimental measured spectrum of TiAl3 (99%, Alfa Aesar) at 
77 K. The same routines were applied to calibrate the Ti-C reference that was obtained from TiC 
(powder >4μm, Sigma-Aldrich) and the Ti-O reference from rutile-TiO2 (99.99%, Sigma-Aldrich). 
Ti-Ti backscatter amplitude and phase shift were calibrated against a Ti foil recorded at room 
temperature. The FEFF input parameters are listed in Table 1. The experimental data were fitted 
in k2 using the difference file technique in R-space from 3.1<k<11 Å-1.28 The quality of the fit was 
checked by applying k1 and k3 weightings. 

X-ray Photoelectron Spectroscopy (XPS) spectra were acquired from a Perkin Elmer (PHI) 
model 5580 spectrometer using Al Kα radiation. Samples were desorbed at 300 °C, crushed and 
pressed on double-sided adhesive conductive carbon tabs. The prepared samples were carefully 
passivated at room temperature in 0.5 ml.min-1 O2 in 200 ml.min-1 N2 in view of the presence of 
Ti. Shirley backgrounds were subtracted from the raw data to obtain the areas of the C1s, Al2p Ti2p 
and Na1s signals. 

In-situ Powder X-ray Diffraction was recorded at the Synchrotron Radiation Source (Daresbury, 
UK) on station 6.2 using at a setup described by Jacques et al..29 The sample was crushed in a 
glovebox, loaded into a capillary which was sealed with wax. X-ray diffraction was performed at 
a wavelength of 1.4 Å during in-situ heating to 200 °C at 5 °C.min-1. 

Absorber - 
backscatterer

S0
2 σ2 / 10-3 Å-2 Vr / eV Vi / eV Reference

Ti-Al 0.72 1.50 11.3 1.0 TiAl3

Ti-C 0.52 3.71 -7.21 1.0 TiC

Ti-O 0.59 4.05 13.57 1.0 Rutile TîO2

Ti-Ti 0.60 0 8.60 1.0 h.c.p. Ti Foil

Hedin-Lunqvist potentials were used for the calculations.

Table 1. Input parameters to create FEFF references for EXAFS analysis. 
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RESULTS

Performance for hydrogen storage 
Figure 1 shows hydrogen evolution during the TPD for NaAlH4/CNF, Ti-NaAlH4/CNF, and 

NaAlH4-Ti/CNF. H2 started to desorb around 10 to 20 °C for all samples. The TPD profile of 
NaAlH4-Ti/CNF displays a maximum at 99 °C (sample in which Ti was impregnated first to the 
CNF). For Ti-NaAlH4/CNF (NaAlH4 added first to the CNF followed by the Ti precursor), it is 
observed that the maximum shifts to 132 °C. The maximum increases to above 160 °C for NaAlH4 
on the CNF in the absence of Ti (NaAlH4/CNF).

Figure 2 shows the H2 uptake kinetics at 115 °C for increasing hydrogen pressures after the 
first desorption. The pure CNF (without NaAlH4 or Ti(OBu)4 deposition) was measured and 
showed that H2 did not absorb from 0.1 to 100 bar H2 pressure. Ball-milled TiCl3-NaAlH4 started 
to absorb H2 from 45 bar H2 pressure and absorbed 1.90 wt% H2 at 100 bar. Uncatalyzed NaAlH4 
deposited on CNF (NaAlH4/CNF) absorbed H2 from a pressure of 20 bar. In the case of the NaAlH4 
catalyzed with Ti on the CNF (NaAlH4-Ti/CNF), the absorption offset decreased to 10 bar H2 
pressure. The H2 capacities for the first three absorption-desorption cycles are listed in Table 2. For 
NaAlH4/CNF, the absorption capacity (based on the amount of NaAlH4) in the first cycle was 
0.85 wt% and decreased to 0.18 and 0.26 wt% in the second and third cycle. The absorption 
capacity for NaAlH4-Ti/CNF was 1.38 wt% H2 in the first cycle and decreased to 0.76 to 0.53 wt% 
H2 for respectively the second and third cycle. 

Figure 1. Hydrogen desorption profile for various 

samples from 0 to 160 °C under Ar atmosphere.  

Heating ramp 2 °C.min-1, data normalized to the 

loading of NaAlH4 on the CNF. 
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Table 2. Cycle tests of NaAlH4/CNF and NaAlH4-Ti/CNF. The maximum capacity for 
NaAlH4-Ti/CNF is 2.50 wt% H2. The mass of the CNF is not taken into account in 
this percentage. 

1st Abs
(wt% H2)

2nd Abs
(wt% H2)

3rd Abs
(wt% H2)

NaAlH4-Ti/CNF 1.38 0.76 0.53

NaAlH4/CNF 0.85 0.18 0.26

Figure 2. Initial H2 absorption for 1st absorption step at 115 °C. ∆P/∆t = 1.38 bar.min -1; the uptake has 

been normalized to the weight of NaAlH4 during measurement. 
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Structure of NaAlH4 
Figure 3 shows the X-ray diffraction patterns of as-prepared NaAlH4/CNF, Ti-NaAlH4/CNF 

and NaAlH4-Ti/CNF at room temperature. Two broadened CNF diffractions were present at 
2θ=23.55° and 38.86°. NaAlH4 was detected at 2θ values of 26.85°, 28.56° and 32.33°. The inset in 
Figure 3 shows the full width at half maximum (FWHM) of the NaAlH4 diffraction and shows that 
the FWHM was comparable for all measured samples; a crystallite size of ~20 nm was obtained 
using this FWHM in the Debye-Scherrer equation. 

Diffraction peaks at 2θ = 34.79°, 40.34° and 43.70° were ascribed to Al and illustrate that the 
samples had lost H2 during the transport to the XRD (see decomposition reactions in Eqs. (1) and 
(2) below). The FWHM of Al was comparable to that of NaAlH4, also during hydrogen extraction, 
indicating a crystallite size of ~20 nm (Figure 3). 

3 NaAlH4 ↔ Na3AlH6 + 2 Al + 3 H2    (1)

Na3AlH6 ↔ 3 NaH + Al + 1½ H2    (2)

Figure 3. Powder XRD patterns from NaAlH4/CNF, Ti-NaAlH4/CNF and NaAlH4-Ti/CNF at 25 °C (λ = 1.4 Å).
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The evolution of the crystalline phases were recorded during in-situ desorption from room 
temperature to 200 °C for NaAlH4/CNF and NaAlH4-Ti/CNF. The integrated areas of the 
NaAlH4, Na3AlH6, and Al diffraction peaks are shown in Figure 4 as a function of temperature. 
For NaAlH4-Ti/CNF, the NaAlH4 diffraction decreases starting from 20 °C and becomes zero at 
115 °C. The Al diffraction grows steadily from 40 °C and stabilizes at 130 °C. Weak Na3AlH6 
diffraction peaks were detected between 105 and 150 °C. For NaAlH4/CNF, the NaAlH4 
diffraction starts to decrease from 20 °C and becomes zero at 150 °C. At the same temperatures 
the Al diffraction is constant. However above 150 °C, the Al diffraction shows a rapid increase 
and stabilizes at 190 °C. From 150 to 180 °C only weak diffraction of Na3AlH6 is detected. 

The atomic compositions of the samples have been investigated with XPS after hydrogen 
extraction. Table 3 shows that the atomic Al:C ratio was 0.012 for Ti-NaAlH4/CNF and increased 
to 0.031 in NaAlH4-Ti/CNF. The Na:C ratio was an order of magnitude larger and was 0.16 and 
0.26 for Ti-NaAlH4/CNF and NaAlH4-Ti/CNF, respectively. 

Figure 4. Integrated areas of NaAlH4, Na3AlH6 

and Al diffraction peaks during the in-situ 

desorption to 200 °C for NaAlH4-Ti/CNF and 

NaAlH4/CNF. Heating ramp 5 °C.min-1, intensity 

has been normalized to the CNF diffraction. 
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Structure of Ti
A Ti-containing phase was not detected with XRD (Figures 3 and 4), which indicates that the 

Ti-phase was XRD-amorphous. XPS revealed that the Ti2p signal appeared in the experiment and 
had an atomic Ti:C ratio of 0.005 and 0.007 for Ti-NaAlH4/CNF and NaAlH4-Ti/CNF (Table 
3). Thus the Ti is presumably present at or near the surface of CNF and/or NaAlH4. The local 
structure around the Ti was further investigated with Ti K-edge EXAFS. To show the quality of 
the data, the background subtracted EXAFS, χ(k), is shown in Figure 5. The R-space EXAFS fit of 
NaAlH4-Ti/CNF is visualized in Figure 6 and shows that the fit describes the data well from 
1.5 to 3.5 Å. The k2 variances, shown in Table 4, were comparable for NaAlH4-Ti/CNF and 
Ti-NaAlH4/CNF, indicating that the quality of both fits were similar. 

The EXAFS fit of NaAlH4-Ti/CNF revealed that Ti is on average surrounded with 2.3 C atoms 
at 2.39 Å in its first shell (Table 4). In the next two shells, 2.9 Al atoms at 2.69 Å and 1.6 Al 
atoms at 3.09 Å were fitted. The first Ti atom was found at 3.63 Å with a coordination number of 
0.7. The fit parameters of Ti-NaAlH4/CNF are listed in Table 4 and reveal that Ti is surrounded 
with 3.9 O atoms at 2.02 Å and 6.2 C atoms at 2.49 Å. In the next shell, 3 Ti atoms are present at 
2.85 Å. 

Figure 6. Raw data and EXAFS fit for NaAlH4-Ti/CNF. Figure 5. k1 weighted background 

subtracted χ(k) for TiAl3 , Ti-NaAlH4/CNF 

and NaAlH4-Ti/CNF. 
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Table 3. Atomic ratios obtained from XPS after hydrogen extraction 
and careful oxidation.

Al:C
(at / at)

Na:C
(at:at)

Ti:C
(at:at)

Ti-NaAlH4/CNF 0.012 0.16 0.007

NaAlH4-Ti/CNF 0.031 0.26 0.005

Name fitrange Atom N Δσ2 / 10-3 Å-2 R / Å Eo / eV k2 –variance

Im. Abs.

NaAlH4-Ti/CNF 1.5-3.8 Ti-C 2.3 4.48 2.39 8.75 0.40 0.17

Ti-Al 2.9 3.36 2.69 3.42

Ti-Al 1.6 9.08 3.09 1.81

Ti-Ti 0.7 3.60 3.63 -3.10

Ti-NaAlH4CNF 1.3-2.9 Ti-O 3.9 7.03 2.02 2.18 0.09 0.07

Ti-C 6.2 0.30 2.49 -12.20

Ti-Ti 3.0 7.01 2.85 -0.13

Number of free parameters: 18 or 19.

Table 2. Ti K-edge EXAFS fit of as prepared NaAlH4-Ti/CNF and Ti-NaAlH4/CNF. 

Δk= 3.3-11 Å-1.



Chapter 3

32

Discussion

Hydrogen desorption characteristics of NaAlH4/CNF, NaAlH4-Ti/CNF and Ti-NaAlH4/CNF 
have been investigated in TPD experiments (Figure 1). Clearly, H2 evolves at a lower temperature 
when Ti is present in the sample. Literature provides two possible explanations for this, i.e., 
the Ti species acts as a Ti catalyst,9, 12, 30 or the particle size of the NaAlH4 differs from one 
sample to another.2, 3, 30, 31 In the following part we will discuss both explanations based on the 
structural characteristics of NaAlH4/CNF, Ti-NaAlH4/CNF and NaAlH4-Ti/CNF. The structural 
characteristics of Ti-NaAlH4/CNF will be discussed first. 

The particle size of the NaAlH4 is indicated by the FWHM of the NaAlH4 diffraction peaks 
(Figure 3, illustrated in the inset). It is shown that the FWHM is similar in Ti-NaAlH4/CNF and 
NaAlH4/CNF, indicating that the average particle size ( ~20 nm) of the NaAlH4 is comparable in 
both samples. The peak intensities of the NaAlH4 diffraction patterns are also comparable such that 
the quantity of ~20 nm NaAlH4 particles was the same. Therefore, it is concluded that the particle 
size distribution does not change significantly between Ti-NaAlH4/CNF and NaAlH4/CNF after 
synthesis. This implies that the decrease in Tmax for Ti-NaAlH4/CNF, compared to NaAlH4/CNF 
(Figure 1), cannot be related to variations in the particle size of NaAlH4 but, rather, suggests that 
the “Ti” acted as a catalyst. 

Catalysts are often present at surfaces and for that reason the composition of the surface (first 
2-5 nm) has been investigated with XPS. The amount of Ti in the sample was small, thus its 
appearance in XPS (Table 3) indicates that the majority of the Ti must be present at the surface as 
highly dispersed nanoparticles in Ti-NaAlH4/CNF.

In order to verify the structure of the Ti-nanoparticles in Ti-NaAlH4/CNF, its local structure 
has been investigated with EXAFS prior to hydrogen desorption. Table 4 shows the EXAFS fit 
parameters and reveal that Ti is surrounded by O, C and Ti atoms. The absence of Na or Al atoms 
in the local structure indicates that Ti had not reacted to the NaAlH4 to a level detectable by 
EXAFS (10%). Since the local structure comprise the same atoms as the original Ti-precursor 
(Ti(OBu)4), it is concluded that the majority of the Ti is present as nanoparticles of Ti(OBu)4, or a 
decomposition product thereof, in the as-prepared Ti-NaAlH4/CNF. 

In the literature, the structure of the “Ti”-catalyst has been investigated by XAFS in ball milled 
TiCl3-NaAlH4 and this points to the local structure of the catalytic Ti-species comprising of Al 
atoms surrounding the Ti.13-15 In contrast, the Ti in Ti-NaAlH4/CNF has a local structure of O and 
C atoms (Table 4) prior to hydrogen desorption. This ostensible discrepancy might be explained 
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by the fact that the O and C atoms in the Ti species can be reduced to the catalytically active 
Ti-Al phase during the desorption step, as has been reported in an in-situ EXAFS dehydrogenation 
study of Ti(OBu)4 ball milled NaAlH4,

32 or that the Ti catalyst was present in a concentration non 
detectable by EXAFS (thus smaller than 10%).

