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In order to investigate the hydrogenation of intermetallic compounds, a gas pressure cell for in 

situ neutron powder diffraction based on a sapphire crystal tube was constructed. By proper 

orientation of the single crystal Bragg peaks of the container material can be avoided, resulting in 

a very low diffraction background. Using a laser heating and gas pressure controller, the 

hydrogenation (deuteration) of palladium and palladium rich intermetallics was studied in real 

time up to 8 MPa gas pressure and 700 K. Crystal structure parameters of palladium deuterides 

could be obtained under various deuterium gas pressures, corresponding to compositional ranges 

of 0.04 ≤ x ≤ 0.11 for the α-phase and 0.52 ≤ x ≤ 0.72 for the β-phase at 446 K. In situ neutron 

powder diffraction of the deuteration of a thallium lead palladium intermetallic Tl1-xPbxPd3 

shows two superstructures of the cubic closest packing (ccp) to transform independently into a 

AuCu3 type structure. This proves a direct reaction to the deuterium filled AuCu3 type structure 

instead of a reaction cascade involving different ccp superstructures and thus gives new insights 

into the reaction pathways of palladium rich intermetallic compounds  
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1. Introduction 

Research on compounds formed by intermetallic phases with gaseous hydrogen, metal hydrides, 

is often driven by their use as hydrogen storage media. Hydrogen can be generated from water 

by almost any primary energy including renewable sources, is therefore of unlimited availability 

and is considered a very interesting secondary energy source. Upon use it is environmentally 

friendly and liberates large amounts of energy according to the chemical reaction 2 H2+ O2 → 2 

H2O + 571.6 kJ/mol. One of the key challenges for a hydrogen based energy economy (Winter, 

2009) is the efficient and safe storage of large amounts of hydrogen. Solid compounds are being 

studied for this purpose, in which hydrogen is either stored by physisorption, typically at low 

temperatures, or by chemisorption, i. e. the formation of metal hydrides according to the reaction 

M + h/2 H2 → MHh (Züttel, 2004; Graetz, 2009; Eberle et al., 2009). Besides gravimetric and 

volumetric hydrogen density of the storage media, their cost, sensitivity to air, toxicity, and 

reversibility of the hydrogenation-dehydrogenation process are important issues in view of a 

potential use in hydrogen storage. Unfortunately, none of the current hydrogen storage materials 

fulfils all these requirements at the same time. 

For the investigation of the process of hydrogen uptake of such storage materials and of the 

hydrogen liberation by dehydrogenation of the metal hydrides formed, in situ techniques 

allowing real time studies are very useful. This is particularly important for some new light-

weight hydrogen storage materials such as metal boranates (also called borohydrides), alanates, 

amides, or imides, to name just a few, most of which lack reversibility in the hydrogenation-

dehydrogenation reaction. Exploring reaction pathways including the discovery and 

characterization of intermediates may help to understand issues like reaction rates and 

reversibility. For the structural characterization the use of neutron diffraction has certain 

advantages over other diffraction methods in this case. Localizing light atoms such as hydrogen 

(deuterium), lithium, boron or nitrogen, which are important constituents of many storage 

materials is often easier due to more favourable diffraction cross sections as compared to XRD. 

The low absorption cross section for thermal neutrons of most materials is helpful for the 

construction of in situ equipment, since the penetration of bulky sample environment by neutrons 

is usually not an insurmountable problem. Further advantages are the possibility to distinguish 

between neighbouring elements in the periodic table of the elements, such as magnesium and 

aluminium or nitrogen and oxygen, and the accurate determination of thermal displacement 
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parameters, which yields important information in the vicinity of structural phase transitions of 

the decomposition of metal hydrides. 

In situ neutron diffraction following the temperature (Wu et al., 1995; Latroche et al., 1998; 

Kohlmann and Yvon, 2000; Kohlmann et al., 2001; Bogdanova, 2006; Filinchuk et al., 2008; 

Kohlmann, 2009) and / or pressure dependence (Goncharenko et al., 1992; Tellgren et al., 2001; 

Kohlmann et al., 2008) of structural parameters of metal hydrides are numerous and may give 

useful information on hydrogen storage materials. Real time in situ neutron diffraction 

experiments on hydrogenation reaction of intermetallic compounds, however, are rather scarce 

especially when high gas pressures are involved. This is due to the requirements for gas pressure 

cells, which may serve as sample holder in such hydrogenation experiments, such as pressure 

and temperature stability, chemical inertness toward hydrogen, little interference with the 

neutron beam and low diffraction background. Ideal materials for the fulfillment of the former 

conditions are cylindrical containers made of hydrogen resistant steel or other alloys, however, at 

the cost of parasitic reflections from the container material (Kuhs et al., 2005; Yartys et al., 

2010). Zero-scattering alloys made of zirconium and titanium cannot be used because of their 

strong hydrogen embrittlement. A very elegant solution to the problem of parasitic reflections 

from the container material was perfected for time of flight (TOF) spectroscopic measurements. 

