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INTRODUCTION 

 
The Swiss-Norwegian Beamline project has now reached a 
crossroads. We can look back on almost twenty years of successful 
operation of BM01, during which well over a 1000 publications have 
appeared using data from SNBL. In the coming decade, the 
configuration of the beamlines will change dramatically. The move of 
BM01B to BM31 has been strongly supported, both by our 
stakeholders in Norway and Switzerland and by the ESRF 
management, and the final go-ahead has been given at the end of 
2014. By the middle of 2016, the two beamlines which comprise 
SNBL will begin operation from two separate bending magnet ports. 
This new configuration will not only provide fresh impetus to the 
technical and scientific developments taking place on both 
beamlines, but is absolutely essential if SNBL is to profit fully from 
the planned Upgrade Program Phase II of the ESRF. From 2020 
onwards, the existing bending magnet sources will be replaced by 
mini-wigglers. Not only will the source quality improve dramatically in 
terms of spectral flux and emittance, but the narrowing of the 
horizontal divergence of the synchrotron beam means that the split 
beamline option will no longer be feasible. Therefore the move to 
BM31 will guarantee the long-term viability of both Swiss-Norwegian 
beamlines. 
As a consequence of the extended five month shut-down of the 
storage ring in 2012 as part of the ESRF Upgrade Program Phase I, 
the output in terms of the number of SNBL publications dropped 
significantly in 2013. Interestingly, this shortfall was quickly recovered 
in 2014, when once again over 100 papers per year were published 
using data from SNBL. The main focus of scientific activity is now 
strongly oriented towards energy-related research. Instrumentation 
development targeted at in-situ experiments has been an important 
aspect of the beamline work in recent years, particularly for studying 
catalytic reactions and hydrogen storage. There is a strong emphasis 
on energy research in Norway and Switzerland covering the social, 
economic and technical aspects of a more sustainable energy 
system. Synchrotron radiation sources have an important role to play 
in this endeavour, and SNBL is particular well-equipped to support 
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the activities of scientists from both countries. Indeed, the extra 
space which becomes available after the new beamline comes on-
line in 2016 will greatly extend the range and complexity of the in-situ 
experiments which form a crucial part of the energy research carried 
out on SNBL. 
The Memorandum of Understanding (MoU) with the Dutch-Belgian 
beamline has continued to provide a fruitful basis for collaboration, 
both in terms of resources (e.g. sharing equipment and manpower) 
and in facilitating the exchange of beamtime between the two CRGs. 
In particular, the access to the very successful small-angle scattering 
branch line on DUBBLE has been extensively used by the Norwegian 
groups interested in soft condensed matter and polymer research. In 
return, Dutch and Belgian groups have been frequent visitors to 
SNBL. Another MoU has been in existence for several years 
between SNBL and MaxLab in Sweden. This has led to several 
exchange visits by staff from both laboratories, most recently by the 
Director of MAXIV, Dr Christoph Quitmann, who attended a meeting 
of the SNX Council in 2014.  The sharing of expertise between the 
staff of different beamlines, both within the ESRF and with other 
facilities, has become an increasingly important part of the activities 
at SNBL. In this context, it is a pleasure to note that two of the 
postdocs who have served at SNBL (Vadim Diadkin and Volodymyr 
Svitlyk) have now become members of the scientific staff of the 
ESRF. We wish them both much success in their new positions. 
In 2014, the SNX Council formed a committee under the 
Chairmanship of Prof Robert Cernik from the University of 
Manchester together with representatives from Norway and 
Switzerland, with the task of formulating medium and long-term 
scientific goals for SNBL up to and including the two funding periods 
covering the next decade.  The report of this committee has now 
been submitted to the SNX Council and to the funding agencies for 
consideration. Our challenge in the coming years will be to turn these 
goals into reality, and hence provide both countries with the 
synchrotron facilities which truly match their scientific needs. 
 