The remaining part of the manuscript will focus on the properties of the sample that have the 
lowest Tmax in the TPD profile (NaAlH4-Ti/CNF in Figure 1). Similar to the previously described 
sample, the improved desorption kinetics will be discussed in relation to the NaAlH4 particle 
size and/or the catalytic role of the “Ti”. The crystallite size of the NaAlH4 was indicated by 
its diffraction peak FWHM (inset in Figure 3). It reveals a FWHM for NaAlH4-Ti/CNF that is 
comparable to those of NaAlH4/CNF and Ti-NaAlH4/CNF. However, the intensity of the diffraction 
has been reduced considerably. This is interpreted that a larger fraction of NaAlH4 is amorphous 
in this sample, possibly because of a smaller particle size. Apparently, the averaged size and/or 
crystallinity of the NaAlH4 has been decreased in NaAlH4-Ti/CNF compared to NaAlH4/CNF due 
to the presence of “Ti”. 

Evidence for the decrease in particle size was found in XPS performed on the samples after 
hydrogen extraction. The atomic Al:C and Na:C ratios are listed in Table 3 and show that the 
Al:C and Na:C ratios were respectively 3.8 and 1.6 times higher for NaAlH4-Ti/CNF than for 
Ti-NaAlH4/CNF. Since the elemental composition of both samples was identical and XPS probed 
the first 2 to 5 nm of the surface, the ratio provides a qualitative surface-to-volume ratio of the 
particles at the CNF. Hence, the higher Al:C and Na:C ratios in NaAlH4-Ti/CNF indicate that 
NaH and Al particles had a higher surface-to-volume ratio, thus were more highly dispersed on 
the CNF. 

Both XPS and XRD indicate that the average particle size of the NaAlH4 is reduced in 
NaAlH4-Ti/CNF compared to NaAlH4/CNF and Ti-NaAlH4/CNF. The literature shows 
that the reduction of  particle size significantly increases H2 desorption rates at lower 
temperatures.2, 3, 30, 31 Thus, the particle size reduction of the NaAlH4, induced by the presence of Ti, 
in NaAlH4-Ti/CNF explains the lowest Tmax in the TPD profile of Figure 1. However, this might 
not be the sole explanation of the observed kinetic improvements, as the Ti species can be active 
as a catalyst as well. Whether this is the case was verified in an in-situ XRD study that monitored 
the evolution of the crystalline phases during hydrogen desorption as a function of temperature. 

As mentioned before, the FWHM of the NaAlH4 diffraction was similar in NaAlH4/CNF and 
NaAlH4-Ti/CNF, i.e., the crystalline part of the NaAlH4 had a similar crystallite size (Figure 3); 
this allowed us to rule out the effect of particle/crystallite size on the decomposition rate for the 
crystalline nano-NaAlH4. The role of the Ti on the NaAlH4 decomposition could therefore be 



Chapter 3

34

independently investigated by monitoring the evolution of the diffraction patterns. It is observed 
in Figure 4 that the NaAlH4 diffraction peaks reached zero intensity at a considerably lower 
temperature when Ti was present (NaAlH4-Ti/CNF) than when Ti was absent (NaAlH4/CNF). 
Apparently, “Ti” accelerates decomposition of the NaAlH4 particles in NaAlH4-Ti/CNF, thus 
acting as a catalyst. 

The in-situ XRD experiment also monitored other crystalline phases during hydrogen 
desorption. It is observed that weak Na3AlH6 diffraction peaks were detected and disappeared for 
NaAlH4/CNF and NaAlH4-Ti/CNF (Figure 4). This indicates that Na3AlH6 was an intermediate 
in the decomposition regardless of the presence of “Ti”. The diffraction peaks of Al, however, 
evolved differently in NaAlH4/CNF and NaAlH4-Ti/CNF. It is observed that the Al peaks grew 
after the NaAlH4 diffraction peaks disappeared for NaAlH4/CNF (Figure 4). In contrast, the Al 
peaks grew at the same temperature range that the NaAlH4 peaks decreased when “Ti” was present 
(NaAlH4-Ti/CNF). This indicates that the “Ti” species provides a nucleation site for Al growth 
during hydrogen extraction. 

The previous discussions deals with the relation between the structures of Ti and NaAlH4 
and the hydrogen desorption characteristics. Next, the absorption of hydrogen characteristics of 
NaAlH4-Ti/CNF will be addressed: Prior to the uptake experiment, the hydrogen is extracted 
at 250 °C for all measured samples. This implies that the NaAlH4 decomposes to NaH and Al. 
The NaH has not been detected by XRD (Figures 3 and 4), indicating that it is XRD-amorphous 
for NaAlH4-Ti/CNF and NaAlH4/CNF. The hydrogen uptake properties for these Al and NaH 
particles in NaAlH4-Ti/CNF are shown in Figure 2 and reveals that hydrogen absorbs from 10 
to 100 bar hydrogen pressure. To rule out the possibility that the hydrogen uptake is caused by 
either chemisorption or absorption to the CNF, the experiment was repeated for pure CNF and 
revealed that the CNF did not absorb hydrogen (Figure 2). Thus, the uptake can be fully attributed 
to recombination of the NaH and Al to either Na3AlH6 and/or NaAlH4 in NaAlH4-Ti/CNF.

Figure 2 also shows that the hydrogen uptake properties for NaAlH4-Ti/CNF improved 
compared to the sample without Ti (NaAlH4/CNF), as the initial absorption pressure decreased and 
the uptake capacity increased. These improvements can be attributed to the previously mentioned 
roles of the Ti in this sample, namely the catalytic role of the Ti, as well as the effect of the Ti on 
the NaH/Al/NaAlH4 dispersions. 

In ball milled TiCl3-NaAlH4, the crystallite size of the NaAlH4/NaH/Al was considerable 
larger (>100 nm)14, 18 than the crystallite sizes of NaAlH4(-Ti)/CNF (≤ ~20 nm). For bulk 
(>100 nm) Ti-catalyzed NaAlH4 samples, it is reported in the literature that the rate limiting step 
for hydrogen absorption is the mass transfer in the solid-state.33, 34 Since the Ti catalyst is present in 
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both NaAlH4-Ti/CNF and ball milled TiCl3 NaAlH4, it is assumed that essentially only the 
particle  sizes of the NaAlH4/NaH and Al differed. Figure 2 shows that the initial absorption for 
NaAlH4-Ti/CNF (Ti catalyzed nano-NaAlH4) proceeded at 10 bar hydrogen pressure. In contrast, 
the ball milled TiCl3-NaAlH4 (>100 nm particles) absorbed H2 from 45 bar hydrogen pressure. 
Thus, the decrease in initial absorption pressure is a result of decreasing the size of the NaAlH4/
NaH and Al phases. This is possibly caused by reduced mass-transfer in the solid-state and 
therewith facilitated H2 uptake at low hydrogen pressures. 

Several independent reports in the literature claim that ball milled mixtures of TiCl3, carbon 
and NaAlH4 show sustained H2 absorption and desorption characteristics after multiple cycles.35-37 
In our research, Table 2 shows that the hydrogen uptake capacity for NaAlH4-Ti/CNF of the first 
absorption was higher than the second and third absorption. Thus, we did not observe a stable 
catalytic function of the Ti due to the presence of carbon. Moreover, the reloading capacities at 
100 bar are less than that the maximum capacity of 2.5 wt% H2 (Table 2). The incomplete 
reversibility might be explained by the fact that although Al domains are small (~20 nm), the NaH 
was largely spread over the CNF surface and, therefore, the distance between the NaH and Al 
becomes too large at the CNF support. The NaH and Al cannot recombine to NaAlH4 or Na3AlH6 
completely for that reason. This can be circumvented by increasing the coverage of the nano-
particles on the support. Another possible solution is to change the morphology of the support 
material from a convex surface (for the CNF) to a concave surface. This could, possibly, restrict 
the migration of the NaH and Al on the surface due to confinement. 

The previous part in the discussion dealt with the effect of “Ti” addition on storage properties 
and structural characteristics of NaAlH4 in NaAlH4-Ti/CNF. However, the structural properties of 
the “Ti” species have not been discussed so far and will be discussed on the basis of EXAFS and 
XPS results. The EXAFS fit reveals that 2.3 C atoms at 2.39 Å surround the Ti atom in its first 
coordination shell (Table 4). The Ti-C bond distance in TiC is 2.16 Å.38 The strong deviation to 
the Ti-C distance of 2.39 Å in NaAlH4-Ti/CNF indicates that TiC did not form. Most logically, the 
carbon atom originated from the CNF support, implying that the Ti species was highly dispersed 
on the surface of the CNF. In the next shells 2.9 Al atoms were fitted at 2.69 Å and 1.6 Al atoms 
at 3.09 Å. The presence of Al atoms in the local structure indicates that the Ti(OBu)4 reacts to 
NaAlH4 during the synthesis. 

In the literature, Ti-Al distances in ball milled TiCl3-NaAlH4 range from 2.71 to 
2.92 Å.13-15, 32 The shortest distance is comparable to the distance in our fit (Table 4), whereas the 
largest distance deviates significantly. This deviation might be explained since the Ti-Al alloy 
resides on the CNF surface in NaAlH4-Ti/CNF and has, consequently, different bond distances. 
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The next shell contains 0.7 Ti atoms at 3.63 Å, indicating that the Ti:Al ratio of the TiAlx particle is 
on average ~1:6.4. The total coordination number of all the closest shells around Ti is 7.5, which is 
considerably smaller than the coordination number of 12 in bulk materials. This suggests that the 
TiAl6.4 species has a high surface to volume ratio, i.e., is very small, probably below 1 nm in size.39 
The highly dispersed nature of the TiAl6.4 catalyst was confirmed by XPS, as the Ti was detectable 
by XPS despite its low concentration (Table 3). 

The structure of the Ti catalyst and its ability to decrease the particle size of the NaAlH4 
in NaAlH4-Ti/CNF has been discussed in the previous parts. Now, we will elaborate on an 
explanation of how the “Ti” addition disperses the NaAlH4 during its preparation. The first step 
in the preparation was the impregnation of liquid Ti(OBu)4 mixed with diethylether to the CNF. 
Subsequent drying deposited the liquid Ti(OBu)4 on the fibers. In a second impregnation, the 
NaAlH4 was added by dissolving in THF. The liquid Ti(OBu)4 re-mixed with the impregnation 
solution, where it reacted to NaAlH4 forming a homogenously-dispersed Ti-Al alloy. This Ti-Al 
catalyst was insoluble and precipitated on the CNF forming finely dispersed anchoring sites on the 
CNF. When the impregnated material was dried, the NaAlH4 could deposit on the finely dispersed 
anchoring sites, which increased the dispersion of NaAlH4 during the preparation. 

Conclusions

Ti(OBu)4 catalyzed NaAlH4 nanoparticles have been synthesized on CNF by impregnation and 
drying techniques. It was elucidated that the order of impregnation was crucial for the nature of the 
Ti species and the particle size of the NaAlH4. In the cases where the NaAlH4 was impregnated first 
and Ti(OBu)4 second, the particle size of the NaAlH4 does not change compared to a uncatalyzed 
nano-NaAlH4 and doping reaction does not substantially occur. The temperature at maximum 
desorption rate decreases from above 160 °C to 132 °C and has been ascribed to the catalytic role 
of the Ti in that sample. The best performing sample was prepared by impregnating the Ti(OBu)4 
first, and NaAlH4 second. Samples prepared in this way show a H2 desorption maximum at 
99 °C in Ar and absorbed hydrogen from 10 bar H2 pressure at 115 °C after hydrogen extraction. 
The outstanding hydrogen sorption properties can be ascribed to two roles of the “Ti”. First, “Ti” 
further reduces the NaAlH4 particle size in the nanometer range. Secondly, the Ti species itself 
is a highly dispersed “TiAl6.4” nanoparticle on the CNF that possessed catalytic activity. This 
nanoparticle acts as an anchoring point for the growth of Al crystallites during the desorption 
of NaAlH4. Further improvements are envisioned if the morphology of the support surface is 
changed from convex to concave when the loading of the nanoparticles will be increased. 
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4
Active Ti Species in TiCl3-Doped NaAlH4

  
Mechanism for Catalyst Deactivation

Abstract

The nature of the active Ti species in TiCl3-catalyzed NaAlH4, a promising hydrogen storage 
material, was studied as a function of the desorption temperature with Ti K-edge extended X-ray 
absorption fine structure (EXAFS)  spectroscopy, Ti K-edge X-ray absorption near-edge structure 
(XANES) spectroscopy, and X-ray diffraction (XRD). In the freshly prepared sample, Ti was 
amorphous and surrounded by 4.8 Al atoms divided between two shells at 2.71 and 2.89 Å. In the 
next shell, 1.9 Ti atoms were detected at 3.52 Å. It was concluded that 30% of Ti was incorporated 
into the surface of Al crystallites and 70% of Ti occupied interstitials in the NaAlH4 lattice, 
possibly forming trimeric, triangular Ti entities. After hydrogen desorption at 125 °C, NaAlH4 
decomposed and the Ti-Al coordination number increased from 4.8 to 8.5. We propose that all Ti 
is incorporated into the surface layer of the formed Al. After the material was heated to 225 °C, the 
local structure of Ti, as inferred from EXAFS and XANES spectroscopy, was identical to the local 
structure of a TiAl3 alloy. However, the formed alloy was amorphous and was only detected in 
XRD by an increase of the background intensity around the Al diffraction. These so-called “TiAl3 
clusters” agglomerated in the heat treatment to 475 °C, forming crystalline TiAl3. Earlier work 
has shown that increasing the desorption temperature of NaAlH4 lowers the absorption rate and 
capacity of hydrogen in the next step. Thus, by comparing our results with absorption properties 
published in the literature on similar samples, we could rank the activity of the Ti for hydrogen 
absorption as “Ti in the Al surface” > “TiAl3 cluster” > “crystalline TiAl3”, therewith indicating 
that Ti incorporated into the surface of Al is the most active for the absorption of hydrogen.
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Introduction

In the future new sustainable energy sources and carriers will be needed. Hydrogen is attractive 
as an energy carrier since it has a high energy to mass ratio and produces water as its only waste 
product.1,2 Conventional storage technologies, such as gas compression or cryogenic liquid, have 
limitations related to safety aspects and low volumetric hydrogen densities.2,3 Storing hydrogen 
by chemical bonding or physisorption may circumvent these problems. Several storage media are 
considered, e.g. nanosized magnesium hydride,4 physisorption on carbon,5,6 and sodium alanate 
(NaAlH4).2,7 Sodium alanate is promising since its thermodynamic properties enable reversible 
storage of hydrogen at low temperatures for on-board applications. Hydrogen is desorbed in three 
steps (eqs 1-3) with respective equilibrium temperatures of 30, 110, and >400 °C at 1 bar of 
hydrogen pressure. The first two desorption temperatures are compatible with on-board storage 
and deliver a total of 5.6 wt % hydrogen storage capacity. 