A cylinder made from a zirconium-titanium zero-scattering alloy is protected from hydrogen 

embrittlement by an inner liner of Inconel 718 alloy, whose contribution to the diffraction pattern 

is properly masked out for the 90° detector bank (Gray et al., 2007). This technique requires a 

careful attenuation correction and is restricted to TOF experiments. For inelastic neutron 

scattering the use of sapphire single crystals as sample holders was proven useful for avoiding 

Bragg peaks of the container material (Rondinone et al., 2003). This concept was later adapted to 

elastic neutron scattering in in situ neutron powder diffraction by using a 6 mm wide borehole in 

a 10 cm long sapphire single crystal as sample chamber, attached to a hydrogen (deuterium) gas 

pressure control and a laser heating system (Kohlmann et al., 2009a). By proper orientation of 

the sapphire sample holder, a complete avoidance of its Bragg peaks by the detector of the 

powder diffractometer could be achieved, thus allowing high quality neutron powder diffraction 

data collected in real time under in situ conditions. In this contribution we describe the use of this 

piece of sample environment to the study of the reaction of palladium and palladium rich 

intermetallic phases with hydrogen (deuterium). 
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2. Experimental details 

2.1 Isotopes of hydrogen and nomenclature 

Experiments have been carried out using deuterium gas with an isotopic purity of 99.8% for 

neutron powder diffraction. Only when referring to experiments with this method a clear 

distinction will be made between hydrogen and deuterium, hydride and deuteride and so on, 

while for general discussions the terms hydrogen, hydride and hydrogenation are used in a 

generic way for the natural isotopic mixture as well as for deuterium. This is justified, because 

isotope effects are generally small enough to not affect the conclusions drawn here. More details 

on isotope effects of hydrogen in neutron diffraction can be found in (Weller et al., 2008; Ting et 

al., 2010). 

2.2 Synthesis and specimen preparation 

In order to get a completely hydrogen free starting material and to activate it, palladium powder 

(< 60 micron, 99.9+%, ChemPur) was degassed in a dynamic vacuum of 20 mPa at 500 °C for 1 

h. After cooling to room temperature it was kept in an argon atmosphere. Synthesis of all other 

starting materials is described elsewhere (Kohlmann et al., 2010; Kurtzemann and Kohlmann, 

2010). All materials were handled under inert gas atmosphere in an argon-filled glove box. For 

sample preparation they were ground in an agate mortar before filling into the gas pressure cell, 

in order to increase the surface area and thus the reactivity and to ensure a good crystallite 

statistics in the diffraction experiment. 

2.3 In situ neutron powder diffraction (NPD) 

Neutron powder diffraction data were taken in situ under various deuterium (isotopic purity 

99.8%) gas pressures up to 10 MPa at the Institute Laue-Langevin in Grenoble, France, on the 

high intensity powder diffractometer D20 (Hansen et al., 2008) in high resolution mode (average 

resolution Δd/d = 3*10
-3

) in the range 3° ≤ 2θ ≤ 150° (0.1 ° step width in 2θ). Depending on 

reflection intensities, signal to background ratio and the speed of the reaction, time resolution 

between 2 and 4 min per pattern were chosen. Deuterium was used in order to avoid the strong 

incoherent scattering of the 
1
H (protium) isotope of hydrogen. For a detailed discussion of 

isotope effects in metal hydrides and hydrogenous materials in general and with regard to 

neutron diffraction see references (Weller et al., 2008; Ting et al., 2010). The sample was placed 

inside a single crystal sapphire based gas pressure cell especially designed for in situ neutron 

powder diffraction. The deuterium gas pressure was varied by a gas pressure controller during 
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the measurements and the sample was heated using a contactless laser heating system. 

Temperature was measured by a pyrometer that was calibrated against the lattice parameter of 

palladium refined from neutron diffraction data using the same sapphire gas pressure cell. For a 

more detailed description of the experimental setup see (Kohlmann et al., 2009a; Widenmeyer et 

al., 2013). The neutron wavelengths used were determined from measurements on a NIST 640b 

silicon standard and kept fixed during subsequent refinements. Rietveld refinements were carried 

out with the program FullProf (Rodriguez-Carvajal, 2011) and pseudo-Voigt as profile function.  