 

V. DMITRIEV, P. PATTISON, H. EMERICH 
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Crystal chemistry and thermal properties of rare-earth (RE) borohydrides 
 

C. Frommen1, J. E. Olsen1, M. D. Riktor1,2,A. O. Kydland Lysdal1,3, 
M. Heere1, M. H. Sørby1and B. C. Hauback1 

 
1
Physics Department, Institute for Energy Technology, P. O. Box 40, NO-2027, Kjeller 

2
SINTEF Materials and Chemistry, Forskningsveien 1, NO-0314, Oslo 

3
Department of Physics, Norwegian University of Science and Technology, NO-7491, Trondheim 

 
Solvated rare-earth (RE) borohydrides and their complexes are widely used in 
organometallic chemistry as selective reducing agents and Ziegler-Natta catalysts for 
the polymerization of certain dienes [1] or the ring-opening polymerization of cyclic 
esters [2]. Solvent free RE borohydrides on the other hand have only recently 
become available [3]. They have received considerable attention during the past 5 
years due to their rich crystal chemistry [4-11] and potential as both solid state 
hydrogen storage materials [12-14] and solid state electrolytes [15-17]. The standard 
technique for the synthesis of RE borohydrides is via mechanochemical reaction 
between a RE chloride and a light-weight metal borohydride (mostly LiBH4). Our 
group has performed a systematic study on the formation of RE borohydrides and we 
have recently reviewed the crystal chemistry and thermal properties of ball-milled 
mixtures between RECl3 and LiBH4 [4, 5]. The following sections present highlights of 
our experimental synchrotron radiation powder X-ray diffraction (SR-PXD) work 
performed on stations BM01A and BM01B of the Swiss-Norwegian beamlines, 
SNBL. 
 
Structure types: RE-borohydrides form four distinct structure types which are 
determined by the ionic radius of the RE element and its electronic configuration. The 
early lanthanides (La, Ce, Pr and Nd) with the largest ionic radius form LiRE(BH4)3Cl 
compounds (cubic; I-43m) [5]. LiCe(BH4)3Cl is the first-anion-substituted and mixed-
metal RE-borohydride reported in the literature and its unit cell contains octahedrally 
coordinated Ce atoms (3×BH4, 3×Cl) [7]. A unique structural feature of this 
compound is a distorted Ce4-Cl4 hetero-cube (Figure 1). There remains some 
speculation about the location of the Li atom in the unit cell. One model describes the 
structure with two lithium atoms: one in the (6b) position at (0 ½ ½) and the second in 
(2a) at (0 0 0) [7]. An alternative model describes the Li atoms as being disordered, 
occupying 2/3 of the (12d) Wyckoff site [16]. The very high Li-ion conductivity  of 10-4 
S/cm at 20 oC seems to be in accordance with the disorder in Li positions [16].  
 

 
 

Figure 1: High-resolution (HR) SR-PXD pattern ( = 0.50123 Å) and core-structure of LiCe(BH4)3Cl with 
a possible Li-position in the centre of the Ce4-Cl4 hetero-cube [7]. 
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The elements in the middle and towards the end of the series (Sm, Gd, Tb, Er and 

Yb) yield -RE(BH4)3 compounds (cubic; Pa-3) with a possible polymorphic transition 

to -RE(BH4)3 for Sm, Er and Yb (cubic; Pm-3m or Fm-3c) [4]. These compounds are 

isostructural to -Y(BH4)3 and -Y(BH4)3, respectively [6]. Their unit cell is related to 
the ReO3-structure in which the metal atoms form a metal-cube and BH4 groups are 
oriented along the cube edges, leading to an octahedral coordination around each 

metal atom (Figure 2). The -polymorph can be considered a distorted variant of the 

ReO3 structure type whereas the -polymorph represents the regular ReO3 structure 
type. Sm and Gd also exhibit transitions to the LiRE(BH4)3Cl structure type that is 
observed for the largest lanthanide ions.  
 

  

Figure 2: Unit cell for two different RE(BH4)3 polymorphs: -RE(BH4)3 (left) and -RE(BH4)3 (right) as 
seen by SR-PXD, with RE atoms shown as light grey spheres. Note the disordered structure [18] (Pm-

3m, a~5.5Å) on the right which becomes ordered (Fm-3c, a~11Å) when neutron diffraction is used 
instead [6]. 