NaAlH4 ↔⅓ Na3AlH6 + ⅔ Al + H2   (1)
Na3AlH6 ↔ 3 NaH + Al + 1½ H2    (2)
NaH ↔ Na + ½ H2      (3)

The main hurdle to overcome for applying NaAlH4 as a hydrogen storage material is the slow 
kinetics for hydrogen desorption and absorption. These unfavorable desorption and absorption 
rates can be improved by reducing the particle size of the NaAlH4 to the nanometer range8 or by 
adding a catalyst, for example, TiCl3 or titanium butoxide, to the alanate.7,9,10 Generally, the most 
active catalyst is prepared by ball milling NaAlH4 with the TiCl3,

10 resulting in a reaction to form 
NaCl, Al, and a reduced Ti entity as shown in reaction 4.11 

TiCl3 + 3 NaAlH4 → “Ti” + 3 Al + 3 NaCl + 6 H2   (4)

The correlation among the catalytic role, structure, and location of the Ti for (de)hydriding 
catalysis is not fully understood, although it has been the subject of many investigations in the 
past years.12-28 A H2/D2 scrambling study performed by Schüth et al. points out that the Ti after 
preparation dissociates hydrogen at room temperature, suggesting that one of the roles of the Ti 
catalyst might be to split hydrogen.12 Alternatively, it is suggested that Ti facilitates migration of 
H via interstitials13 or facilitates migration of metal atoms in the form of AlH3 units.14,15 It has also 
been reported that the Ti does not solely change the kinetics, but also alters the thermodynamics 
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of the Ti-catalyzed NaAlH4 system.16 The structure and catalytic cycle of the active Ti species for 
these functions have not been identified in these studies. 

A variety of Ti species have been proposed or calculated to be catalytically active. Some 
authors claim that Ti alloys with Al as an amorphous species when TiCl3 reacts to NaAlH4,

9,17-19 
while others observed the formation of metallic Ti clusters.20 Jensen et al. claim on the basis of an 
IR spectroscopy study that Ti is located in the vicinity of the AlH4

- unit and influences the Al-H 
asymmetric stretching frequency.21 Some DFT calculations show that Ti preferably substitutes 
Na sites14,22,23 or occupies interstitial positions in the NaAlH4 lattice.24 Contrarily, Løvvik and 
Opalka claim that Ti primarily moves to interfaces between Al and NaAlH4, grain boundaries, or 
to defects in the NaAlH4 particles.25 Alternatively, it is also reported that Ti on an Al surface might 
be the active Ti entity.26-28 

Geerlings et al. showed that the rate of hydrogen reloading decreases with increasing 
temperature of the preceding hydrogen desorption step.9 Thus, by comparing the Ti species in 
the samples after different desorption temperatures, more information might be obtained on 
the nature of the (in)active Ti species. Ti was mostly present as an amorphous phase, making 
analysis challenging with a single technique. Therefore, the structure of Ti-containing NaAlH4 
was characterized using extended X-ray absorption fine structure (EXAFS) spectroscopy, X-ray 
absorption near-edge structure (XANES) spectroscopy, and X-ray diffraction (XRD) in this paper. 
A structure-activity relationship is proposed on the basis of the derived structure of Ti.

Experimental 

Sample Preparations
All sample preparations were performed under a nitrogen or argon atmosphere in a glovebox 

equipped with a circulation purifier. Chemical operations were conducted using Schlenk 
techniques. To prevent hydrogen desorption and possible changes in the samples, transportation
and storage were performed at 5 °C or below under an inert atmosphere. Commercially available 
NaAlH4 (tech. 90%, Sigma-Aldrich) was purified and ball-milled with 10 mol % TiCl3 by the 
authors of ref 9 as described before. This sample is referred to as “SAH-start”. This sample 
was split into three parts; the respective parts were heated in Ar to 125, 225, and 475 °C with a 
ramp of 5 °C.min-1. The samples were kept at the final temperature until no detectable hydrogen 
desorption was recorded by volumetric analysis. The samples are called “SAH-125”, “SAH-225”, 
and “SAH-475”, respectively. The XRD diffraction patterns, curves of the first desorption step, 
and hydrogen storage capacities are identical to those reported in a previous paper.9
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EXAFS Spectroscopy
X-ray absorption spectroscopy was performed on the Ti K-edge at station E4 of the DESY 

synchrotron (Hamburg, Germany). The storage ring was operated at 4.4 GeV with a mean current 
of 120 mA, using a Si(111) double-crystal monochromator that was detuned to 80% to suppress 
higher harmonics. Measurements were performed at 77 K in flowing He to exclude thermal 
decomposition of the sample. The samples (11 mg of Ti-catalyzed NaAlH4 or 6 mg of TiAl3) had a 
total absorption of 2.55 and were homogeneously diluted with 50 mg of BN, pressed into a pellet, 
mounted to the cell, and transferred to the beamline in a closed cell. 

Extraction of the EXAFS data from the measured absorption data was performed with the 
XDAP program.29 Three scans were averaged and the pre-edge background was approximated 
by a Victoreen function before subtraction.30 The position of the edge energy was determined 
at the maximum of the first derivative of the spectrum and was calibrated using a Ti foil as a 
reference in each scan. The spectrum was background corrected by employing a cubic spline 
routine.31 Normalization was performed by dividing the absorption spectrum by the height of 
the background 50 eV from the edge. The Ti-Al backscattering amplitude and phase shift were 
calculated using the FEFF 8.2 code32 and calibrated using an experimentally measured spectrum 
of TiAl3 at 77 K. EXAFS spectroscopy of a Ti foil at room temperature was used to calibrate the 
Ti-Ti calculated reference. The FEFF input parameters for the references are listed in Table 1. 

Experimental data were fitted in k2 using the difference file technique in R space33 at 
3 < k (Å-1) < 10 or 3 < k (Å-1) < 12 depending on the quality of the data. The quality of the fit was 
checked by applying k1, k2, and k3 weightings, ensuring that the correct coordination number and 
Debye-Waller factor (σ2) were fitted.33 Errors in the numerical values obtained by EXAFS data 
analysis are estimated to be 10% in the coordination number (N), 1% in the distance (R), 5% in 
the Debye-Waller factor (σ2), and 10% for inner potential correction (E0).

34

Table 1. Input parameters to create FEFF calculated Ti-Al and Ti-Ti references. 

Absorber - 
Backscatterer

Reference
compound

S0
2 σ2 / 10-3 Å-2 Vr / eV Vi / eV Potential

Ti-Al TiAl3 0.72 1.5 11.3 1.0 Hedin-Lunqvist

Ti-Ti h.c.p. Ti foil 0.60 0 8.6 1.0 Hedin-Lunqvist
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XANES Spectroscopy
XANES spectra were recorded from 4950 to 5050 eV with a step size of 0.3 eV. The position 

of the edge was set at the maximum of the first derivative (inflection point) of the first rising edge. 
The spectra were normalized to 5020 eV.

XRD
X-ray diffraction patterns were recorded on a Panalytical X’pert Pro system using Cu Kα 

radiation. Samples were transferred to the instrument in airtight sample holders. The data were 
collected in the range 2θ 15-85° with a step size of 0.033°. Qualitative analysis was done by 
comparison with entries from the ICDD PDF22000 database.

Results

To confirm that our samples were identical to those described in ref 9, an XRD study was 
carried out. Figure 1 shows the XRD pattern of the materials after they were heated to different 
temperatures. Different phases were identified (NaAlH4, Na3AlH6, Al, Na, NaCl, NaH, TiAl3) 
and are indicated in the figure. In SAH-start, NaAlH4, NaCl, and Al were detected. The latter 
two phases were expected on the basis of reaction (eq 4). After the material was heated to 
125 °C, the diffraction lines representing NaAlH4 disappeared (Figure 1, SAH-125), while those 
of NaCl, NaH, Al, and Na3AlH6 were present. This is in line with the desorption reactions shown 
in eqs 1 and 2. In SAH-225 only diffractions from NaH, Al, and NaCl were present, indicating 
that all hydrogen relating to reactions 1 and 2 was desorbed. After the hydrogen was desorbed at 
475 °C, Al, Na, NaCl, NaH, and TiAl3 were observed. The presence of Na indicates that at this 
high temperature NaH was partly dehydrogenated. 

Figure 1. XRD patterns of SAH-

start, SAH-125, SAH-225 and 

SAH-475. # = NaAlH4 , Δ = Al, 

▲ = NaCl, □ = NaH, ○ = Na3AlH6, 

■ = Na, ● = TiAl3.
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Titanium was only detectable as a crystalline TiAl3 phase in SAH-475. Amorphous Ti species 
have been claimed to be indirectly visible in XRD via the Al diffraction peaks.9,18,19 Therefore, the 
diffraction peak of Al metal is shown in detail in Figure 2. An increase of the background was 
observed for 2θ = 38.7-39.5° after the sample was heated to 225 °C (SAH-225), indicating the 
presence of an amorphous phase. In contrast, the materials after ball milling (SAH-start) and after 
desorption at 125 °C (SAH-125) and 475 °C (SAH-475) did not show this increase in background 
intensity.

To get more insight regarding the structure of the amorphous Ti, the local structure of Ti 
was investigated with EXAFS spectroscopy. The background-subtracted EXAFS data, χ(k), of 
SAH-Start, SAH-125, SAH-225, and SAH-475 are shown in Figure 3. It can be seen that the 
quality of the data was good. The k1-weighted Fourier-transformed data are shown in Figure 4 
(top panel, magnitude; lower panel, imaginary part). From the changes in the magnitude and the 
positions of the nodes in the imaginary part it can be concluded that the local environment around 
Ti changed significantly with the desorption temperature. The fitted and raw data for SAH-start 
are shown in Figure 5.

Figure 2. XRD Al-diffraction lines for SAH-start, SAH-125, 

SAH-225 and SAH-475. 
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Figure 3. k0 weighted background subtracted χ(k) of: a) SAH-start, b) SAH-125, c) SAH-225 and 

d) SAH-475.  

Figure 4. Magnitude and imaginary part of Fourier Transformed χ(k): 

a) SAH-start, b) SAH-125, c) SAH-225 and d) SAH-475.  (k1 ; Δk; 3-12 Å-1).
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Figure 5. k2 weighted phase uncorrected Fourier Transform of SAH-start 

(solid line) and fit (Δk; 3-12 Å-1 ; ΔR; 1.2-3.5 Å) (dashed line).  

Table 2 shows the fit parameters and k2 variances of SAH-start, SAH-125, SAH-225, 
SAH-475, and the reference TiAl3. The k2 variances were low and in the same range, indicating 
that the fits were of comparable quality. For all measured samples, Al always surrounded Ti in 
the first two coordination shells. In the third shell, Ti was found at a longer distance. The fit for 
TiAl3 exactly matches the known crystallographic data35 of this sample; i.e., Al is distributed in 
two shells located at 2.73 and 2.88 Å with, respectively, four and eight Al atoms (please note that 
the first Ti-Al shell was used to calibrate the Ti-Al reference), and four Ti atoms were detected at 
3.89 Å. Taking into account the 10% error of the coordination number and the 1% error in 
distance,34 the local environment of Ti in SAH-475 and SAH-225 was identical to that of Ti in the 
reference sample TiAl3.

In contrast, the local structure of SAH-125 comprised in total 8.5 Al atoms in its first and 
second Al shells, 3.9 Al at 2.76 Å and 4.6 Al atoms at 2.92 Å. Thus, the total coordination number 
of the Al sphere (8.5) was significantly lower than in TiAl3, in which 12 Al atoms surround Ti. In 
addition, the Ti-Ti distance in SAH-125 was 3.49 Å, which is significantly shorter than the Ti-Ti 
distance of 3.89 Å in TiAl3. For the sample prior to hydrogen desorption (SAH-start), 2.3 Al atoms 
at 2.71 Å and 2.5 Al atoms at 2.89 Å surrounded Ti in the first coordination sphere. The next 
sphere contained 1.9 Ti atoms at 3.49 Å, which was approximately the same as in SAH-125. 
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Name Shell Atom N Δσ2 / 10-3 Å-2 R / Å Eo / eV k2 –variance

Im. Abs.

