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Research Highlights: 

 

 Hydrogenation of hydride-graphite composites (HGC) is visualized in operando by 

neutron imaging 

 Unexpected activation of HGCs through formation of active regions is examined 

 Reaction fronts inside HGCs are visualized for the first time 

 Fast loading and unloading of HGC with hydrogen is realized (< 1 minute) 
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Abstract  

 

Hydrogen solid-state storage in metal hydrides has attracted remarkable attention within the 

past decades due to their high volumetric storage densities at low operating pressures. In 

particular, recently emerged hydride-graphite composites (HGC) can enable a safe, reliable 

and very compact hydrogen storage solution for various applications. In this regard, only little 

is known about the activation behavior of such HGC, their cycle stability and degradation 

effects. Because of the high sensitivity to hydrogen, neutron imaging offers a distinctive 

approach to examine in operando reaction fronts, swelling effects and microstructural 

changes of hydrogen absorbing materials with high spatial and temporal resolution. In this 

contribution, a comprehensive analysis of various phenomena during activation and cycling of 

HGC based on a Ti-Mn hydrogen absorbing alloy and expanded natural graphite is reported 

for the first time. A neutron radiography and tomography set-up with a spatial resolution 

down to 7 µm was utilized allowing highest detection precision. During initial hydrogenation, 

regions with enhanced reactivity are observed which contradicts a theoretically expected 

homogeneous reactivity inside the HGC. These active regions grow with the number of 

hydrogenation-dehydrogenation cycles until the whole HGC volume uniformly participates in 

the hydrogen sorption reaction. With regard to long-term hydrogenation-dehydrogenation 

cycling, inhomogeneous swelling effects were observed from which essential conclusions for 

technical HGC-based tank systems can be derived. 
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1  Introduction 

Renewable energy sources are gaining importance, which is why the development of 

environmentally friendly energy storage and energy distribution technologies is essential [1-

3]. In this respect, hydrogen is a clean, safe and carbon-free energy carrier for portable, 

mobile as well as stationary applications [4-9]. A hydrogen-based energy cycle demands for 

efficient, compact and safe storage solutions [10]. Due to high hydrogen storage capacities 

and moderate operating pressures, metal hydrides have increasingly attracted attention within 

recent years [11-14]. 

Although a large number of hydride-forming metallic alloys is known [15, 16], only a few are 

in commercial use, for example La-Ni, Ti-Mn and some Mg alloys [17-19]. In this 

contribution, an AB2-type Ti-Mn alloy (also called Hydralloy
®
 C52) was used which is 

already in commercial application, for example, for maritime fuel cell applications [18]. 

Hydralloy
®
 C52 has a gravimetric hydrogen storage capacity of about 1.8 wt.%-H2 [20] at 

room temperature combined with a high volumetric hydrogen storage capacity up to 100 g-

H2∙l
-1

 [21]. Hydralloy
®
 C52 can be classified as room-temperature hydrogen storage material 

because it can be hydrogenated from –20°C to +60°C at moderate hydrogen pressures. 

Moreover, it exhibits very fast intrinsic sorption kinetics [22, 23]. Thus, Hydralloy
®

 C52 is 

also suitable for thermochemical applications such as non-mechanical hydrogen compressors 

or actuators where fast system dynamics are needed [24, 25]. A further promising application 

is the thermochemical storage of industrial heat where a Hydralloy
®

-based solid-bed reactor 

can be coupled to a high-temperature hydride reactor (e.g. based on MgH2) to store the 

hydrogen generated during heat excess times and to release it on demand to rehydrogenate the 

high-temperature hydride [26, 27]. 

Besides the intrinsic hydrogen sorption kinetics of the storage material, the loading and 

unloading dynamics of hydride-based storage tanks are further influenced by the heat and gas 
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transport properties of the hydride bed. From the viewpoint of realistic hydride tank systems, 

the transfer of the reaction heat through the hydride bed is usually the rate-determining step, 

because loose powder beds are known for inferior heat transfer properties, which is a serious 

drawback for numerous applications [28, 29]. In order to overcome this limitation hydride-

graphite composites (HGC) were developed recently. These composite materials exhibit an 

increased effective thermal conductivity and higher mechanical stability, which, thereby, 

facilitate handling during fabrication and a markedly improved (un-)loading dynamics of the 

storage tank. According to the literature, two major routes can provide enhanced heat 

conduction in a hydride bed. One approach is to embed the hydrogen absorbing alloy in 