 
The smallest lanthanides Yb and Lu form tetrahedral [RE(BH4)4]

- anionic complexes 
that are stablilized by Li+ cations (tetragonal; P-42c) in analogy to the structure of 
LiSc(BH4)4 [4, 19]. Rietveld refinement for the Yb-containing borohydride phase 
showed that this compound is in fact chloride substituted and must be described as 
LiYb(BH4)4-xClx (x=1.0). A particularly rich crystal-chemistry is observed in the YbCl3-
LiBH4 system, where numerous compounds are formed depending on experimental 
conditions, e.g. molar ratio of the starting materials, milling time or heat treatment [5]. 

Ball-milling may lead to three different Yb-containing borohydride phases: (1,2) /-
Yb(BH4)3, with six-coordinated and trivalent Yb and [BH4] groups shared between 2 
Yb atoms; (3) LiYb(BH4)3Cl with a four-coordinated and trivalent Yb that contains 
isolated [YbX4]

- anions charge-balanced by Li+ cations. This behaviour can be 
rationalized in terms of its ionic radius (Yb3+: 0.86 Å) which lies in between those of 
Y3+ (0.90 Å) and Sc3+ (0.76 Å). Slight modifications in experimental conditions can 

therefore result in two different compounds which are isostructural to /-Y(BH4)3 [3, 
6, 18] and LiSc(BH4)4 [19], respectively.  
Additionally, two divalent Yb-containing borohydride phases have been obtained 
during heat treatment. The first one, tet-Yb(BH4)2-xClx (x=0.76), crystallizes in the 
tetragonal space group P-4. The unit cell contains columns of edge-sharing YbX6 
octahedra along the c-axis which are furthermore connected by corner-sharing in the 
ab-plane; each BD4/Cl unit is hereby shared among three YbX6 octahedra (Figure 3 

left). Tet-Yb(BH4)2-xClx is shown to be isostructural to -Ca(BH4)2. The second one, 
ortho-Yb(BH4)2-xClx (x=0.365), crystallizes in the orthorhombic space group Pbca and 
shows a distorted octahedral environment around Yb2+ and each BD4/Cl group is 
shared among 3 octahedra (Figure 3a). 
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tet-Yb(BH4)1.24Cl0.76             ortho-Yb(BH4)1.635Cl0.365 

 
Figure 3: (left) A representative view of a (3×2×4) supercell of tet-Yb(BH4)1.24Cl0.76 with Yb atoms as 

grey balls. The YbX6 octahedra (X = Cl, BD4) are represented with blue transparent faces. Cl atoms are 
not shown as they coincide with B atoms. (a) Structure of ortho-Yb(BH4)1.635Cl0.365 with 2 unit cells in the 
c-direction. (b) Coordination around the two different B positions. Yb atoms are shown as grey balls and 

BH4 tetrahedra are shown with red semi-transparent phases [5]. 
 
There exist 2 B atoms per unit cell, which adopt different coordination schemes: B1 
has a T-shaped and B2 a trigonal planar coordination (Figure 3b).  

Ortho-Yb(BH4)2-xClx (x = 0.365) is isostructural to -Ca(BH4)2 and the structural 
similarities can again be rationalized in terms of the almost identical ionic radii for 
Yb2+ and Ca2+.The LiBH4-YbCl3 system represents the first case where a metal has 
been reported with different oxidation states in different borohydride phases. For Yb 
two major factors are responsible for this diversity: its special electronic configuration 
(Yb3+:4f13; Yb2+:4f14) and its ionic radii (Yb3+: 0.868 Å; Yb2+: 1.02 Å).  
Table 1 summarizes the different structure types that have been obtained by 
mechanochemical synthesis between RECl3 and LiBH4 for the RE borohydrides. 
 
Table 1: Possible structure types adopted by RE-borohydrides obtained from LiBH4-RECl3 mixtures [4, 5]. 