SAH-start 1 Ti-Al 2.3 0.04 2.71 -0.96 0.63 0.40

2 Ti-Al 2.5 0.18 2.89 0.96

3 Ti-Ti 1.9 0.81 3.52 1.93

SAH-125 1 Ti-Al 3.9 0.20 2.76 -1.19 0.90 0.44

2 Ti-Al 4.6 0.20 2.92 0.23

3 Ti-Ti 1.3 2.70 3.49 4.30

SAH-225 1 Ti-Al 4.6 0.10 2.73 1.53 0.36 0.23

2 Ti-Al 7.8 0.82 2.84 4.97

3 Ti-Ti 3.8 6.36 3.90 4.31

SAH-475 1 Ti-Al 4.2 0.36 2.75 3.11 0.43 0.27

2 Ti-Al 8.3 1.95 2.89 3.70

3 Ti-Ti 3.8 3.25 3.84 5.44

TiAl3 1 Ti-Al 4.0 0.00 2.73 -0.47 2.13 1.00

2 Ti-Al 8.0 1.53 2.88 4.12

3 Ti-Ti 4.0 4.83 3.89 1.85

Number of independent parameters (Nyquist theorem) was 17 and the data was fitted with 12 parameters.39

Table 2. EXAFS fits of SAH-start, SAH-125, SAH-225 and SAH-475. 
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XANES spectra of SAH-start, SAH-125, SAH-225, SAH-475, and TiAl3 are shown in 
Figure 6. It is observed that the XANES spectra of TiAl3, SAH-475, and SAH-225 are identical. In 
contrast, the XANES spectra of SAH-start and SAH-125 show similar characteristics and differed 
from that of TiAl3. The positions of the absorption edge for the measured samples are listed in 
Table 3 and were between those of Ti-foil and TiAl3. 

Figure 6. XANES of SAH-start, SAH-125, SAH-225, SAH-475 and TiAl3.  

Edge position (eV)

SAH-start 4965.7

SAH-125 4965.7

SAH-225 4966.1

SAH-475 4966.7

TiAl3 4966.7

Ti foil 4965.5

Table 3. Positions of Ti-edges in SAH-start, SAH-125, 
SAH-225, SAH-475, TiAl3 and Ti-foil. 
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Discussion

Structure of Ti as a Function of the Desorption Temperature
The position of the Ti absorption edge is affected by the oxidation state of Ti. When the 

formal oxidation state of Ti was zero, for instance, in Ti metal and TiAl3, the edge positions were, 
respectively, at 4965.5 and 4966.7 eV (Table 3). After preparation (SAH-start), the position of the 
Ti edge was at 4965.7 eV, which was between that of TiAl3 and Ti (Figure 6 and Table 3). Thus, 
Ti had a (close to) zero oxidation state after preparation, which is in agreement with the reaction 
4. Linear analysis methods did not indicate substantial (>10%) oxidation of the Ti. The XANES 
features of SAH-start and TiAl3 were different, indicating a different geometry and/or electronic 
state for Ti in SAH-start compared to TiAl3. The structural differences were further revealed by 
EXAFS spectroscopy. In SAH-start (Table 2) Ti was surrounded by on average 2.3 and 2.5 Al 
atoms at 2.71 and 2.89 Å in the two closest coordination shells. This is significantly lower than the 
Ti-Al coordination number in TiAl3, which was 4 in the first shell and 8 in the second (Table 2 and 
ref 35). The structure of the subcoordinated Ti species in SAH-start will be discussed now.

XRD (Figure 1) shows that in SAH-start NaAlH4, Al, and NaCl are present as crystalline 
materials. Since Ti is inert toward NaCl, Ti must have interacted with either Al or NaAlH4 or 
formed a separate Ti phase. Since fitting of one or both of the first shells with Ti-Ti scattering (not 
shown) did not result in satisfactory fits, it was concluded that no measurable concentration of 
Ti clusters was formed during the preparation. Thus, Ti must have interacted with Al or NaAlH4. 
When Ti interacts with NaAlH4, it has been reported that Ti can substitute for Na14,22,23 or occupies 
an interstitial position among three AlH4

- units.24 In the case that Ti substitutes for Na, the resulting 
Al-Ti distance would be approximately 3.5 Å, which is a distance that was not observed for Ti-Al 
scattering in our EXAFS analysis (Table 2). Therefore, we conclude that the Ti did not substitute 
for Na to a measurable extent. When Ti is interstitial in the NaAlH4 lattice, the DFT-calculated 
Ti-Al distance is approximately 2.6 Å.24 This distance is, within the error limits of the calculation, 
similar to that was found in our EXAFS analysis, hence interstitial Ti in NaAlH4 is a reasonable 
suggestion for a phase present in SAH-start. Three aluminum atoms surrounded the Ti in this 
species; thus, assuming that all Ti is interstitial, the Ti-Al coordination number should be 3. Since 
the observed Ti-Al coordination number is 4.8 (Table 2), Ti must also be present in another phase 
as well with a higher coordination number. Two other locations for the Ti can be envisioned, i.e., 
on/in the Al phase or as a Ti-Al alloy. XRD (Figures 1 and 2) did not indicate that Ti formed 
a crystalline phase with Al; thus, bulk alloying did not occur to a large extent. Chaudhuri et 
al. have calculated that a Ti capped by H atoms and incorporated into the Al surface is stable.26 
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When Ti is incorporated into the surface of Al metal, the Ti-Al distance is expected to be in the 
range of 2.7-2.9 Å.26 These values agree with those found in our EXAFS analysis (Table 2); 
therefore, we propose that part of the Ti is located at the Al surface. When the Ti is incorporated 
into a surface, the close-packed fcc structure of Al metal is 9 Al atoms around the Ti. On the basis 
of the use of fractional coordination numbers, it can be calculated that 30% of the Ti resided in the 
Al surface with a coordination number of 9 and 70% was located in an interstitial place in NaAlH4 
with a coordination number of 3 ((0.7 x 3) + (0.3 x 9) = 4.8). 

The structure of the interstitial Ti during the preparation is schematically represented in 
Scheme 1. Scheme 1a shows the NaAlH4 lattice; after ball milling TiCl3 reacts with NaAlH4, 
forming NaCl and Al metal (eq 4). The formed NaCl and Al are excluded from the picture to 
clarify the Ti occupying an interstitial site in the NaAlH4 lattice (Scheme 1b). EXAFS analysis 
of SAH-start (Table 2) also shows that a Ti-Ti distance at 3.52 Å was present. This Ti-Ti distance 
does not appear in Ti metal, any titanium hydride phase, or Ti-Al alloy. In TiCl3, the Ti-Ti distance 
is 3.53 Å.36 However, if the TiCl3 is present, Ti-Cl bonds at 2.46 Å must be detected too. Attempts 
to fit this distance with an FEFF 8.2 calculated Ti-Cl reference were not successful. Moreover, 
an XPS depth profiling study indicates that the TiCl3 is completely reduced after 30 min of 
ball milling,37 whereas the samples investigated in the current study were milled for 1 h. Thus, 
TiCl3 was most likely not present in SAH-start. The distance between two interstitial spaces in 
an unperturbed NaAlH4 lattice is 3.7 Å. Thus, we hypothesize that the Ti-Ti distance found in 

Scheme 1. a) Structure of 

NaAlH4 (1 1 0), b) interstitial 

Ti in NaAlH4, c) two Ti atoms 

added to adjacent interstitial 

positions forming a trimeric 

triangular entity. 
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EXAFS analysis originated from Ti atoms occupying adjacent interstitial spaces in the NaAlH4 
lattice. The observed coordination number of Ti-Ti is 1.9; thus, a trimeric triangular Ti species 
occupying three neighboring interstitials is proposed to explain these observations (Scheme 1c). 
The deviation between interstitial distances in NaAlH4 (3.7 Å) and the interstitial Ti-Ti distance 
(3.5 Å) found in EXAFS analysis is possibly due to the fact that the presence of Ti atoms in 
adjacent interstitial spaces distorts the local structure.

The evolution of the Ti species was further investigated after hydrogen desorption at different 
temperatures. After desorption at 125 °C, the XRD pattern of SAH-125 revealed that NaH, Al, 
Na3AlH6, and NaCl were present (Figure 1), indicating that NaAlH4 was completely converted. 
In the starting material (SAH-start), 70% of Ti was present in NaAlH4 interstitials; thus, the local 
structure of Ti must have been changed during desorption since NaAlH4 was absent in SAH-125. 
In the EXAFS fits (Table 2) the total coordination number of the first two Ti-Al shells increased 
from 4.8 to 8.5 (SAH-start to SAH-125). The Ti-Al coordination of 8.5 in SAH-125 is very close 
to the coordination number when Ti is substituted in the Al(111) surface, in which Ti has 9 Al 
atoms in its coordination sphere (see Scheme 2a). The aluminum was present in two shells around 
Ti, at distances of 2.76 and 2.92 Å. In an ideal fcc lattice, the Ti is only surrounded by a single 
Ti-Al shell. This indicates that the local structure was probably distorted with respect to the ideal 
fcc geometry. Thus, we conclude that the majority of the Ti was present at the Al surface having a 
distorted local structure after desorption at 125 °C, which is schematically shown in Scheme 2a. 

Scheme 2. a) View parallel to the (111) Al surface (dark) with Ti (bright) incorporated in the surface 

having a distorted local structure; the Ti in SAH-125 displayed predominantly this structure.  b) View 

parallel to (111) Al surface of Ti that migrated from the surface into the bulk, forming a TiAl3-cluster; 

this resembles the composition of SAH-225.  
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The local structure of Ti in SAH-125 revealed a Ti at 3.49 Å (Table 2), whereas a Ti atom at 
3.8 Å would be expected on the basis of the structure of TiAl3.

35 This led us to the speculation that 
a distorted surface Ti-Al species was formed, leading to a Ti atom in a contracted third shell. 

When the hydrogen was desorbed at 225 °C, it was found that the local structures of SAH-225 
and TiAl3 were the same within the sensitivity of EXAFS spectroscopy (Table 2). This was also 
confirmed by XANES spectroscopy (Figure 6), which showed a high similarity of the spectra 
SAH-225 and TiAl3. The diffraction line of crystalline TiAl3 was not detected in XRD (Figure 1), 
but the magnification of the Al diffraction (Figure 2) shows that the background was increased 
from 2θ = 38.7° to 2θ = 39.5°. This indicates that an amorphous Ti-Al alloy is formed and has 
been explained by the presence of an intermetallic TiAlx species by Geerlings et al.9 Thus, the 
local structure of Ti was identical to the local structure of TiAl3, and we suggest that TiAl3 clusters 
were formed at 225 °C. Thus, between 125 and 225 °C, Ti had migrated from the Al surface to the 
bulk of aluminium, which is visualized in Scheme 2. 

When the desorption temperature was 475 °C, the local structure around Ti did not change 
significantly compared to that after desorption at 225 °C, as seen in Table 2. However, XRD 
showed that a crystalline TiAl3 alloy was formed at this temperature (Figure 2). Thus, the TiAl3 
clusters in SAH-225 had agglomerated to a crystalline TiAl3 phase on going from 225 to 475 °C.

Catalyst Deactivation. 
The XRD study reproduced the results of Geerlings et al. (ref 9), indicating that the current 

samples are identical to the ones used before. Their research indicated that the hydriding activity 
decreased with an increasing desorption temperature in the preceding step. The activity of the Ti 
catalyst increased thus in the order SAH-125 > SAH-225 > SAH-475. In the most active sample 
(SAH-125), it was concluded in the preceding chapter that the majority of Ti was incorporated into 
the Al surface having a distorted local structure. Thus, we propose that this is the most active form 
of Ti in the Ti-catalyzed NaAlH4. The Ti catalyst deactivated as the Ti migrated into the Al metal, 
which occurred between 125 and 225 °C (Scheme 2). The deactivation continued when the TiAl3 
clusters agglomerated, forming crystalline TiAl3, which occurred between 225 and 475 °C. This 
decreases the dispersion of the Ti catalyst, probably resulting in an impaired accessibility of the Ti 
catalyst. Thus, the activity of the Ti catalyst can be summarized in the following sequence:

Ti in the Al surface > TiAl3 cluster > crystalline TiAl3
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Conclusion

In NaAlH4 ball milled with TiCl3, the majority (70%) of Ti occupied interstitial spaces in the 
NaAlH4 lattice. The remaining Ti was present at the surface of Al. After desorption at 125 °C the 
majority of Ti was present at the Al surface having a distorted local structure, which appeared 
to be the most active Ti species for hydriding catalysis of a desorbed NaAlH4. At 225 °C, Ti 
migrated from the Al surface to the bulk, forming amorphous TiAl3 clusters. This surface to bulk 
migration of the Ti atoms was accompanied by a deactivation of the catalyst. Subsequently, the 
TiAl3 clusters agglomerated during the heat treatment to 475 °C to crystalline TiAl3, leading to a 
lower dispersion of the Ti catalyst and consequently a lower hydriding activity.
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5
On the local structure of Ti during 

in-situ desorption of Ti(OBu)4 and 

TiCl3 catalyzed NaAlH4

Abstract

The local structures of Ti(OBu)4 and TiCl3 catalyzed NaAlH4 were investigated with extended 
X-ray absorption fine structure (EXAFS) and X-ray absorption near edge structure (XANES). 
The local structures were linked to literature data on hydrogen desorption and absorption kinetics. 
In the Ti(OBu)4 catalyzed NaAlH4, butoxide or decomposition products thereof (C, O atoms) 
were bonded to Ti after ball-milling, where they inhibited the performance of the Ti catalyst. 
C and O atoms were removed upon heating and Ti–Al species were formed. The thermodynamical 
most stable specie, TiAl3, was not formed at T ≤ 300 °C, contrarily to TiCl3 catalyzed NaAlH4. 
Probably, the initially present butoxide groups inhibited its formation. Besides that, the butoxide 
or decompostion products thereof (C, O atoms) are also suspected to interfere with the hydrogen 
uptake of a desorbed NaAlH4.
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Introduction

Since the innovative work of Bogdanovic and Schwickardi from 1997,1 hydrogen storage 
using Ti catalyzed sodium alanate (NaAlH4) has been subject of much research. This is mainly 
because sodium alanate displays suitable thermodynamic properties that enable reversible storage 
of hydrogen at temperatures suitable for mobile applications. The hydrogen is desorbed in two 
steps (Eqs. (1) and (2)) with respective equilibrium temperatures of 30 and 110 °C at 1 bar 
hydrogen pressure and delivers 5.6 wt% reversible hydrogen storage capacity.