auxiliary metal structures of high thermal conductivity, for example nickel or aluminum fins 

or open-cellular foams [30-32]. The second approach focuses on composites of hydrogen 

absorbing alloys and graphite [33-38]. Following this path, the thermal conductivity can be 

tailored very accurately. In addition, anisotropic heat conduction and strongly increased 

volumetric storage capacities compared to those of loose powders can be realized using 

uniaxial compaction techniques. In our previous works [36, 37, 39, 40] we demonstrated that 

compacted composites of MgH2, NaAlH4, LiNH2 and Hydralloy
®
 with graphite have superior 

effective thermal conductivities in the radial direction, which is beneficial when using a 

cylindrical geometry of the storage compartment. Moreover, the residual porosity of such 

HGC can be adjusted to meet the requirements of the storage container concerning gas 

permeability, mechanical stability and geometrical integrity during cycling. 

With regard to Hydralloy
®

-based HGC [40], it was found that during the first hydrogenation-

dehydrogenation cycles the hydrogen sorption kinetics as well as the hydrogen storage 

capacity improve continuously. Furthermore, a change of physical properties such as gas 

permeability and thermal conductivity with the number of hydrogenation-dehydrogenation 

cycles was observed. Up to now, it is not clear what causes this behavior and how it affects 
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the long-term performance of the HGC. Since Hydralloy
®
 dehydrogenates at room 

temperature and atmospheric pressure it is not possible to investigate the properties of HGC in 

their hydrogenated state outside a reactor. Thus, an in operando method of visualization of 

HGC during cyclic hydrogenation accompanied by a mapping of the hydrogen element 

distribution inside the HGC can contribute to a better understanding of the hydrogenation 

behavior of HGC. In turn, such results would allow us to draw conclusions on materials 

production and HGC-based storage tank design. 

In this contribution, the behavior of HGC based on Hydralloy
®

 and expanded natural graphite 

(ENG) concerning their initial hydrogenation cycles in combination with an activation 

procedure is discussed. In this regard, neutron imaging (radiography and tomography) was 

used to examine HGC during hydrogenation and dehydrogenation. In contrast to X-rays, 

neutrons are suitable to investigate processes inside hydrogen absorbing materials [41]. In 

principle, the attenuation of the neutron beam passing through an object is described by the 

Lambert-Beer law: 

 

0

ΣdI I e          (1) 

 

where I0 is an incident beam intensity,  is the linear attenuation coefficient and d is the 

thickness of the irradiated sample.  depends on the corresponding scattering and absorption 

cross-sections and on the density of the scattering centers. For neutrons,  is not related to the 

atomic number of the element in a simple and monotonic way as for X-rays, but depends on 

the internal structure of the nucleus of the atom under study. Hydrogen nuclei exhibit one of 

the largest cross-sections among the elements. This provides excellent contrast between 

hydrogen and common metals such as Al, Ni, Cu etc. For this reason, containers made of 

aluminum are almost “transparent” for a neutron beam (even for a wall thickness exceeding 
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10 mm). In addition, Hydralloy
®

 (Ti-Zr-Mn-V-Fe alloy) and graphite are quite transparent to 

the neutron beam as well. 

In our previous work [42] it was reported that hydrogenation of a loose metal hydride powder 

bed can be examined utilizing neutron imaging. It was possible to visualize a hydrogenation 

front moving through the powdery reaction bed. Furthermore, it was found that the 

hydrogenation proceeds faster close to the containers walls, which indicates the necessity of 

adequate heat removal from the hydride bed during hydrogen uptake. Here we discuss the 

behavior of Hydralloy
®

-based HGC during initial hydrogenation and inhomogeneous swelling 

effects during long-term cycling for the first time. 

 

 

2 Experimental 

Hydralloy
®
 C52 (51 wt.% Mn, 28 wt.% Ti, 14 wt.% V, 3 wt.% Fe, 3 wt.% Zr) was purchased 

from GfE Metalle und Materialien GmbH. The material was delivered as 2 mm to 10 mm 

large granules that were powderized through milling for 5 min under argon to prevent 

unwanted oxidation. After this, the powder was blended with 5 wt.% ENG. This mixture was 

then compacted at 75 MPa into cylindrical solid bodies (pellets) of 12 mm diameter. These 

parameters were chosen according to our previous work [40]. Subsequently, an axial hole of 4 

mm in diameter was drilled (cf. Fig. 1). All processing steps were performed under inert 

atmosphere following the processing chain described in our previous work [40]. All 

investigated HGC were inserted into aluminum alloy containers (cf. Fig. 2 inset) and 

submitted to an activation procedure. During this activation, the samples were exposed to 

elevated temperatures (ca. 125°C) at varying pressures of 1 h in vacuum and 2 h at 5 bar 

hydrogen (99.9999% purity) repeated four times. 
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The neutron imaging experiments were conducted in-operando at beam line CONRAD (V7) 

of the research reactor BERII at the Helmholtz Center Berlin for Materials and Energy in 