 

 
 
Thermal Decomposition: We have followed the thermal decomposition of numerous 
composite mixtures between RECl3 (RE = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Er and 
Yb) and LiBH4 in a molar ratio of (1:6) by in/ex-situ SR-PXD [4]. In addition, the 
influence of LiH on the rehydrogenation capacity for La/Er/Yb-containing 6LiBH4-
RECl3-3LiH composites has been investigated [20]. Summing those experiments up, 
it has become apparent that the composites show a complex behaviour upon 
heating. Their decomposition proceeds via several steps, sometimes accompanied 
by the formation of crystalline intermediates but more often alongside the formation 
of amorphous or nanocrystalline compounds. A unique feature of those composites is 
a significantly reduced hydrogen release temperature for LiBH4 (200-300 oC) as 
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compared to bulk LiBH4 (>400 oC) [21]. SR-PXD data has shown that this drastic 
reduction is associated with the presence of REH2+x compounds which are the major 
decomposition products for temperatures below 300 oC. These RE-hydrides react 
with excess LiBH4 and lead to the formation of LiH and RE-borides (REB4 and REB6) 
as the final decomposition products around and above 400 oC. As an example, 
Figure 4 shows in-situ SR-PXD data acquired during heating of a 6LiBH4–ErCl3 
composite mixture under vacuum with characteristic temperature regions marked by 
horizontal lines. 
 

  
 

Figure 4: (a) Contour plot of in-situ SR-PXD measurements (Pilatus2M, =0.69411Å) for a 6LiBH4-
ErCl3 composite heated under dynamic vacuum (rate: 5oC/min). (b) Diffraction patterns at selected 

temperatures [4]. 
 
The thermal decomposition and rehydrogenation of several composites that 
contained additional LiH was also followed by in/ex-situ SR-PXD [20]. One 
representative example is shown in Figure 5, which displays SR-PXD patterns at 
room temperature of a 6LiBH4-ErCl3-3LiH mixture after ball-milling, desorption (400 
oC, 0.5 MPa) and rehydrogenation (340 oC, 10 MPa), respectively.  
 

 

 
 
 
 
 
 

Figure 5: SR-PXD pattern (BM01B, =0.50513 Å) 
of a 6LiBH4-ErCl3 mixture after ball-milling (Top), 
and 6LiBH4-ErCl3-3LiH after ball-milling, 
desorption (0.5 MPa) and rehydrogenation (340oC, 
10MPa) [20]. 
 

 
The major crystalline phases after ball-milling are LiCl (vertical line), LiBH4 and LiH. 
In addition, broad shoulders on either side of the LiCl peaks indicate the presence of 
additional nanocrystalline compounds, possibly ErH2 and ErH3. After thermal 
decomposition the only crystalline products are ErB4, LiCl (vertical line) and LiH. 
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Rehydrogenation of the composite mixture (340oC, 10 MPa) leads to the formation of 
ErH3, and the reappearance of LiBH4 at drastically reduced conditions as compared 
to pure LiBH4 (>400oC, >10MPa). The hydrogen release for this composite mixture 
reaches about 4.0 wt.% up to 400 oC, and the rehydrogenation capacity is about 66% 
when the desorption-rehydrogenation cycle is performed under vacuum/10MPa. This 
value increases up to 80% when experiments are performed under 0.5/10MPa 
backpressure [20]. 
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The characterization of molecular nanostructures using 
synchrotron radiation 
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The utilization of transition metal-based self-assembly processes allow the bottom-up 
preparation of molecular nanostructures. The size and the complexity of the 
structures which are nowadays accessible is quite remarkable: molecularly defined 
assemblies with a diameter of 3-5 nm are reported with increasing frequency in the 
literature, and nanostructures with interesting functions (e.g. specific molecular 
recognition, catalysis) have become realistic synthetic targets. The Severin group at 
the EPFL is at the forefront of these developments. Over the last years, the group 
has developed novel methodologies for the synthesis of very large molecular 
assemblies. One approach pioneered by the Severin group is based on the 
simultaneous utilization of two (or more) types of reversible interactions, which are 
largely orthogonal to one another. Furthermore, a modular approach to prepare long 
and rigid metalloligands has been developed. These ligands have been used to 
prepare molecular and polymeric nanostructures. For example, the Severin group 
has recently published the synthesis and the characterization of palladium-iron-based 
cage structures which are able to act as hosts for large lipophilic anions (Fig. 1, left). 
Unpublished results from the Severin laboratory show that some of the newly 
developed metallo-ligands are ideal building blocks for the construction of metal 
organic frameworks with very large pores (e.g. Fig.1, right). 
 