NaAlH4 ↔⅓ Na3AlH6 + ⅔ Al + H2   (1)
Na3AlH6 ↔ 3 NaH + Al + 1½ H2    (2)

The main difficulties to overcome for applying NaAlH4 as a hydrogen storage material are the 
slow kinetics for hydrogen desorption and absorption. These unfavorable desorption and absorption 
rates can be improved by reducing the particle size of the NaAlH4 to the nanometer range,2 or by 
adding a catalyst, for example TiCl3 or Ti(OBu)4, to the alanate.1,3-5 The TiCl3 precursor reacts to 
NaAlH4 forming NaCl, Al, and a reduced Ti entity as shown in Eq. (3).5 When Ti(OBu)4 is used, 
the Ti is supposed to be reduced via Eq. (4).5 

TiCl3 +3 NaAlH4 → “Ti” + 3Al + 3 NaCl + 6 H2  (3)  
Ti(OBu)4 +NaAlH4 → “Ti” + NaAl(OBu)4 +2 H2  (4) 

Several experimental studies reported that the Ti is finely dispersed and is present as 
amorphous nano-particles in the NaAlH4 or Al.6-9 Therefore, characterization of the Ti on atomic 
scale is necessary and suitable techniques are extended X-ray absorption fine structure (EXAFS) 
and X-ray absorption near edge structure (XANES). It has been reported that the precursor has 
an influence on the initial hydrogen desorption and absorption properties, i.e., TiCl3 catalyzed 
NaAlH4 display faster hydrogen desorption kinetics and also show enhanced hydrogen absorption 
rates compared to Ti(OBu)4 catalyzed NaAlH4.

4,10,11 Therefore, the proposed Ti entity after ball-
milling TiCl3 or Ti(OBu)4 might not possess the same structure, which could be the origin of the 
difference in the initial kinetics. The atomic structure of Ti in NaAlH4 has been investigated for 
TiCl3.

6–9 However, the atomic structure has not been investigated for Ti(OBu)4 and is presented 
here. The structures are investigated for Ti(OBu)4 and TiCl3 catalyzed NaAlH4 after ball-milling 
and during the in-situ desorption of hydrogen. 
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Experimental

All sample preparations were performed under a nitrogen or argon atmosphere in a 
glovebox equipped with a circulation purifier. Commercially available NaAlH4 (tech. 90% 
Sigma Aldrich) was purified and ball-milled with 10 mol% TiCl3 and 12 mol% Ti(OBu)4 
as described before.4 These samples are referred to as TiCl3/NaAlH4 and Ti(OBu)4/NaAlH4. 
One part of the TiCl3/NaAlH4 was heated in Ar to 225 °C with a ramp of 5 °C.min-1 until no 
detectable hydrogen desorption was recorded by volumetric analysis (TiCl3/NaAlH4-225). 
The Ti(OBu)4/NaAlH4 was desorbed in situ to 90 °C, kept isothermal for 30 min, and cooled 
down (Ti(OBu)4/NaAlH4-90). Next, the sample was desorbed at 150 °C isothermal for 12 h 
(Ti(OBu)4/NaAlH4-150). After that, the temperature was increased to 300 °C and kept isothermal 
for 30 min (Ti(OBu)4/NaAlH4-300).

X-ray absorption spectroscopy was performed on the Ti K-edge at station E4 of the DESY 
synchrotron (Hamburg, Germany), using a Si (1 1 1) double crystal monochromator that was 
detuned to 80% to suppress higher harmonics. All measurements were performed at 77 K in 
flowing He to exclude thermal decomposition of the sample. The samples (11 mg of Ti-catalyzed 
NaAlH4) were homogeneously diluted with 50 mg BN, pressed in a pellet, mounted to the cell 
and transferred to the beam-line in a closed cell under inert atmosphere. Extraction of the EXAFS 
data was performed as described in chapter 4 of this thesis and described earlier in literature.9,12 
The Ti–Al backscattering amplitude and phase shift were calculated using the FEFF 8.2 code13 and 
calibrated using an experimental measured spectrum at 77 K so that E0 and σ2 of the references 
were zero. The FEFF input parameters and used references are listed in Table 1. 

Absorber - 
backscatterer

S0
2 σ2 / 10-3Å-2 Vr / eV Vi / eV Reference

compound

Ti-Al 0.72 1.50 11.3 1.0 TiAl3

Ti-Ti 0.60 0 8.6 1.0 h.c.p. Ti-foil

Ti-O 0.59 4.05 13.57 1.0 TiO2 rutile

Ti-C 1 0 0 1.0 ----

Hedin-Lunqvist potentials were used for the calculations.

Table 1. Input parameters for FEFF to create the reference files. 
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Results

The magnitude of the uncorrected Fourier Transform (FT) of Ti(OBu)4/NaAlH4 and TiCl3/NaAlH4 

treated at various temperatures are shown in Figure 1. It is observed that the FT changed significantly 

upon changing temperature and/or precursor. The changes were quantified in the fits of the different 

samples. The k2 variances of the fits (Table 2) are low, indicating that the fits were of a comparable and 

good quality. The fit parameters of Ti(OBu)4/NaAlH4 are listed in Table 2. It was observed that 4.5 oxygen 

atoms surrounded Ti in its closest shell at 1.99 Å, which is a typical distance for Ti–O in Ti-oxides.14 The 

next shell contained 3.4 Ti–C bonds at 2.49 Å. This distance is relatively long for a Ti–C distance, which 

is typically at 2.1–2.2 Å.15 However, Ti–C distances of ~2.4 Å have been reported as well.15 No atoms 

were observed in higher shells. 

After heating Ti(OBu)4/NaAlH4 to 90 °C, the distances of the first two shells altered only slightly. In 

contrast, the coordination numbers decreased from 4.5 to 1.9 (Ti–O), and from 3.4 to 1.9 (Ti–C). Besides 

that, the third shell displayed an Al atom at 2.82 Å. After heating the sample to 150 °C, the nearest shells 

did not contain O or C atoms (Table 2, Ti(OBu)4/NaAlH4-150). The fit parameters show that Al atoms 

surrounded the Ti at 2.76 and 2.92 Å, which are at typical distances for TiAlx alloys.6–9,16 Further heating 

to 300 °C increased the Ti–Al bond distances slightly, however the Ti–Al coordination number increased 

significantly from 3.3 to 6.7, and from 2.0 to 3.0 in the two nearest shells (Ti(OBu)4/NaAlH4-300). 

Figure 1 Magnitude of Fourier Transformed χ(k): A) Ti(OBu)4/NaAlH4, 

B) Ti(OBu)4/NaAlH4-90, C) Ti(OBu)4 / NaAlH4-150 D) Ti(OBu)4/NaAlH4-300, 

E) TiCl3/NaAlH4, F) TiCl3/NaAlH4-225.  (k1 ; Δk; 3-12 Å-1).

Experimental data were fitted in k2 using the difference file technique in R-space from 
3 < k < 10 or 3 < k < 12 (Å−1) depending on the quality of the data. The quality of the fit was 
checked by applying k1, k2 and k3 weightings. XANES was recorded from 4950 to 5050 eV with 
a stepsize of 0.3 eV. The position of the edge was set at the maximum of the first derivative 
(inflection point) of the absorption edge. Spectra were normalized to 5020 eV.
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Name Fitrange
/ Å

Shell Atom N Δσ2 
/ 10-3 Å-2

R 
/ Å

Eo 
/ eV

k2 –variance

Im. Abs.

Ti(OBu)4/NaAlH4 1.1 to 2.1 1 Ti-O 4.5 8.6 1.99 3.09 0.24 0.17

2 Ti-C 3.4 0.9 2.48 -0.60

Ti(OBu)4/NaAlH4-90 1.0 to 2.8 1 Ti-O 1.9 1.8 1.91 2.40 0.40 1.02

2 Ti-C 1.9 0.6 2.52 -7.00

3 Ti-Al 1.5 3.2 2.83 -1.05

Ti(OBu)4/NaAlH4-150 1.8 to 3.6 1 Ti-Al 3.3 0.5 2.76 -1.32 0.07 0.10

2 Ti-Al 2.0 0.5 2.92 0.57

3 Ti-Ti 1.3 8.8 3.39 4.06

Table 2. EXAFS fits of Ti(OBu)4 / NaAlH4 after ball milling, and after desorption at 90 °C, 150 °C, 

300 °C,  and EXAFS fits of TiCl3 / NaAlH4 after ball milling and desorption at 225 °C. 

Ti(OBu)4/NaAlH4-300 1.9 to 3.3 1 Ti-Al 6.7 0.6 2.82 -1.65 0.46 0.25

2 Ti-Al 3.0 0.5 3.00 4.91

3 Ti-Ti 2.0 3.6 3.39 8.83

TiCl3/NaAlH4 1.2 to 3.5 1 Ti-Al 2.3 0.04 2.71 -0.96 0.63 0.40

2 Ti-Al 2.5 0.18 2.89 0.96

3 Ti-Ti 1.9 0.81 3.52 1.93

TiCl3/NaAlH4-225 1.2 to 3.5 1 Ti-Al 4.6 0.10 2.73 1.53 0.36 0.23

2 Ti-Al 7.8 0.82 2.84 4.97

3 Ti-Ti 3.8 6.36 3.90 4.31
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The local structure for TiCl3/NaAlH4 is listed in Table 2 and it is observed that Al surrounded 
the Ti. A detailed description of this structure can be found in chapter 4.9 After heating to 225 °C 
(TiCl3/NaAlH4-225), the local structure around Ti was similar to that of TiAl3,

16 i.e. 4 Al atoms at 
2.73 Å, 8 Al atoms at 2.84 Å, and 4 Ti atoms at 3.90 Å.

The XANES of several samples are shown in Figure 2. The edge positions of all measured 
samples are listed in Table 3. The two features at 4696.3 and 4972.4 eV in the Ti edge for Ti-
oxides are pre-edge features,17 thus the edge position was determined at the inflection point 
(maximum of first derivative) of the second rising edge for the samples that contained oxygen 
(Eedge=4972.3 eV for Ti(OBu)4/NaAlH4 and Eedge=4976.5 eV for TiO2). The inflection point of first 
rising edge was taken as the absorption edge for the samples that did not contain oxygen in the 
EXAFS fit. The edge energy was the same for Ti(OBu)4/NaAlH4-150 and Ti(OBu)4/NaAlH4-300,
i.e. Eedge=4967.0 eV. This is close to the values for TiAl3 and Ti metal references (4966.7 and 
4965.5 eV) and the TiCl3 ball milled NaAlH4 samples (Eedge=4965.7 eV for TiCl3/NaAlH4 and 
Eedge=4966.1 eV for TiCl3/NaAlH4-225). The edge energy of the first rising edge has been 
determined for Ti(OBu)4/NaAlH4-90, although the EXAFS fit indicated that the local structure 
involved both oxygen and aluminum atoms (Table 2), implying that the absorption edge 
consists of a combination of two oxidation states. It was also observed that the resonances of 
Ti(OBu)4/NaAlH4 and Ti(OBu)4/NaAlH4-150 were less pronounced than those of the crystalline 
references TiAl3 and TiO2 (Figure 2). 

Figure 2. XANES of A) Ti(OBu)4/NaAlH4, 

B) Ti(OBu)4/NaAlH4-150, C) TiCl3/NaAlH4-225, 

and references TiO2 and TiAl3. 

Table 3. Positions of Ti-edges in various samples. 

Edge position (eV)

TiCl3/NaAlH4 4965.7

TiCl3/NaAlH4-225 4966.1

Ti(OBu)4/NaAlH4 4972.3

Ti(OBu)4/NaAlH4-90 4967.0  

Ti(OBu)4/NaAlH4-150 4967.0

Ti(OBu)4/NaAlH4-300 4967.0

TiO2 4976.5

TiAl3 4966.7

Ti foil 4965.5
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Discussion

The position of the Ti absorption edge energy represents the oxidation state of Ti in Ti-butoxide 
catalyzed NaAlH4. Table 3 shows that the position of the edge energy was significantly higher for 
Ti(OBu)4/NaAlH4 than the position of the edge in Ti-metal. The shift in edge energy is linearly 
dependant of the oxidation state of Ti (○ symbols in Figure 3).6 Note that the edge shift of TiO2 
differs 3 eV with TiO2 obtained from literature, probably due to differences in the determination 
of the edge energy. When assuming a linear relationship between oxidation state and edge shift 
of our recorded Ti-metal and TiO2 (Figure 3), it is calculated that the formal valency of Ti was 
+2.5 in Ti(OBu)4/NaAlH4 after ball-milling. These findings are in contradiction with the reaction 
between Ti(OBu)4 and NaAlH4 Eq. (4), in which the Ti is claimed to be reduced to Ti0. Contrarily, 
the oxidation state was +0.3 when TiCl3 is used (TiCl3/NaAlH4), and indicated that the Ti was 
reduced to a low oxidation state during the preparation (Figure 3). 

It was also observed that the XANES resonances of Ti(OBu)4 catalyzed NaAlH4 were damped 
compared to crystalline materials such as TiAl3 and TiO2 (Figure 2). Similar damped resonances 
were reported and explained by Graetz et al. by presence of surface nano-entities.6 Probably, in 
the case of Ti(OBu)4/NaAlH4 the Ti is highly dispersed on the NaAlH4. The structural properties 
of these highly dispersed Ti-entities were further investigated with EXAFS. The EXAFS fit 
parameters in Table 2 revealed that Ti was surrounded by oxygen and carbon atoms after ball-
milling Ti(OBu)4 with NaAlH4. The carbon and oxygen atoms originated from the butoxide group 
of the Ti-precursor, thus most probably the Ti was not in the close vicinity of the NaAlH4 in this 
stage of the experiment. 