Germany (HZB). The cold neutron instrument was equipped with a high-resolution detector 

[43, 44]. Cold neutrons (low energy) offer better contrast than thermal neutrons due to a 

higher attenuation. The incident neutron beam has a broad approximately Maxwellian 

spectrum including wavelengths from about 0.09 nm to 1.0 nm with maximum flux at 

0.25 nm. The sample was mounted on a goniometric table enabling rotation and translation 

around two axes. To ensure a good heat transfer between the container and the ambience, the 

outer container walls were subjected to a flow of pressurized air at room temperature. The 

scintillating screen (Gd2O2S) of about 14 mm diameter and a thickness of 10 µm is used to 

convert neutrons to visible light. It was placed in closest proximity behind the sample. Thus, a 

very high spatial resolution was achieved with one pixel representing an area of 6.4×6.4 µm
2
. 

The light generated in the scintillator is reflected by a mirror into the focusing optical system 

and guided to the Andor DW436N-BV CCD camera allowing a 2048×2048 resolution. The 

CCD camera was cooled by Peltier elements to −50°C in order to keep spurious signals at the 

lowest possible level. The exposure times used for the experiments ranged from 5 s to 20 s for 

each radiographic projection image. Figure 2 depicts the set-up used for high-resolution 

neutron imaging. 

Before starting each experiment, a dark field image (DFI) and a flat field image (FFI) were 

recorded. DFIs were recorded with the neutron beam stopped in order to observe the dark 

currents in the CCD camera. FFIs were collected to record the distribution of the neutron 

beam without the sample. The difference between FFI–DFI can be attributed directly to the 

incident beam intensity (I0 in Eq. 1). In analogy, after subtracting the DFI from the image of 

the investigated sample, the image can be interpreted as the transmitted beam intensity (I in 

Eq. 1). By dividing these two corrected images (I/I0) and knowing the path length of the 
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neutron beam through the sample (thickness d), the attenuation coefficient () can be 

calculated. In radiographic images, the obtained information is still integrated along the path 

of the neutrons within the sample. 

The hydrogenation/dehydrogenation cycles were controlled manually. For the investigation of 

the initial cycles after activation the hydrogen pressure was increased to 30 bar quasi-

instantaneously and kept at this level for at least 1.5 min. For subsequent dehydrogenation the 

pressure was decreased to 1 bar (absolute) with a constant hydrogen flow of 100 l∙h
-1

 

(normalized) using a manually controlled flow regulator. The according pressure cycles are 

depicted in Figure 3. During this procedure neutron images (20 s exposure time) were taken 

only at 30 bar and 1 bar pressure. Thus, pictures of the either fully hydrogenated or 

dehydrogenated states were obtained. After an almost constant hydrogenation performance 

was established, the HGC was also examined concerning its hydrogen uptake and release 

behavior by continuously taking images with 5 s exposure time. Therefore, the hydrogenation 

and dehydrogenation was resolved dynamically. 

For tomography, three radiographic images (each with 20 s exposure time) per angle 

increment of 0.3° were acquired with a total rotation of 180°. The three images were 

processed by a median filter in order to obtain a projection image with better signal-to-noise 

parameters. These 600 projection images were used for the reconstruction of the three-

dimensional (3D) distribution of the attenuation coefficient which actually represents the 3D 

structure of the HGC. 