For the research projects outlined above, it is of fundamental importance to obtain 
structural information by single crystal diffraction. Although a modern lab 
diffractometer is quite capable of producing high quality data for small molecules, the 
limitations of laboratory data for very large molecules can rapidly become a serious 
handicap. In recent years, the Severin group at EPFL has developed novel 
methodologies for the synthesis very large molecular assemblies. This procedure has 
enabled us to construct large cage molecules with a diameter of more than 3 nm. In a 
recent example measured at SNBL, the cubic unit cell size was 77.2Å giving a unit 
cell volume of 459,000 Å3. In total, data on more than 20 different supramolecular 
compounds have already been collected at SNBL during several beamtime 
allocations. 
 
 

http://pubs.rsc.org/en/results?searchtext=Author%3AMatthew%20D.%20Wise
http://pubs.rsc.org/en/results?searchtext=Author%3AJulian%20J.%20Holstein
http://pubs.rsc.org/en/results?searchtext=Author%3APhilip%20Pattison
http://pubs.rsc.org/en/results?searchtext=Author%3ACeline%20Besnard
http://pubs.rsc.org/en/results?searchtext=Author%3AEuro%20Solari
http://pubs.rsc.org/en/results?searchtext=Author%3AEuro%20Solari
http://pubs.rsc.org/en/results?searchtext=Author%3ARosario%20Scopelliti
http://pubs.rsc.org/en/results?searchtext=Author%3AGerard%20Bricogne
http://pubs.rsc.org/en/results?searchtext=Author%3AKay%20Severin
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Figure 1. Examples of molecularly defined (left) and polymeric (right) nanostructures prepared in the 

Severin group. 
 
 
In Fig 2(a), we present a new structure which has been collected at SNBL at atomic 
resolution (0.84Å). Final statistics are very good for the size of the structure. In 
contrast, a similar structure has been measured in-house at the EPFL and the 
crystals diffract only to 1.4Å resolution. Due to the low number of reflections, it is 
impossible to refine any of the 1501 independent atoms independently or to model 
any disorder. This illustrates the importance of access to synchrotron radiation in 
order to solve structures of this complexity at atomic resolution. 
Assemblies of this size pose a number of difficulties due in part to their extensive 
inherent disorder and high solvent content within the crystal. Synchrotron radiation 
mitigates some of these difficulties, but we have also employed a series of carefully 
 
 

     
 
Figure 2. (a) Part of the unit cell of the palladium-iron-based cage structure measured at SNBL/BM01A 

and (b) shows an image of the crystal mounted in a 200 micron loop. 
 

(a) 

(b) 
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and rigorously adapted macromolecular refinement techniques in order to build a 
molecular model. These refinement tools have been developed in collaboration with 
Global Phasing Ltd., Cambridge. 
 
 
Main publication 
 
Wise, M.D., Holstein, J.J., Pattison, Ph., Besnard, C., Solari, E., Scopelliti, R., 
Bricognef, G., Severin, K. Chemical Science, 6, 1004-1010 (2015)  
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Structure and properties of complex hydride perovskite materials 
 

Pascal Schouwinka,* Morten B. Leyb, Antoine Tissotc, Hans Hagemannc,              

Torben R. Jensenb, Ľubomír Smrčokd & Radovan Černýa 

aLaboratory of Crystallography, Department of Quantum Matter Physics, University of 
Geneva, Quai Ernest-Ansermet 24, CH-1211 Geneva, Switzerland 

b
 Interdisciplinary Nanoscience Center (iNANO), Department of Chemistry, University 

of Aarhus, 8000 Aarhus, Denmark 
cDepartment of Physical Chemistry, University of Geneva, Quai Ernest-Ansermet 30, 