Figure 3. Shift in Ti K-edge, ● measured 

references, used to calibrate samples with 

unknown valency (▼), ○ Ti standards taken 

from ref 6. 
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Upon heating to 90 °C, the coordination number of the Ti–O and Ti–C shells decreased from 
4.5 to 1.9 (Ti–O), and 3.4 to 1.9 (Ti–C), as observed in the EXAFS fit of Ti(OBu)4/NaAlH4-90 
(Table 2). This indicates that the C and O atoms of the Ti were removed for approximately 50% 
during this temperature treatment. At the same time Ti–Al scattering at 2.82 Å appeared in the 
fit (Table 2). This indicates that the heat treatment partly broke the Ti–O, and Ti–C bonds and 
Ti reacted with the formed Al metal (see Eq. (1)). This process prolonged when the sample was 
heated to 150 °C. Namely, in Ti(OBu)4/NaAlH4-150, no Ti–O or Ti–C bonds were detected in the 
closest coordination spheres (Table 2) and the Ti was surrounded by Al atoms at 2.76 and 2.92 Å. 
The coordination number of Al surrounding the Ti was low (3.3 + 2.0 = 5.3, see Table 2) compared 
to a Ti in crystalline TiAl3 alloy (4+8=12 Al neighbours). Most likely, the Ti is present as Ti–Al 
nano entities as was also inferred from XANES. The coordination number of Al increased further 
when the sample was heated to 300 °C (Ti(OBu)4/NaAlH4-300), but the local structure differed to 
the local structure of TiAl3.

In the EXAFS fits of TiCl3 milled NaAlH4, the chloride precursor ion did not appear in the 
fits (Table 2), but only Ti–Al distances were observed in the first two shells. This illustrates 
that Ti in TiCl3 was more easily reduced than Ti in Ti(OBu)4. When TiCl3/NaAlH4 was heated 
to 225 °C (TiCl3/NaAlH4-225) the local structure was identical to that of TiAl3, thus comprised 
4+8=12 Al atoms. This indicates that thermodynamical lowest state (TiAl3) had been reached. 
After heating the Ti in Ti(OBu)4 catalyzed NaAlH4, the Ti also enriched with Al atoms. However, 
its first coordination sphere contained 3 + 6.7 = 9.7 Al atoms after the final temperature treatment 
to 300 °C (Ti(OBu)4/NaAlH4-300). Thus, did not reach the thermodynamical lowest state (TiAl3). 

Several reports indicate that the hydrogen desorption rates are faster for the TiCl3 catalyst than 
for Ti(OBu)4,

4,10,11 which has also been confirmed for our investigated samples (not shown). It was 
observed that the oxidation state of the Ti was +2.5 in Ti(OBu)4/NaAlH4 and +0.3 in TiCl3/NaAlH4 
(Figure 3). It might be that the oxidation state of Ti is of crucial importance for its catalytic 
performance. Another, related, explanation is that the butoxide groups occupy space around Ti and 
shield the Ti from NaAlH4 leading to a less effective Ti-catalyst. 

Besides improved desorption rates, hydrogen absorption rates and capacities are also 
better using TiCl3 than Ti-butoxide.4,10,11 The coordination number of Al around Ti was low in 
Ti(OBu)4/NaAlH4-150, which is interpreted that Ti particles were small and/or at the surface. 
In contrast, the coordination number for TiCl3 catalyzed NaAlH4 was higher, but still displays 
better absorption rates and capacities.4,10,11 As Ti–Al surface or nano entities are considered as the 
active species,6–9 this kinetic difference cannot be explained on basis of EXAFS/XANES results. 
As mentioned before, the butoxide groups were removed from the Ti during heating. These  
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butoxide groups could have desorbed as a gas, or formed bulk oxides/carbides. The presence of 
gaseous hydrocarbons or alcohols was tested in an in-situ gas phase IR experiment to 450 °C 
and revealed that no detectable amounts of gasses were desorbed. Thus, the butoxide must have 
reacted with NaAlH4, NaH or Al in the bulk. The ratio of carbon to aluminum is high in the sample 
(C/Al ratio = 1.9). It might be that a phase comprising the C and O atoms block the Ti-catalyst and 
interfere with the H2 absorption process. 

Conclusions

NaAlH4 catalyzed with Ti(OBu)4 and TiCl3 yields different Ti species under identical 
preparation conditions. For TiCl3, Ti was reduced to Ti0.3 and was surrounded by Al atoms. Whereas 
for Ti(OBu)4, the Ti oxidation state was +2.5 and C and O atoms were detected around Ti. The 
presence of carbon and oxygen inhibited the Ti catalyst for hydrogen desorption. The C and O 
groups were removed in between 90 and 150 °C and delayed the formation of the thermodynamical 
most stable state (TiAl3 alloy). The presence of carbon and oxygen atoms in the bulk interferes 
possibly with hydrogen uptake, explaining the lower the activity of the Ti-catalyst.
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6

XAFS study of the Al K-edge in NaAlH4

  

Abstract

Al K-edge (1561.1 eV) XANES and EXAFS spectra of unoxidized NaAlH4, a hydrogen 
storage material, have been recorded in He atmosphere in a special in-situ low energy cell. The 
XANES spectrum of NaAlH4 was reported and compared to an oxidized NaAlH4 and illustrated the 
power of XANES as a quick qualitative check of the NaAlH4. Self-consistent real-space multiple-
scattering calculations could reproduce the features of the XANES of NaAlH4 for a cluster of 74 
atoms. For EXAFS, reliable fits of the Al K-edge spectra could be obtained when all scattering 
contributions, i.e. Al-H, Al-Na and Al-Al, were incorporated in the fit. The hydrogen atoms had a 
significant contribution to the Al K-edge EXAFS signal of NaAlH4, which stresses the importance 
of hydrogen scattering when analyzing EXAFS data of this metal hydride. 
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Introduction 

In realizing a society applying sustainable energy schemes, storage of energy is essential. 
Hydrogen is regarded as a candidate to store energy for stationary and mobile applications. However 
for implementation the hydrogen technology in society, the challenge of hydrogen storage has to 
be addressed. Sodium alanate (NaAlH4) is regarded as a promising hydrogen storage material as 
it has a high hydrogen capacity (5.6 wt%) and suitable thermodynamic stability for reversible 
hydrogen storage.1,2 The hydrogen is released in two steps when NaAlH4 is heated (equation 1), 
and hydrogen is reabsorbed by applying H2 pressure. 

NaAlH4 ↔ ⅓ Na3AlH6 + ⅔ Al + H2 ↔ NaH + Al + 1½ H2   (1)

Unfortunately the kinetics of hydrogen desorption and reloading of a desorbed alanate are 
unfavorable, the latter is most likely a result of segregation of NaH and Al phases.3,4 We expect 
that the dynamics of the local structure around Al (and Na) can give insight in the mechanism 
of phase segregation which will allow us to develop improved storage materials. Up to now 
most structural properties of sodium alanate have been investigated with (synchrotron) X-ray 
diffraction 5-7, neutron diffraction 7,8, 1H-NMR, and 27Al-NMR. 9-11 The diffraction techniques require 
long-range ordering, thus do not necessarily give information on the local environment around 
Al, and NMR of solid materials is challenging to interpret. X-ray absorption spectroscopy, i.e. 
Extended X-Ray Absorption Fine Structure (EXAFS) and X-ray Absorption Near Edge Structure 
(XANES) are suitable for determining local structures (EXAFS) and electronic/geometrical 
(XANES) parameters of a specimen and have been applied to determine the local structure of Ti in 
Ti doped NaAlH4 systems.12-16 Recently, an Al K-edge XANES study was reported on NaAlH4.

17 
X-ray absorption measurements of low Z elements, like Na and Al, are challenging 

due to the low X-ray intensity of the synchrotron radiation at the required energy range 
(1000-2000 eV). Nevertheless some successful studies on the Al K-edge have been reported for 
solid oxides and Al-oxide gels 18-20 either in vacuum or in-situ using a specially designed cell 
(ILEXAFS21). Contrarily to Al-oxides, measuring XAFS of a metal hydride is experimentally 
challenging due to its sensitive nature towards oxygen, water, vacuum, and temperature. Therefore, 
sample handling prior and during XAFS recording require extra attention to obtain reliable data.
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In this work, Al K-edge X-ray absorption spectra of NaAlH4 were recorded in the ILEXAFS 
cell.21 Due to the sensitivity of NaAlH4 towards air and water, its XANES and EXAFS will 
be compared to those of an oxidized NaAlH4 and a discrepancy with recent XANES spectra 
reported by Fichtner et al.17 will be discussed. For EXAFS fitting, the significance of including 
aluminum-hydrogen scattering is discussed for NaAlH4. No Al K-edge EXAFS study has been 
published before for NaAlH4. 

Experimental Section

Sample preparations
All sample preparations were carried out in a nitrogen-filled glovebox equipped with a 

circulation purifier. Chemical operations were conducted using Schlenk techniques. The solvents 
(THF and diethylether) were dried by distillation over Na. Commercially available NaAlH4 (Sigma-
Aldrich) was purified by dissolving it in an excess of THF; remaining solids were removed by 
filtration. Next, the THF was evaporated by at reduced pressure until precipitation started. In 
the following step the NaAlH4 was further precipitated by drop wise addition of diethylether. 
The crystallinity of the obtained NaAlH4 was checked with X-ray diffraction and only displayed 
sharp diffractions of the NaAlH4 were present (not shown). A part of this NaAlH4 was exposed to 
ambient air for two days and will be referred to as ‘oxidized NaAlH4’. 

XAFS recording
X-ray absorption spectroscopy was performed on the Al K-edge (1561.1 eV) using the ILEXAFS 

cell 21 in fluorescence mode with a gas proportional detector. Measurements were conducted on 
station 3.4 at the SRS (Synchrotron Radiation Source, Daresbury, UK) that was equipped with a 
YB66 double crystal monochromator. Higher harmonics were removed by increasing the incident 
angle for the plane pre-mirror to 0.8 degrees and using a dual carbon on silicon coating. The 
storage ring operated at 2.0 GeV and a mean current of 130 mA. NaAlH4 was diluted 1:2 on 
volume basis with BN to prevent self-absorption and loaded to the cell in a glovebox. Afterwards, 
the cell was closed and transferred to the beamline. All EXAFS spectra were recorded at room 
temperature in flowing He that was purified using O2 and H2O gas clean filters from Varian Inc. 
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EXAFS data handling
EXAFS data analysis was done using XDAP.22 The pre-edge background was approximated by 

a Victoreen function before subtraction.23 The edge energy was determined at the maximum of the 
first derivative of the spectrum and was calibrated to the edge energy of Al-foil (1559.0 eV). The 
spectrum was corrected for the background with a cubic spline.24 During the background extraction 
procedure, the AXAFS was removed from the data, by minimizing the intensity from 0-1 Å in 
R-space without significantly reducing the intensity of the most intense peak.25,26 Normalization 
was performed by dividing the absorption spectrum by the height of the background at 50 eV 
above the edge. Four spectra were averaged to improve the signal to noise ratio.

Phase shifts and backscattering amplitudes of the different absorber-backscatter pairs were 
calculated using the FEFF 8.0 code.27 For Al-Al scattering in NaAlH4, the reference was calculated 
using the input parameters as described by Rehr et al..28 The input values for FEFF are listed in 
Table 1. For Al-Al and Al-Na the same backscatterings amplitude and phaseshift functions were 
used, which is allowed since Al and Na are next nearest neighbors in the periodic table.29 Because 
Na and Al have similar scattering properties and the distance and coordination number of the 
Na and Al in the fourth/fifth shell (3.74 Å) are the same (based on crystal structure), the refined 
parameters for both atoms were restrained to the same value. Due to the absence of literature to fit 
Al-H scattering in low Z metal hydrides, the Al-H scattering phases and amplitude were calculated 
without additional entries in the FEFF input file (see Table 1). The Al-O scattering phase and 
amplitude of a single absorber backscatterrer was calculated with the parameters listed in Table 1, 
ensuring that the fit of the first Al-O shell of the experimental recorded Zn-AlPO-34 had a Δσ2 and 
E0 of zero, with 4 Al-O atoms at 1.71 Å.30,31

 

The Fourier Transforms of the EXAFS data were fitted using “the difference file technique” 
in R-space 25, using a k0 weighting with a k-range from 2.6 to 7 Å-1. In all fits the coordination 
numbers from crystallographic data were used as fixed input parameters.5-8 R, ΔE0, and Δσ2 were 
refined to optimal values in the fitting process. The quality of the fit was checked by means of k0 
variance and further checked by using k0, k1 and k3 weightings of the difference files.25
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XANES
The position of the edge position has been calculated by the maximum of the first derivative 

in the edge jump (inflection point). Spectra were normalized to 1570 eV. XANES spectra were 
simulated using FEFF 8.0.21 The ground state potential was used for calculating µ0 (the embedded 
atomic background absorption), while the Hedin-Lundqvist exchange-correlation was used for the 
excited state. The muffin-tin prescription with an overlap of 15% was used in the calculation of the 
Al and Na potentials. For the hydrogen potential, the muffin-tin prescription with –20% overlap 
was applied. The self consistent field calculation was performed within a radius of 4 Å, and the 
full multiple scattering prescription was used in a cluster comprising a number 74 of atoms.

Absorber - 
backscatterer

N R / Å S0
2 σ2 / 10-3 Å-2 Vr / eV Vi / eV Reference

Al-Na 1 2.86 0.78 3.28 9.0 1.0

Al-Al 1 2.86 0.78 3.28 9.0 1.0 25

Al-H 1 1.63 1 0 0 1.0

Al-H

Al-O

1

1

2.93

1.71

1

0.80

0

5.39

0

7.63

1.0

1.0 Zn-AlPO-34

Hedin-Lunqvist potentials were used for the calculations.

Table 1. Input parameters for FEFF to create the reference files. 
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Results and Discussion

Comparison of oxidized and non-oxidized NaAlH4  
Since NaAlH4 is very reactive towards oxygen and water XAFS results might be easily 

influenced by (partial) oxidation of the sample. Therefore the XAFS of an oxidized NaAlH4 will 
be discussed first. Oxidized NaAlH4 was obtained by exposing NaAlH4 to ambient air for 2 days. 
The EXAFS fit of the oxidized NaAlH4 is shown in Figure 1. The fit parameters are listed in 
Table 2 and Al was surrounded with 5.9 oxygen atoms at 1.86 Å. The Al-O distance and coordination 
number correspond to a typical octahedral surrounding of the Al in Al-oxides/hydroxides in 
the ICSD crystallographic database and indicate that the sample was completely oxidized. In 
the next shell 3.8 Al atoms were fitted at 3.00 Å; This data is not sufficient to conclude which 
Al-Na-oxide/hydroxide phase was formed. 