Taking the logarithm of normalized image data, I/I0 in Eq. (1), yields Σd or Σ’ρd, where 

Σ’=(Σ/ρ) is the mass-specific attenuation coefficient characteristic for each element and 

neutron wavelength spectrum. The integral over a volume of interest (VOI) within an image 

yields Σ’m, where m is the total mass in the volume. Therefore, m can be calculated once the 

mass attenuation coefficient is known. For an appropriate VOI it can be assumed that only 
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hydrogen enters and leaves the VOI during hydrogenation or dehydrogenation. A change in 

the integral value is, therefore, directly related to a change of the total mass of hydrogen 

within the VOI. Hydrogen is present within the VOI either in gaseous form or chemically 

bound in the hydride. Since the mass of the HGC is known the average hydrogen 

concentration of the HGC can be calculated. The mass attenuation coefficient of hydrogen 

was determined by measuring the neutron transmission of water filled into a same sample 

container. The contribution of oxygen to the total attenuation compared to that of hydrogen 

can be neglected. As a result 33 cm
2
/g for the mass attenuation coefficient, which corresponds 

to a cross section of 55 barn of a single hydrogen nuclei (110 barn for molecular hydrogen), 

was used in the following evaluation. For the given energy spectrum of the incident neutrons 

(0.0008 eV to 0.1 eV, peak at 0.013 eV) the literature (ENDF/B-VII.1 database [45]) reports a 

cross-section of 23 barn to 132 barn. Hence, the experimentally obtained value is reasonable. 

The predominant interaction of neutrons with hydrogen 
1
H nuclei gives strongly incoherent 

scattering with an almost homogenous spherical angular distribution of the scattered neutrons. 

Due to the finite distance between the sample and the detector, the scintillator will capture 

some of the scattered neutrons. Thus, one would get an apparently lower attenuation 

compared to an infinite detector distance. Consequently, the measured attenuation coefficient 

depends on the geometric configuration of the setup and should be understood as an effective 

mass attenuation coefficient of hydrogen for the specific wavelength spectrum and geometric 

setup. 
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3 Results and discussion 

As described in our previous work the Hydralloy
®

-based HGC do not exhibit the full 

hydrogen capacity and (un-)loading dynamics right after the activation procedure [40]. It was 

shown that both values increase significantly within the first hydrogenation-dehydrogenation 

cycles after activation. The number of cycles necessary to achieve full performance strongly 

depends on the activation temperature and duration. Furthermore, the cycling temperature and 

hydrogenation pressure also influence the evolution of performance. In order to improve the 

activation procedure for industrial applications where shortest durations and lowest 

temperatures are preferred, it is of utmost interest to investigate what is happening within the 

first cycles inside the HGC. The following section is dedicated to the examination of the first 

cycles using high-resolution neutron radiography. The activation procedure was carried out 

prior to the neutron experiments. After that, the long-term hydrogenation and 

dehydrogenation properties of such HGC are focused in a separate section. In order to realize 

a sufficient thermal conductivity and gas permeability of the examined HGC, an ENG content 

of 5 wt.% and a compaction pressure of 75 MPa is chosen as described previously [40, 46].  

 

3.1 Initial hydrogenation cycles after the activation procedure 

The activation procedure resembles a heat treatment of the HGC under hydrogen without 

significant hydrogen uptake aiming at generating fresh metallic surfaces that readily absorb 

hydrogen. Activated Hydralloy
®

-based HGC indeed instantly absorb hydrogen but the 

hydrogenation kinetics as well as the total hydrogen capacity still increase within the first 

complete hydrogenation-dehydrogenation cycles until constant sorption properties are reached 

[40]. 
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In order to investigate how the hydrogen uptake of the HGC proceeds within the first 

hydrogenation-dehydrogenation cycles, sequenced imaging was performed at hydrogen 

pressures of 30 bar and 1 bar during hydrogenation and dehydrogenation, respectively (cf. 

Fig. 3). The hydrogen content was determined by means of the integral value of attenuation of 

the according neutron images as stated above. 

During these cycles, two phases with a gradual transition can be identified: In the first phase, 

a strong increase in absorbed hydrogen with each further hydrogenation step is observed. This 

increase is accompanied by an increase/decrease in the maximum/minimum temperature 

during hydrogenation and dehydrogenation since a larger volume fraction of the HGC 

participates in the reaction (growing heat source or heat sink strength of the exothermic and 

endothermic reaction, respectively). Furthermore, the total amount of residual hydrogen that 

remains within the sample after dehydrogenation increases. This correlates to the increasing 

fraction of material participating in the hydrogenation and, thus, to the absorbed hydrogen 

which then cannot be released completely at a hydrogen pressure of about 1 bar during 

dehydrogenation. Since most of HGC becomes activated during these cycles it is denoted as 

the „activation phase‟. 