3. Results and Discussion 

3.1 The deuteration of palladium 

For testing the sapphire single crystal gas pressure cell palladium is an ideal test case, because 

the Pd-H(D) phase diagram is very well known (Flanagan and Oates, 1991). At room 

temperature an α-phase PdHx with a narrow phase width of about 0 ≤ x ≤ 0.02 and a β-phase with 

a much wider range of 0.6 ≤ x ≤ 1.0 exist (Fig. 1), both with a disordered arrangement of 

hydrogen (deuterium) in octahedral voids of a cubic closest packing of palladium atoms. Thus, 

all three phases, palladium, α-palladium hydride (deuteride) and β-palladium hydride (deuteride) 

exhibit the same topology of the palladium substructure, i. e. a cubic closest packing, and differ 

only by their respective hydrogen (deuterium) occupation. At a critical temperature of 563 K and 

a critical pressure of 1.9 MPa for the hydride and 556 K and 3.9 MPa for the deuteride and a 

hydrogen content x = 0.257 for both the miscibility gap vanishes and one homogeneous phase 

with 0 ≤ x ≤ 1.0 exists (Fig. 1) (Flanagan and Oates, 1991). Using the sapphire gas pressure cell, 

the deuteration of palladium powder has been followed at T = 446(4) K with a time resolution of 

two minutes in situ by neutron powder diffraction (Fig. 2). The pressure was increased step-wise, 

as indicated in Figs. 2 and 3. 
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Fig. 1: Phase diagram of the palladium-deuterium system adapted from (Flanagan and Oates, 1991); arrow indicates the pathway 

of the in situ diffraction experiment shown in Fig. 2. 

 

 

Fig. 2: Neutron powder diffraction data of palladium deuteride at T = 446(4) K taken in situ on D20 (ILL, Grenoble) at λ = 

186.71(1) pm in a single crystal sapphire gas pressure cell with a time resolution of 2 min, intensities on a logarithmic scale in 

false color (lowest intensity blue, highest intensity red. The range 87° ≤ 2θ ≤ 95° (red bar in online edition, black in print edition) 

was excluded from refinements due to scattering from the sapphire single crystal. 
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Fig. 3: Results of Rietveld refinements of the crystal structures of α- and β-PdDx as a function of time based on in situ neutron 

powder diffraction data represented in Fig. 2. Deuterium pressure is indicated in inserts. Error bars represent one estimated 

standard uncertainty. 

Due to the rather long wavelength the accessible Q range is rather small and only six reflections, 

i. e.  (111), (200), (220), (311), (222), and (400) of the α- and β-phase deuteride could be 

obtained (Fig. 2). In the two-dimensional representation of Fig. 2 the reflections appear as lines 

running up along the time axis, shifting due to deuterium uptake and / or temperature changes 

and fading away, when the phase disappears. In the first few runs a slight shifting of reflections 

(seen only at higher diffraction angles) indicates temperature still increasing to its final value of 

446(4) K. After 15 min, deuterium is introduced at a pressure of 0.3 MPa, which immediately 

results in formation of the α-phase. The deuterium uptake can be seen by a slight shift to lower 

diffraction angles, i. e. higher d values (Figs. 2 and 3). Only a few minutes later, formation of the 

β-phase starts as seen by the appearance of new diffraction peaks (Fig. 2). For a period of 96 
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minutes both α- and β-phase deuteride coexist. The deuterium content of the α-phase deuteride 

PdDx start at x = 0.038(4) at a deuterium pressure of 0.3 MPa and reaches a maximum of x = 

0.108(8) at 2.0 MPa. At pressures up to 1.0 MPa the formation of the β-phase is slow and less 

than 10% of the α-phase was converted after 45 minutes of the experiment. Upon increasing the 

deuterium gas pressure to 2.0 MPa, however, 50% of the α-phase was converted into the β-phase 

within only four minutes. The reaction rate then slows down and the reaction is complete after 

two hours (Fig. 3) with no trace of α-PdDx reflections left. The deuterium content of the β-phase 

continues to grow with increasing pressure to a maximum corresponding to a composition of β-

PdD0.72(3) at T = 446(4) K and 8.0 MPa deuterium pressure. Incorporation of tetrahedral voids 

was not observed in the course of this in situ study. 