The XANES spectra of octahedral coordinated Al-oxides/hydroxides display an intense sharp 
whiteline.19,20 However, the here reported whiteline of the oxidized NaAlH4 did not reveal such 
an intense sharp whiteline (Figure 2), whereas the Al-O surrounding in the EXAFS indicated a 
octahedral surrounding (Table 2). This is tentatively explained by the fact that the long-range 
structure around Al was very disordered, therewith reducing the intensity of the whiteline.32

 

Most noticeable in the XANES of oxidized NaAlH4 are the two features on the whiteline at 
1569.8 and 1571.3 eV. These features are absent in the pure NaAlH4. In addition the edge position 
for oxidized alanate was located at 1565.6 eV while for pure alanate it was 1561.1 eV (Figure 2). 
Thus the compounds can be easily distinguished using the XANES as a fingerprint. Therefore we 
have to conclude that a recently published XANES spectrum of NaAlH4 by Fichtner et al. 

17, which 
shows identical features to our air exposed NaAlH4, was most likely not a XANES of NaAlH4, but 
of an oxidized NaAlH4. 

Figure 1. k1 R-space fit of oxidized-NaAlH4 (
…….) (Δk: 3<k<7 Å-1, 

fitrange 0.5<R<3.5 Ǻ), and raw data (___) of an oxidized NaAlH4.
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Figure 2. XANES spectra from NaAlH4, and an oxidized 

NaAlH4. Spectra are normalized to 1580 eV. 

Sample Absorber - N Δσ2 / 10-3 Å-2 R / Å ΔEo / eV k0 –variance

backscatterer
Im. Abs.

Oxidized
NaAlH4

Al-O 5.9 1.31 1.86 -1.33 0.15 0.07

Al-Al 3.8 6.84 3.00 0.45

Number of independent parameters was 9 and the data was fitted with 8 parameters.

Table 2. EXAFS fit parameters of oxidized NaAlH4.



Chapter 6

76

XANES analysis of NaAlH4 
Figure 3 shows the experimental and calculated XANES of NaAlH4. 

 The experimental XANES 
consisted of a narrow white line with a maximum at 1562.1 eV, followed by three resonances (a, b, 
c) at respectively 1566.8, 1570.5, and 1578.0 eV in the near edge structure. The FEFF calculated 
XANES of NaAlH4 also comprised these three resonances, which is in good agreement with the 
experiment. The most obvious discrepancy between the calculation and the experiment is the 
edge position, with a shift of about 3 eV. This is most likely related to the shortcomings of the 
muffin tin approximation for calculating the Fermi energy in FEFF. The value of the shift is well 
in agreement with the discrepancies in the position of the edge found by others.33, 34 

Figure 4 shows the influence of the full multiple scattering radius (FMS) on the FEFF calculated 
XANES. For full multiple scattering path length of 3 Å, i.e. including only the interaction with 
hydrogen, as well as for a length of 3.7 Å that comprised all chemical species in the nearest 
coordination shells, the resonances a-c were not fully developed and the rising edge displayed 
a shoulder that was not present in the recorded XANES (Figures 3 and 4). Whereas, when the 
multiple scattering path length was extended to 6 Å (that is, including also long range scattering), 
the experimentally detected resonances a-c appear in the simulation and the shoulder of the rising 
edge disappeared. From this can be concluded that that the resonances a, b, and c in NaAlH4 
originate from multiple scattering rather than from geometry or electronic states. 

The intensity of the white line decreased when FMS-radius was lowered in the calculation 
from 6 to 3.7 Å; a further decrease was observed for a path length of 3 Å (Figure 4). This indicates 
that the intensity of the white line relates to multiple scattering paths as well. In compounds 
showing lattice periodicity it has been shown that full multiple scattering (multiple scattering at 
all orders) in a smaller cluster together with SCF calculations is adequate to describe XANES.32 
This is fully demonstrated in our case, for a rather small cluster of 74 atoms. 
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Figure 4. Calculated XANES of NaAlH4 in 

which full multiple scattering (FMS) pathlength 

in FEFF calculation was varied, (● FMS=6, no 

symbols FMS=4, and □ FMS=3); a, b, c indicate 

three resonances (see text for details). 

Figure 3. XANES of NaAlH4 and FEFF 

calculated XANES.
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EXAFS analysis of NaAlH4 
The background subtracted EXAFS data of non-oxidized NaAlH4 and the same NaAlH4 

sample after desorption are shown in Figure 5. Clearly for NaAlH4 the EXAFS was featureless at 
k > 5.5 Å-1. To rule out that this is the result of an experimental limitation the sample was heated to 
desorb hydrogen, thereby changing the local structure of Al. Figure 5 shows that after desorption 
of hydrogen the EXAFS oscillations are visible up to k = 7.0 Å-1. These results were reproducible 
when another NaAlH4 sample was prepared and desorbed, thus we concluded that the low intensity 
of the EXAFS oscillations for values of k higher than 5.5 Å-1 in the original sample are related to 
its structure. Please note that the sample after desorption was only included for comparison. 

The data of NaAlH4 were fitted using two different models. In the first model, only the Al-Al 
and Al-Na scattering was taken into account and the data were fitted from R = 0.5 to 4.5 Å. The 
fit describing this model is displayed in Figure 6a with a dotted line and will be referred to as ‘fit 
without Al-H scattering’. It can be seen that the FT of the fit strongly deviates from the FT of the 
data for 0 < R < 2 Å. In addition also the fit deviated slightly from the raw data for 2 < R < 4.5 Å,  
i.e., where Na and Al scatterers are expected and fitted. In the second model, also Al-H scattering 
was included in the fit. The FT of the fit is shown in Figure 6b (dotted line) and describes the data 
adequately in the entire fitted range (0.5 to 4.5 Å). 

The EXAFS coordination parameters are given in Table 3 for the fit without hydrogen scattering 
and in Table 4 for the fit with hydrogen scattering. The k0 variances for fit with hydrogen scattering 
(Table 4) were an order of magnitude lower than for the fit without hydrogen scattering (Table 3), 
thus the quality of the fit improved considerably when hydrogen was taken into account. 

Figure 5. Background subtracted EXAFS data of 

NaAlH4 and NaAlH4 after desorption (increment 

0.05)
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Sample Absorber - N Δσ2 / 10-3 Å-2 R / Å ΔEo / eV k0 –variance
 backscatterer

Im. Abs.

NaAlH4 Al-Na 4 6.4 # 3.49 # -0.18 # 2.17 9.58

Al-Na 4 12.3 # 3.71 # 3.46 #

Al-Al 4 12.3 * 3.71 * 3.46 *

Number of independent parameters was 13 and the data was fitted with 6 parameters.
 * Fitted with identical parameters as the second Al-Na shell. 
#  Refined parameters.

Table 3. EXAFS fit of NaAlH4 without hydrogen scattering.

Figure 6a  k0 fits of NaAlH4 without hydrogen scattering (Δk: 2.6<k<7 Å-1, fit range 0.5<R<4.5 Å) and 

6b fit with hydrogen scattering (Δk: 2.6<k<7 Å-1, fit range 0.5<R<4.5 Å). Raw data (—) and fit (---). 
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Sample Absorber - N Δσ2 / 10-3 Å-2 R / Å ΔEo / eV k0 –variance

backscatterer
Im. Abs.

NaAlH4 Al-H 4 35 # 1.63 # 5.86 # 0.20 0.22

Al-H 4 4.5 # 2.95 # 2.43 #

Al-Na 4 7.4 # 3.53 # -2.92 #

Al-Na 4 11.7 # 3.74 # 1.65 #

Al-Al 4 11.7 * 3.74 * 1.65 *

Number of independent parameters was 13 and the data was fitted with 12 parameters.
 * Fitted with identical parameters as the second Al-Na shell. 
#  Refined parameters.

Table 4. EXAFS fit of NaAlH4 with hydrogen scattering.

Figure 7. χ(k) of raw data (──),  

(─●─) fit with hydrogen scattering, 

(---) fit without hydrogen scattering.
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The raw data in k-space are compared to the fits with and without hydrogen scattering in 
Figure 7. It can be seen that both fits describe the raw data at k > 3.2 Å-1. However including 
hydrogen into the fit improved the fit at low k-values (2.6<k<3.2 Å-1). This can be explained 
by the fact that the scattering power of the first hydrogen shell is strongest from 2.6 to 3.5 Å-1 
in k-space (Figure 8). For these reasons, it is important to extend the k-range to a low value 
(e.g. 2.6 Å-1) when the Al-H scattering is fitted.  Extending the k-range to a lower value has been 
reported before, ensuring that contributions of a light scatterer are not removed from the data.35,36

The calculated contributions of the individual scatterers to the Al K-edge EXAFS of NaAlH4 
are visualized in Figure 8. It is noted that the third (Al-Na) and fourth shell (Al-Na and Al-Al) are 
out-of-phase with each other, i.e., interfere destructively. This leads to a damped EXAFS signal 
for NaAlH4 (Figure 5) while coordination numbers are high.26 

It is seen in Table 4 that the Debye-Waller factor (Δσ2) for the hydrogen atoms were considerably 
higher than Δσ2 of Al and Na, even when we take into account that the Debye-Waller for Al-H was 
set to zero in the reference file. This indicates that the position of the hydrogen atoms was more 
disordered than that of the Na and Al atoms, which is probably caused by more thermal disorder 
as a hydrogen atom is significantly lighter than Na or Al. 

Hydrogen scattering was previously directly detected in GdMg switchable mirrors,37 in which 
the hydrogen was bonded to the Gd. Indirect hydrogen scattering was inferred from Pd-Pd lattice 
expansion using the lens effect in hydrides.38 In water hydrogen has been detected on the O K-edge 
EXAFS.39 

Figure 8. Calculated χ(k) of the 

different atomic contributions to 

the total fit for NaAlH4
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Conclusions

The XANES of unoxidized NaAlH4 has been recorded and it was illustrated that the ‘fingerprint’ 
of the XANES can be used as a quick quality control of the NaAlH4 for e.g. oxidation. XANES 
calculations revealed that the white line intensity and the resonances have a strong contribution 
from the multiple scattering in a long range. The EXAFS spectrum of NaAlH4 was measured and 
could be fitted according to the crystallographic distances data. EXAFS analysis shows that the 
inclusion of the Al-H scattering was essential for the refinement. These findings indicate crucial 
issues that should be taken into account when analyzing the structural changes in X-ray absorption 
spectra occurring during loading and unloading of metal-hydrides. 

A comparison between the structural parameters of NaAlH4 from literature, and from our 
EXAFS experiment is summarized in Table 5. The fitted distances for the hydrogen, sodium and 
aluminum atoms in the EXAFS fit (Tables 4 and 5) are in very good agreement with both the 
X-ray diffraction,6,7 and neutron diffraction studies,7,8 illustrating the power of the approach.

Table 5. Local distances of NaAlH4 obtained from literature and from this study.

Reference Technique Al-H Al-H Al-Na Al-Na Al-Al

6 XRD 1.63 2.84 3.53 3.73 3.73

7 XRD and Neutron
Diffraction

1.60 2.94 3.55 3.79 3.79

8 XRD and Neutron
Diffraction

1.63 2.88 3.52 3.74 3.74

This study EXAFS 1.63 2.95 3.53 3.74 3.74
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Summary

Hydrogen is regarded as an environmentally clean medium to store and transport energy. 
Many sustainable energy schemes for the future are therefore based on transport and storage of 
hydrogen. However, several barriers have to be crossed before the so-called hydrogen economy 
can be implemented. One of those is the storage of hydrogen. Promising in that respect is storage in 
a metal hydride. However, hydrogen absorption and desorption rates are restricted for many metal 
hydrides and need to be improved to make these materials suitable for application. Two solutions 
are envisioned, namely decreasing the particle size of the metal hydride to the nanometer size 
range, or the addition of a catalyst. This thesis focuses on the relation between the performance 
of sodium alanate and Ti-catalyzed sodium alanate and their structural properties. In particular, 
the effect of particle size of sodium alanate and the addition of TiCl3 or Ti(OBu)4 catalysts were 
investigated and related to the hydrogen sorption characteristics. 

In Chapter 2, we describe a method to tune the particle size range of the sodium alanate from 
2-10 nm, to 19-30 nm to 1-10 μm particles on a Carbon Nanofiber (CNF) support material. This 
was achieved by impregnation of NaAlH4 dissolved in THF onto CNF skeins and subsequent 
drying. It appeared from Scanning Electron Microscopy that room-temperature drying at reduced 
pressure of a 9 wt% NaAlH4 sample led to 1-10 μm NaAlH4 particles on the outer surfaces of 
the CNF skeins. Drying at low-temperature (-40 to -15 °C) with a comparable NaAlH4 loading 
reduced the particle size of the NaAlH4 to 19-30 nm present on individual fibres as could be 
inferred from X-ray diffraction (XRD), quantitative X-ray Photoelectron Spectroscopy (XPS), 
and Transmission Electron Microscopy (TEM). The smallest particle size range was obtained 
when the NaAlH4 loading was lowered to 2 wt% and a low-temperature drying step was applied. 
A particle size range of 2-10 nm was established from TEM and quantitative XPS. 

The hydrogen desorption characteristics were verified for the three different particle size 
ranges and revealed that as the particle size decreased, the temperature of H2 desorption also 
decreased. Moreover, a relationship has been established between the activation energy (Eact) for 
hydrogen desorption and the particle size. The Eact has been determined to be 116 kJ.mol-1 for the 
1-10 μm particles, i.e., close to the value for bulk NaAlH4. For 19-30 nm NaAlH4, the Eact lowered 
to 80 kJ.mol-1. An unprecedented 58 kJ.mol-1 was established for the 2-10 nm NaAlH4 particles. 