In the second phase, the entire HGC volume participates in the hydrogenation reaction. Yet, 

there is still a slow increase in hydrogen capacity with increasing cycle number. Unlike 

expected, a slight decrease in the amount of hydrogen remaining in the sample during 

dehydrogenation is examined. This effect can be explained by the fact that from around the 

25
th

 cycle minor amounts of the HGC are pushed outside of the field of view (cf. Fig. 4) and, 

therefore, cannot be evaluated as described above. Regarding the development of the 

temperature peaks there is only a minor increase in activation within phase two. From a 

technological point of view, constant hydrogen sorption properties can be defined at the end 

of phase one. Therefore, in the following the HGC is considered as activated with a 



2014-11-17 

 
page 12 

sufficiently stable hydrogenation performance. This allows evaluating the cycling 

performance of the HGC at different operation conditions (see next section). 

In Figure 4, an intense macroscopic swelling of the HGC during cyclic hydrogenation can be 

observed. Starting from the initial as-compacted and as-activated state, the HGC increases in 

volume. This is related to the swelling of the lattice of the hydrogen-absorbing alloy during 

hydrogenation. The swelling effect is not homogeneous and clear differences along the 

sample axis are observed. At the top, where free space is available, the HGC expands 

significantly more. In Figure 1, slices from a tomogram in the vertical and horizontal planes 

of a cycled HGC are shown. From the vertical slice, it can be deduced that the upper part of 

the HGC is much less dense and has larger cracks than the bottom. The horizontal slice shows 

a homogenous density distribution with no cracks at the bottom of the HGC. The resolution is 

high enough to dissolve even single “veins” of ENG, which allows for microstructural 

investigations. 

After the first phase, less pronounced changes in the shape of the HGC occur and an almost 

constant sample height is observed during radiography. There is still a difference between the 

hydrogenated and the dehydrogenated state, which can be understood as “breathing” of the 

HGC. This “breathing” does not reflect the whole volume expansion expected from the lattice 

expansion of the hydrogen-absorbing alloy inside the HGC since it can be partially 

compensated by the intrinsic porosity of the HGC. Furthermore, the diameter of the central 

hole used for axial hydrogen transport decreases, which is also caused by the above 

mentioned swelling effects. Hence, it is advisable to integrate a stabilizing distribution pipe 

(e.g. porous sinter tube) for application engineering. 

For radiographic evaluation, the region to be examined quantitatively in Figure 4 was chosen 

at the bottom of the HGC where the change in material density during cycling is less 

pronounced, which limits the errors in the determination of the hydrogen concentration. 
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A selection of radiographic images of the hydrogenated state after various cycle numbers is 

depicted in Figure 5 (also see online video data: Video_Data_to_Fig5_(Activation).avi). All 

images represent the relative change in attenuation at end of the hydrogen pressure build-up 

and, thus, refer to the fully hydrogenated state of each cycle. Higher attenuation corresponds 

to a higher hydrogen concentration in the specific area. All pictures represent an integral value 

of the attenuation and hydrogen concentration along the path of the neutrons through the 

cylindrical HGC, which can be simplified to a chord of a circle. After the first hydrogenation 

step no notable hydrogen concentration can be observed inside the HGC. The largest part of 

the hydrogen is stored as gas pressurized to 30 bar inside the open pores of the HGC and the 

free volume inside the test tank. Starting with the fifth hydrogenation cycle, a hydrogen 

absorbing region inside the HGC can be noticed (marked by a red cycle in Figure 5).  

Here, hydrogenation takes place while the surrounding volume still does not participate in the 

hydrogen uptake. With each following cycle this and other active regions grow in size. We 

suspect that due to a local temperature increase during the exothermic hydrogenation reaction 

neighboring volumes of the region are activated. Such activation might be understood as the 

formation of small cracks in the native oxide surface layers of the hydrogen-absorbing 

particles inside the HGC. These cracks can result from stresses, which are due to differences 

in the respective thermal expansion coefficients and/or lattice expansion effects caused by the 

hydrogenation itself (also puncturing of neighboring particles). Additionally, due to the 

locally increased temperature hydrogen might diffuse faster through the oxide layer. The local 

heat production increases with the size of the active region, which allows for a faster growth 

of the region with progressing cycling.  

It is assumed, that these active regions appear statistically distributed within the HGC. A 

locally high packing density of the storage material particles (related to a higher heat source 

density), the crack density of the oxide layers and/or the local heat transfer properties (e.g. 
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distance to a graphite vein inside the HGC) might influence the occurrence of active regions. 