After each pressure increase, the unit cell volume of the α-phase increases slowly, while that of 

the β-phase does so very quickly (Fig. 3). This is probably due to the well-known fact that 

diffusion of hydrogen in the former is slower than in the latter (Storms, 1998). Accordingly, 

deuterium occupation increases slowly with time in the α-phase, while in the β-phase it increases 

almost instantly stepwise at pressure rise and then stays constant (Fig. 3). This further suggests 

that deuterium diffusion is the time-limiting step, at least for the formation of the α-phase 

deuteride PdDx. It should be emphasized at this point, that both α- and the β-phase show the 

same cubic closest packing of palladium and differ only by the extent of occupation of octahedral 

voids by deuterium. 

In order to handle low phase fractions and large correlation of the thermal displacement (Debye-

Waller factor Biso) and occupation parameter of deuterium the following Rietveld refinement 

strategy was followed. (i) α-PdDx: For a deuterium content of x < 0.1, Biso(D) was fixed at 4.5 A². 

This is a reasonable value, since refinements in the β-phase with larger unit cell volumes gives 

values around 5.0 A² at this temperature. For phase contents below 15%, Biso(Pd) and the 

occupation parameter of the deuterium atoms are fixed to the values refined in the former runs. 

For the last two data sets with content of the α-phase, the phase content drops below 1% and the 

lattice parameter had to be fixed to the value refined in the run just before that one. (ii) β-PdDx: 

For phase fraction below 10% Biso values were fixed to 1.0 A² for palladium and to 5.0 A² for 

deuterium atoms, which are values typically found in later refinements with larger phase 

fractions. For phase contents below 5% the deuterium occupation was fixed to x = 0.49 in 

accordance with the phase diagram and later refinements. 
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The in situ neutron powder diffraction data collected on the deuteration of palladium and their 

results by Rietveld refinement prove the potential of the sapphire gas pressure cell for real time 

studies of hydrogenation (deuteration) reactions. Some general features of such experiments are 

also clearly exposed. Fig. 2 shows how the diffraction background between the Bragg peaks 

increases with time, i. e. with increasing deuterium gas pressure. This is due to the incoherent 

scattering of deuterium incorporated in large amounts in the β-phase palladium deuteride as well 

as the increased amount of deuterium gas in the sapphire cell. The logarithmic scale in Fig. 2 

enhances such small contributions to the diffraction patterns elucidating this effect nicely. The 

evolution of position and intensity of Bragg peaks with time (Fig. 2) shows some distinct kinks, 

especially after pressure increase where drastic changes in deuterium content and lattice 

parameters are observed. This shows clearly that a time resolution of two minutes is not 

sufficient for this reaction. While the accuracy of structural parameters seems good for an in situ 

neutron powder diffraction study that of deuterium occupation parameters could be easily 

enhanced by using a shorter wavelength. 

 

3.2 Hydrogen induced rearrangements in palladium rich intermetallics MPd3 (M = Mg, In, 

Tl, Tl1-xPbx) 

In AuCu3 type structures of intermetallics compounds hydrogen often occupies octahedral 

interstices made up of six palladium atoms, [Pd6] voids (Schwarz et al., 1991; Önnerud et al., 

1997; Yamaguchi et al., 1997; Tellgren et al., 2001; Vennström et al., 2004; Kohlmann et al., 

2009b; Kurtzemann and Kohlmann, 2010; Kohlmann et al., 2010). Some of these hydrides form 

by hydrogen induced rearrangement from other superstructures of the cubic closest packing 

(ccp), e. g. from compounds MPd3 (M = Mg, In, Tl, Tl1-xPbx) in the structure types of TiAl3, 

ZrAl3 or PbTl2Pd9. These structure types differ from the one of AuCu3 by the introduction of 

antiphase domains at different concentrations. The hydrogenation reactions show some very 

interesting and unusual features: (i) certain types of ccp superstructures are a necessary 

precondition (Kohlmann and Ritter, 2009), (ii) mild reaction conditions, (iii) small activation 

energy (Kunkel et al., 2011).  

Based on these observations a reaction mechanism of the hydrogen induced 

rearrangements in such palladium rich intermetallics MPd3 (M = Mg, In, Tl, Tl1-xPbx) was 

proposed. The ccp superstructures first take up hydrogen, which occupies [Pd6] and to a lesser 
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extent [MPd5] voids. Increasing temperature enhances diffusion in the solid and a 

crystallographic shear operation ½ [110] of MPd3 slabs within the ccp superstructures occurs. 