H2 uptake was achieved at mild conditions (20 bar H2 pressure at 115 °C) when the particle 
size was reduced to the nanometer size range. During hydrogen sorption, the hydrogen storage 
material underwent a solid-state phase transformation. The observed improvements for hydrogen 
absorption and desorption attributed to the decrease of the solid-state mass transfer lengths when 
the particle sizes become smaller.
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Chapter 3 deals with the influence of the Ti(OBu)4 catalyst to ~20 nm NaAlH4 particles on 
CNF. Dissolved Ti(OBu)4 and NaAlH4 were deposited to the CNF via two consecutive pore volume 
impregnations and drying steps. It appeared that the order of impregnation influenced the particle 
size of the NaAlH4 and local structure of the Ti-specie. When the NaAlH4 was deposited first to 
the CNF and secondly the Ti(OBu)4, the particle size of the NaAlH4 did not change compared 
to a similarly prepared sample without Ti(OBu)4 on the CNF. The temperature at the maximum 
hydrogen desorption rate, however, decreased from about 160 °C (without Ti) to 132 °C. This 
temperature decrease for hydrogen desorption has been attributed to catalytic effects of the “Ti” 
specie. 

In case the order of impregnation was reversed during the preparation (first the Ti(OBu)4 and 
secondly the NaAlH4), the temperature at maximum desorption rate showed a further decrease to 
99 °C. Moreover, hydrogen absorption was demonstrated at mild conditions of 10 bar hydrogen 
pressure at 115 °C of the sample after hydrogen extraction. In contrast, 20 bar hydrogen pressure 
was needed for the similarly prepared sample without Ti. The improved absorption and desorption 
kinetics were attributed to the catalytic role of a highly dispersed Ti-Al alloy on the CNF and/or 
metal (hydride) as concluded from Extended X-ray Absorption Fine Structrure (EXAFS), in-situ 
XRD, and XPS. Besides that, the presence of Ti also decreased the particle size of the sodium 
alanate (from XRD), which was, in line with the conclusions of chapter 2, also beneficial for the 
sorption of hydrogen.

In chapter 4, the structure of the Ti-catalyst is studied as a function of the desorption 
temperature for ball milled TiCl3-NaAlH4 using X-ray Absorption Near Edge Structure (XANES), 
EXAFS, and XRD. It appeared that after ball milling ~70% of the Ti was present in the NaAlH4 
as triangular Ti-entities. The remaining 30% was present at the surface of Al-crystallites. After 
hydrogen desorption at 125 °C, the Ti mainly resided at the surface of Al-crystallites. From 125 
to 225 °C, Ti migrated from the surface into the bulk and had a similar local structure to that of 
TiAl3. These TiAl3 nanoclusters sintered to crystalline TiAl3 from 225 to 475 °C. The structural 
properties of the Ti were linked to a trend reported, on identical samples, in literature (the lower 
hydrogen desorption temperature, the faster the hydrogen uptake in the next step) to establish a 
structure-performance relationship. Thus, the activity of the Ti for hydrogen absorption could be 
ranked as: “Ti in the Al surface” > “TiAl3 cluster” > “crystalline TiAl3”. 

In Chapter 5 the local structure of Ti has been investigated as a function of the desorption 
temperature for ball milled Ti(OBu)4 with NaAlH4 with EXAFS and XANES. The Ti was 
surrounded by the butoxide groups or decomposition products thereof (C, O atoms) after ball 
milling. This inhibited the performance of the Ti catalyst. Ti became surrounded by Al atoms 
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at the expense of the C and O atoms upon heating. The most stable specie in the Ti-Al phase diagram, 
TiAl3, did not form in the experiment (≤ 300 °C). Besides that, the butoxide or decomposition 
products thereof (C, O atoms) are suspected to interfere with the hydrogen uptake of a ball milled 
Ti(OBu)4 NaAlH4 after hydrogen extraction. 

Chapter 6 deals with an Al K-edge XAFS study on uncatalyzed bulk NaAlH4. The XANES 
and EXAFS of NaAlH4 were compared to those of oxidized NaAlH4 and illustrated that the 
XANES could be used as a relatively quick qualitative check of the NaAlH4 for oxidation. The 
self-consistent real-space multiple scattering calculations from FEFF 8.0 could reproduce the 
XANES features of NaAlH4 using a cluster of 6 Å. The EXAFS of NaAlH4 could be fitted 
according to crystallographic data. Although the scattering cross-section of hydrogen is low in 
the EXAFS experiment, its inclusion in the Al K-edge EXAFS fit for NaAlH4 appeared critical 
in the refinement. This stresses the importance of including hydrogen scattering when analyzing 
structural properties with EXAFS for low Z metal hydrides. 
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Samenvatting

Waterstof wordt beschouwd als een schoon opslag- en transportmiddel voor energie. 
Daarom zijn veel toekomstscenario’s gebaseerd op het opslaan en transporteren van waterstof. 
Voordat deze zogenoemde waterstofeconomie op grote schaal toegepast kan worden, moeten 
er nog verschillende barrières genomen worden. Eén daarvan is de opslag van waterstof. Een 
veelbelovende methode om waterstof op te slaan, is via absorptie in een metaalhydride. Een nadeel 
van deze methode is dat waterstof desorptie- en absorptiesnelheden laag zijn voor metaalhydriden. 
Twee mogelijke oplossingen worden op het ogenblik onderzocht, namelijk het verkleinen van de 
deeltjesgrootte van het metaalhydride tot de nanometerschaal of het toevoegen van een katalysator. 
Dit proefschrift beschrijft de relatie tussen de waterstofopslagkarakteristieken van natriumalanaat 
en Ti-gekatalyseerd natriumalanaat en de bijbehorende structuureigenschappen. Specifiek 
worden de effecten van de deeltjesgrootte enerzijds en de structuur van TiCl3- of Ti(OBu)4-
katalysatoren anderzijds beschreven en gecorreleerd aan de eigenschappen van natriumalanaat 
voor waterstofopslag. 

Hoofdstuk 2 beschrijft een methode om de deeltjesgrootte van het natriumalanaat globaal 
te sturen tot 2-10 nm, 19-30 nm of 1-10 μm deeltjes. Om deze deeltjes stabiel te houden 
werden ze op een koolstofnanovezel dragermateriaal afgezet. Het, in tetrahyrofuran opgeloste, 
natriumalanaat werd geïmpregneerd op de koolstofnanovezels en vervolgens gedroogd. Wanneer 
9 gewichtsprocent natriumalanaat op de koolstofnanovezels werd afgezet gevolgd door drogen 
bij kamertemperatuur, bleek uit Scanning Elektronen Microscopie dat het natriumalanaat als 1 tot 
10 μm deeltjes op de buitenkant van de macroscopische koolstofnanovezels kluwen aanwezig was. 
Als echter op een lagere temperatuur (-40 tot -15 °C) werd gedroogd, was de deeltjesgrootte 19-30 
nm, zoals bleek uit Röntgen diffractie (XRD), kwantitatieve Röntgen Foto-elektron Spectroscopie 
(XPS) en Transmissie Elektronen Microscopie (TEM). De kleinste deeltjesgrootte (2-10 nm, 
bepaald met TEM en kwantitatieve XPS) werd verkregen na drogen op lage temperatuur en het 
verlagen van de natriumalanaatbelading tot 2 gewichtsprocent.

Vervolgens werden de waterstofdesorptiekarakteristieken van deze drie monsters met de 
verschillende deeltjesgroottes getest, waaruit bleek dat de waterstofdesorptietemperaturen lager 
werden naarmate de deeltjesgrootte afnam. Bovendien werd er een correlatie gevonden tussen 
de activeringsenergie voor waterstofdesorptie en de deeltjesgrootte. Voor de 1-10 μm deeltjes 
was de activeringsenergie 116 kJ.mol-1, dicht bij de waarde voor bulk zoals beschreven in de 
literatuur. Als de deeltjes kleiner werden, nam de activeringsenergie af naar 80 en 58 kJ.mol-1 voor 
respectievelijk de 19-30 nm en 2-10 nm natriumalanaatdeeltjes.
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Waterstofopname werd gerealiseerd bij een milde conditie van 20 bar waterstofdruk op 115 °C. 
Deze verbetering ten opzichte van de opnamecondities voor bulk ongekatalyseerd natriumalanaat 
(druk hoger dan 200 bar met een temperatuur hoger dan 300 °C) worden toegeschreven aan het 
verkleinen van de vastestofdiffusielengtes in de nanodeeltjes. 

In hoofdstuk 3 wordt de invloed van de Ti(OBu)4-katalysator op ~20 nm natriumalanaatdeeltjes 
op koolstofnanovezels beschreven. Ti(OBu)4 en natriumalanaat werden via twee achtereenvolgende 
porievolume-impregnaties en droogstappen afgezet op de koolstofnanovezels. De volgorde van 
de afzettingen beïnvloedde zowel de deeltjesgrootte van het natriumalanaat als de lokale structuur 
van het Ti-deeltje. Wanneer het natriumalanaat eerst werd afgezet en daarna de Ti(OBu)4 bleef de 
deeltjesgrootte van het natriumalanaat onveranderd ten opzichte van alleen natriumalanaat op de 
koolstofnanovezels. De temperatuur waarop de maximale desorptiesnelheid bereikt werd nam 
echter af van boven de 160 °C (zonder Ti) naar 132 °C voor het Ti bevattende sample. Dit wordt 
verklaard door de katalytische werking van het Ti voor de desorptie van waterstof.

Wanneer de volgorde van afzetting werd omgedraaid, dus eerst het Ti(OBu)4 en daarna 
het natriumalanaat, werd de temperatuur op maximale desorptie snelheid verder verlaagd tot 
99 °C. Bovendien werd waterstofabsorptie gerealiseerd bij een zeer milde waterstofdruk vanaf 
10 bar op 115 °C. Zonder toevoeging van Ti geschiedde dit vanaf 20 bar. De verbeterde kinetiek 
wordt, op basis van Extended X-ray Absorption Fine Structrure (EXAFS), in-situ XRD en XPS 
metingen, toegeschreven aan de katalytische werking van de aanwezige Ti-Al legering op de 
koolstofnanovezels. Daarnaast verkleinde de toevoeging van Ti de deeltjesgrootte van het 
natriumalanaat ten opzichte van alleen natriumalanaat op de koolstofnanovezels (uit XRD). Deze 
verkleining verklaart mede dat de waterstof ab- en desorptie snelheden toenamen, zoals ook 
beschreven staat in hoofdstuk 2. 

Hoofdstuk 4 beschrijft de structuur van de Ti-katalysator in TiCl3-gekatalyseerde 
natriumalanaatdeeltjes welke verkregen waren door kogelmalen. De structuur werd met behulp 
van XRD, EXAFS en X-ray Absorption Near Edge Structure (XANES) karakteriseringtechnieken 
gerelateerd aan de desorptietemperatuur. Het bleek dat 70% van het Ti aanwezig was in het rooster 
van het natriumalanaat als trimeren na het malen. De resterende 30% van het Ti bevond zich op 
het oppervlak van Al-kristallieten. Na waterstofdesorptie op 125 °C was al het Ti aanwezig in het 
oppervlak van de Al-kristallieten. Gedurende verdere opwarming van 125 tot 225 °C migreerde het 
Ti van het oppervlak in de bulk van het Al waar het dezelfde lokale structuur had als TiAl3. Deze 
TiAl3-nanoclusters kristalliseerden tot TiAl3 tijdens verhitten van 225 tot 475 °C. De structurele 
eigenschappen van de Ti-katalysator werden gecorreleerd aan een trend bekend uit de literatuur 
(een lagere waterstofdesorptietemperatuur resulteert in snellere waterstofopname in de volgende 



Chapter 7

94

stap) om een structuur-activiteits-relatie te maken. De activiteit van de Ti-katalysator kan als volgt 
worden gerangschikt: “Ti in Al-oppervlak” > “TiAl3-cluster” > “kristallijn TiAl3”.

Hoofdstuk 5 beschrijft de structuur van de Ti-katalysator in Ti(OBu)4-gekatalyseerde 
natriumalanaatdeeltjes welke verkregen waren door kogelmalen. De structuur werd met behulp 
van EXAFS en XANES karakteriseringtechnieken gerelateerd aan de desorptietemperatuur. Het 
Ti werd omringd door O en C atomen afkomstig van de butoxide-precursor na het kogelmalen. 
Dit verslechterde de presentatie van de Ti-katalysator tijdens de waterstofdesorptie. Tijdens het 
opwarmen tot 150 °C werden de Ti-O en Ti-C bindingen verbroken en werden Ti-Al bindingen 
gevormd. De meest stabiele Ti-Al legering, TiAl3, werd echter niet gevormd tot en met 300 °C. 
Daarnaast hinderden de butoxide-groepen, of afbraakproducten daarvan, in de vastestof ook de 
waterstofopname in Ti(OBu)4 gekatalyseerd natriumalanaat. 

Hoofdstuk 6 beschrijft het onderzoek aan de structuur van ongekatalyseerd bulk natriumalanaat 
met Al K-edge EXAFS en XANES. De XANES en EXAFS werden vergeleken met die van 
geoxideerd natriumalanaat. Het bleek dat XANES gebruikt kan worden als een relatief snel 
uitvoerbare en interpreteerbare methode voor oxidatie. De ‘self-consistent real-time multiple 
scattering’ berekeningen met FEFF 8.0 konden de XANES eigenschappen van natriumalanaat goed 
beschrijven voor een clustergrootte van 6 Å. De EXAFS van NaAlH4 kon betrouwbaar worden gefit 
aan de hand van de kristallografische gegevens. Ondanks dat de verstrooiings-dwarsdoorsnede 
van het waterstofatoom klein is, was het noodzakelijk om alle verstrooiende elementen (H, Na 
en Al) in de analyse mee te nemen. Dit benadrukt de relevantie van waterstofverstrooiing in de 
EXAFS analyse voor lichte metaalhydriden.
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