These regions increase in size until the whole HGC participates in hydrogen uptake and 

release. At the end of this process, a largely homogeneous hydrogen distribution is observed 

in the HGCs hydrogenated state.  

This is the first time that the formation of such active regions in HGC is reported to play a key 

role in the overall activation behavior of such hydrogen storage materials. The hydrogen 

capacity of the HGC increases continuously afterward, but at a different pace. The increase in 

capacity is accompanied by a steady volume swelling of the HGC. 

 

3.2 Hydrogenation performance at a constant hydrogen capacity  

In this section, two different sets of sorption cycles are examined. After the intense cycling of 

the HGC (45 cycles), it is assumed that the HGC is fully activated and a constant 

hydrogenation capacity and performance is achieved. At this stage, the entire volume of the 

HGC participates in hydrogen sorption and about 1.4 wt.% of hydrogen can be stored 

reversibly. In the following, the reference point for hydrogen capacity is the low hydrogen 

level after dehydrogenation in the last cycle depicted in Figure 3. To investigate the 

propagation of potential hydrogenation fronts through the HGC, two cycles were conducted 

with different pressure increase and decrease rates for hydrogenation and dehydrogenation, 

respectively. 

First, a cycle comprising fast hydrogenation and slow dehydrogenation was carried out. 

Figure 6 depicts selected radiographic images at different times throughout this cycle 

(compare online video data: Video_Data_to_Fig6_(fast_Hydrogenation).avi). The exposure 

time of each picture is 5 s and, therefore, each picture represents the hydrogen concentration 

averaged over this time interval. The images (1)–(3) depict stages during hydrogenation, 
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image (4) shows the distribution of hydrogen in the hydrogenated state and images (5)–(8) 

were taken during dehydrogenation.  

Figure 7 (a) illustrates the temperature and pressure development as well as the amount of 

hydrogen absorbed during this cycle. The times are marked at which the images of Figure 6 

were taken. The hydrogen profiles across the six images in Figure 6 are depicted in 

Figure 7 (b). During hydrogenation, the formation of the hydride phase starts from the outside 

of the HGC where the heat of reaction can be dissipated fastest. Apparently, the transport of 

hydrogen related to the gas permeability of the HGC is not rate limiting.  

To calculate the hydrogen concentration it is mandatory to normalize the images to the local 

HGC thickness, i.e. the pathway of the neutrons travelling through the HGC (dividing by the 

according thickness, i.e. the length of the chord). The thickness changes along the diameter of 

the HGC. For the inner part of the HGC, the thickness consists of a pathway through the 

composite material as well as a pathway through the pressurized gas volume in the center of 

the HGC (central hole). Since the concentration of hydrogen in the gas volume is significantly 

lower compared to the hydride, the attenuation of the gas within the hole is neglected, which, 

however, results in a small error of hydrogen content especially at 30 bar. This effect can be 

observed in Figures 6 and 7 (b) where the central part of the HGC seems to have higher 

hydrogen concentrations, which in fact is due to pressurized hydrogen gas in the hole. During 

dehydrogenation, this effect is less pronounced since the hydrogen gas pressure is 

significantly lower.  

While releasing hydrogen from the HGC slowly, the hydrogen content follows time-delayed 

and much more rapidly. Once the equilibrium pressure is passed the dehydrogenation starts 

immediately. Due to a high heat transfer at the walls of the reactor, a faster decrease in 

hydrogen concentration is achieved there. 
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In the next experiment, a cycle comprising a slow hydrogenation and a fast dehydrogenation 

step was investigated. Figure 8 depicts selected radiographic images at different times 

throughout this cycle where the hydrogen concentration is mapped (also compare online video 

data: Video_Data_to_Fig8_(slow_Hydrogenation).avi). In analogy to Figure 6, the images 

(1)–(3) depict stages during hydrogenation, image (4) shows the distribution of hydrogen in 

the hydrogenated state and images (5)–(8) are taken during dehydrogenation. Figure 9 

illustrates the temperature and pressure development, the amount of hydrogen being absorbed 

and the cross-sectional distribution of the images (in analogy to Fig. 7). 

In contrast to fast hydrogenation, a much more homogeneous hydrogen concentration is 

detected during a slow pressure increase. The misleading higher concentration in the 

concentrical hole is notable, the reasons of which are explained above. A sufficient heat 

transfer with respect to the heat generation rate is achieved. This is also reflected in the 

broadened temperature peak. An additional decrease in pressure build up would further 

smoothen the temperature peak and result in an even more homogeneous hydrogen 

distribution. 