This reduces the amount of antiphase domains, which ultimately leads to the cubic AuCu3 type 

structure for the metal atoms with hydrogen in octahedral [Pd6] interstices only. The activation 

barrier for this type of gliding operation was calculated to be relatively low (Kunkel et al., 2011). 

Data for M = Mg, In, Tl were presented earlier and confirm the proposed mechanism (Kohlmann 

et al., 2009b; Kurtzemann and Kohlmann, 2010; Kohlmann et al., 2010). It could now also been 

shown to work in a thallium rich compound Tl1-xPbxPd3, in which three modifications coexist: 

AuCu3, ZrAl3 and PbTl2Pd9 type structures. Fig. 4 shows the evolution of Bragg peaks during an 

in situ neutron powder diffraction experiment in a small section of the powder pattern during a 

total reaction time of 18.5 h. As can be clearly seen, the (220) reflection of the deuteride with the 

cubic AuCu3 type structure for the metal atoms with deuterium in octahedral [Pd6] interstices 

develops from the corresponding tetragonally split reflections of the ZrAl3 and PbTl2Pd9 type 

modifications of the starting material. The final product is the deuteride of Tl1-xPbxPd3 with a 

AuCu3 type arrangement for the metal atoms and deuterium surrounded by six palladium 

neighbours. Both modifications of the starting material, i. e. the ZrAl3 and PbTl2Pd9 type 

structures vanish at approximately the same rate as the phase content AuCu3 type product grows 

(Fig. 4), instead of transforming into each other first. This sheds new light on these transitions 

because up to now only one ccp superstructure at a time could be studied in situ and the proposed 

reaction pathway (Kohlmann et al., 2009b) could not distinguish between two scenarios: a direct 

transformation to the AuCu3 type on one hand and a cascade like reaction from TiAl3 to ZrAl3 

and further to the PbTl2Pd9 type modifications on the other hand. In the light of the present 

investigation, the latter possibility does not seem to be realized. It should be emphasized that 

these rearrangements in the intermetallic structure are caused solely by the incorporation of the 

hydrogen (deuterium) atoms. For a complete understanding of the transformation pathways 

neutron diffraction plays an important role due to its power in locating light elements such as 

hydrogen (deuterium) as compared to X-ray diffraction. 
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Fig. 4: Evolution of the (220) reflection of the cubic deuteride of a thallium rich compound Tl1-xPbxPd3 in an in situ neutron 

powder diffraction experiment at p(D2) = 20 bar at various temperatures taken on D20 (ILL, Grenoble) at λ = 186.707(2) pm in a 

single crystal sapphire gas pressure cell; bottom: starting material with AuCu3 type (middle reflection), PbTl2Pd9 (second and 

forth reflection, indicated by green arrows on the bottom pattern) and ZrAl3 type (outer reflections, indicated by blue squares on 

the bottom pattern). 

 

4. Conclusion 

A sapphire single crystal based gas pressure cell for in situ neutron powder diffraction was 

developed. By proper orientation of the single crystal its contribution to the diffraction pattern is 

negligible, which is an advantage over many other gas pressure cells. For the study of reactions 

of metals and intermetallic compounds it can be subjected to hydrogen gas pressures up to 160 

bar. Heating is achieved by a two-sided laser system, in order to avoid interference with the 

diffraction experiment. This sample environment was setup at the neutron powder diffractometer 

D20 at the Institut Laue-Langevin in Grenoble, France. With a time resolution in the order of 

minutes high quality diffraction data can be collected, which allow for a detailed analysis of 

structural parameters by the Rietveld refinement technique. Examples presented are the 

hydrogenation of palladium and of palladium containing intermetallic phases. For palladium a 

detailed picture of the formation of α- and β-palladium deuteride was observed, in agreement 

with the phase diagram, however, yielding new data not accessible before. In 80 Rietveld 

refinements structural parameters of such phases could be obtained under various deuterium gas 
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pressures, thus representing different compositions in the range 0.04 ≤ x ≤ 0.11 for the α-phase 

and 0.52 ≤ x ≤ 0.72 for the β-phase. This demonstrates that this method allows collecting high 

quality neutron diffraction data and thus refined structural parameters under various temperature-

pressure conditions in situ in a very short time. New insights could also be gained for the 

deuteration of palladium rich intermetallic phases. In a thallium lead palladium intermetallic two 

ccp superstructures transform independently into a AuCu3 type structure with deuterium 

occupying octahedral voids. This helps distinguishing between different possible reaction 

pathways. In this case it proves a direct reaction to the deuterium filled AuCu3 type structure 

instead of a reaction cascade involving different ccp superstructures. 
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