During the fast dehydrogenation, a similar behavior of the hydrogen distribution compared to 

the slow dehydrogenation is observed. By comparing the time-span of both dehydrogenations, 

it is obvious that in both cases three pictures can be taken while most of the hydrogen is 

released. Yet, the start of hydrogen release during the fast pressure decrease is more abrupt, 

which is also reflected in a sharper temperature peak. There might be differences in the 

hydrogen distribution between both cases, which, however, cannot be distinguished here. 

In summary, during fast (un-)loading the reaction fronts are strongly influenced by the heat 

transfer inside the reaction bed. Thus, the reaction proceeds from the walls of the container 

towards the center of the HGC. At low reaction rates the heat generation rate is low, which 

allows for a sufficient heat transfer throughout the reaction bed and results in a homogeneous 
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hydrogen concentration development. At this point it is unclear how the structural integrity of 

the HGC is influenced by these (un-)loading parameters. It seems reasonable that fast rates 

can cause high gas pressures and expansion differences in the HGC, which might lead to a 

pronounced deterioration of the HGC. These phenomena will be studied in more detail in the 

future. 

 

 

4 Conclusion 

A unique experimental set-up for neutron imaging was utilized to examine the activation 

behavior and the cycling performance of HGC based on a Ti-Mn alloy with expanded natural 

graphite. Prior to the in operando neutron investigations, the HGC were exposed to an 

activation pretreatment at 125°C under a low pressure hydrogen atmosphere (≤ 5 bar) where 

no hydrogenation occurs. After this pretreatment, some hydrogenation-dehydrogenation 

cycles are needed until the full hydrogen capacity as well as the hydrogen sorption kinetics 

are reached [40]. These first cycles were examined by in operando neutron imaging:  

 Active regions inside the HGC appear statistically distributed, whereas the remaining 

HGC volume stays inactive. 

 These active regions grow with the number of cycles, most likely due to locally increased 

temperatures that enable the activation of neighboring volumes. 

 In the final state, the active regions have spread over the whole HGC volume, which 

marks the end of the activation. 

 The growth of the active regions is accompanied by an increase in the overall swelling of 

the HGC. 

 During this first phase, the degree of volume expansion of the HGC increases 

continuously. This expansion originates from the lattice expansion of the hydrogen 
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absorbing material during hydrogenation. However, it is partly compensated by the 

intrinsic porosity of the HGC. 

 In phase two, the overall expansion is not further increasing significantly. Yet, there is a 

difference between the hydrogenated and dehydrogenated state, which can be referred to 

axial “breathing” of the HGC. 

In the second part of this investigation, the (de-)hydrogenation of fully activated HGC is 

discussed. A fast and a slow hydrogenation and dehydrogenation was observed using neutron 

radiography: 

 During a fast reaction triggered by applying and releasing hydrogen pressure almost 

instantly, reaction fronts are clearly visible inside the HGC. They start at the container 

wall where the heat transfer is fastest. The gas transfer is obviously not rate-determining. 

 At slow hydrogenation rates, a very homogeneously distributed hydrogen concentration 

increase can be observed. In this case, the heat transfer is sufficiently fast to ensure  

hydrogenation requirements throughout the whole HGC volume. 

 Very fast loading and unloading dynamics can be achieved (< 1 minute). 

In summary, it was possible to visualize the formation and growth of active regions in HGC 

for the first time. They play a key role in achieving a fully activated state. Future 

investigations will focus on the influence of different (de-)hydrogenation rates and on size 

effects on the HGC swelling. 
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Figure Captions 

 

 

Fig. 1:  Hydralloy®-based hydride-graphite composite (HGC) containing 5 wt.% expanded 

natural graphite compacted at 75 MPa. The horizontal and vertical slices were 

obtained by neutron tomography of the HGC after 35 (de-)hydrogenation cycles. 

 

Fig. 2: Schematic drawing of the experimental set-up for the neutron imaging experiments 

on the hydride-graphite composites. 

 

Fig. 3: Stored hydrogen content, temperature response and hydrogen pressure during the 

initial cycles after activation. The calculated amount of hydrogen was based on the 

measured neutron transmission. 

 

Fig. 4: Neutron radiography of a Hydralloy®-based hydride-graphite composite with 5 

wt.% expanded natural graphite in its initial state, after 25 and 45 hydrogenation 

cycles (dehydrogenated state). The section examined is highlighted. 

 

Fig. 5: Development of the relative change in attenuation in the hydrogenated state within 

the first 45 cycles after activation (examination section is depicted in Figure 4). 

 

Fig. 6:  Hydrogen concentration during fast hydrogenation (instant pressure build-up) and 

slow dehydrogenation (within 1 min). The time span in which each picture was 

acquired is depicted. A corresponding pressure-temperature-plot is given in Figure 7 

(examination section depicted in Figure 4). 
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Fig. 7:  (a) Pressure and temperature course and corresponding hydrogen content. Dots on 

the latter curve represent neutron images taken in operando, vertical lines mark the 

numbered images given in Figure 6. (b) Hydrogen profile across the diameter of the 

HGC at the six selected times given by the vertical lines in (a). 

 

Fig. 8:  Hydrogen concentration development during slow hydrogenation (within approx. 

2.7 min) and fast dehydrogenation (instant pressure drop). The time span in which 

each picture was acquired is depicted. According pressure-temperature-plot is given 

in Figure 9 (examination section depicted in Figure 4).  

 

Fig. 9:  (a) Pressure and temperature course and corresponding hydrogen content. Dots on 

the latter curve represent neutron images taken in operando, vertical lines mark the 

numbered images given in Figure 8. (b) Hydrogen profile across the diameter of the 

HGC at the six selected times given by the vertical lines in (a). 



Figure1
Click here to download Figure(s): Fig_1.eps

http://ees.elsevier.com/power/download.aspx?id=1504720&guid=8153b72e-99af-4d6b-a750-496aaba807cf&scheme=1


optical mirror

scintillator screen

CCD camera

sample container

incident neutron beam

transmitted neutron beam

tap hole for fixing
the container

position of the
thermocouple

tap hole for the
gas connector

compacted
composite sample

Figure2
Click here to download Figure(s): Fig_2.eps

http://ees.elsevier.com/power/download.aspx?id=1504721&guid=590fd3af-dfaf-4cde-8055-6f4232ba2ae8&scheme=1


Figure3
Click here to download Figure(s): Fig_3.eps

http://ees.elsevier.com/power/download.aspx?id=1504722&guid=693ba124-54b4-4e99-984b-2ab632103ede&scheme=1


initial state after 25 cycles after 45 cycles

2 mm

examination section

Figure4
Click here to download Figure(s): Fig_4.eps

http://ees.elsevier.com/power/download.aspx?id=1504723&guid=436a61f7-b6b5-4087-b4b6-123fb10089a5&scheme=1


Figure5
Click here to download high resolution image

http://ees.elsevier.com/power/download.aspx?id=1504724&guid=daa2003e-364d-4fd2-a8b3-f784501f2206&scheme=1


Figure6
Click here to download high resolution image

http://ees.elsevier.com/power/download.aspx?id=1504725&guid=abb4044b-b526-4517-8ae7-d69200b7e07d&scheme=1


1 23 4 567 8

1

2

3

4

5

6

7

8

(a) (b)

Figure7
Click here to download Figure(s): Fig_7.eps

http://ees.elsevier.com/power/download.aspx?id=1504726&guid=374842d4-23f4-49a1-99d6-1d80408c7f5d&scheme=1


Figure8
Click here to download high resolution image

http://ees.elsevier.com/power/download.aspx?id=1504727&guid=ccd2f306-e36d-4f99-9125-f563ab201467&scheme=1


1

2

3

4

5

6

7

8

(a) (b)

1 2 3 4 567 8

Figure9
Click here to download Figure(s): Fig_9.eps

http://ees.elsevier.com/power/download.aspx?id=1504728&guid=27eaaf4c-e6d7-4d96-ae09-bba3a2d8803a&scheme=1


Video Still
Click here to download high resolution image

http://ees.elsevier.com/power/download.aspx?id=1504729&guid=4eea124f-4a0f-4a2d-89f9-989dd73e3ed7&scheme=1


Video Still
Click here to download high resolution image

http://ees.elsevier.com/power/download.aspx?id=1504730&guid=8665ee01-fafc-4d27-9c76-ac735cbb403d&scheme=1


Video Still
Click here to download high resolution image

http://ees.elsevier.com/power/download.aspx?id=1504731&guid=809b16bf-b049-4f42-926b-f1b9ccd8854d&scheme=1