CH-1211 Geneva, Switzerland 
dInstitute of Inorganic Chemistry, Department of Theoretical Chemistry, Slovak 

Academy of Sciences, Dúbravská cesta 9, SK-845 36 Bratislava, Slovak Republic 
 
 
Perovskite-type (Pv) materials are of great technological importance in most fields of 
materials science, owed to their distinct adjustability of physical properties and the 
readiness of this very simple octahedral framework to incorporate virtually any 
chemical element from the periodic table (with exception of noble gases). A slight 
variation of intrinsic or extrinsic parameters can result in huge changes of physical 
properties, while the changes to the crystal structure, expressed by lattice distortion 
and atomic displacements, tend to be hardly noticeable, but of great importance. 
Metal borohydrides are used in every chemistry laboratory. From being the subject of 
"highly classified" research during the Manhattan Project they have come a long way, 
via becoming the most important reducing agents in organic chemistry to contending 
for solid state hydrogen storage [1]. 
Chemically, the hydridic nature of the hydrogen in the BH4-molecule makes 
borohydrides somewhat an outsider, the covalently bound hydrogen encountered in 
molecular chemistry commonly carrying a positive formal charge (protic hydrogen). 
The extreme renewed interest in metal borohydrides during the first years of the 
millennium was driven by the potential to develop in particular LiBH4 as a solid state 
hydrogen storage material for on-board automobile applications, hydrogen having the 
highest mass energy density of any fuel, 120 MJ/kg. The motivation behind metal 
borohydrides in the materials science community hence directly targeted one of the 
prime problems of modern consumer societies. 
Despite the search for new complex hydrides inevitably being strongly application-
oriented, the most important unit, the underling structural architecture of the crystal 
lattice, is often not being sufficiently considered. 
As a consequence, and since metal borohydrides do display significant structural 
flexibility, which ranges from permanent nano-porous gas hosts to close packed 
salts, the rational design of borohydride materials is still far from being systematic. 
Phase diagrams comprise many different polymorphs separated by very small energy 
barriers, even between compounds of different chemical compositions, largely owed 
to iono-covalent bonding and vivid structural dynamics. Furthermore, the stability of 
different phases is sensitive to the synthesis method. Needless to say, such 
thermodynamic behaviour prevents the theoretical prediction of novel compounds. 
A purposeful crystal design is best carried out on a host material of reduced 
complexity and superior stability. The principal objective of this study was to provide 
an extensive characterization of a borohydride host materials capable of meeting the 
requirements of genuine rational and functional design, in order to take metal 
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borohydrides beyond hydrogen storage applications. Motivated by the first report of a 
mixed-metal borohydride KMn(BH4)3 crystallizing with the Pv type [2], this structure 
type was systematically explored, leading to the discovery of over 45 different 
materials up to date and allowing us to establish formability criteria for the compound 
family, based on the Goldschmidt tolerance factor (Figure 1). 

 
 

Figure 1. The established formability field of metal borohydride perovskites shown in green (b) on the 
basis of octahedral factor vs. tolerance factor t (listed in table a). The AB(BH4)3 structure is shown in (c), 
highlighting the bidentate coordination mode in an ordered polymorph. (d) Sub-groups derived from the 

cubic aristotype, e.g. SrTiO3 (STO), green circles correspond to herein reported symmetries. 
 
We began to study this field on ball-milled powder samples using the Dectris 
PilatusM2 detector at SNBL to systematically ramp the sample in temperature to its 
decomposition (detection of thermal stability), but also to cycle it over polymorphic 
transformations in order to investigate the symmetry of lattice instabilities involved in 
the generation of unusual large superstructures, sometimes appearing as very weak 
superstructure reflections (hydrogen being a very weak X-ray scatterer). 
 
With the resulting complex hydride materials, we have managed to introduce into 
metal borohydrides very different and hitherto not at all considered physical 
properties such as photoluminescence, semiconductivity, and proton-hydride 
interaction between cations NH4

+ and anions BH4
-. To this end, we have applied in a 

controlled way simple concepts such as the tolerance factor and cation/anion 
substitution. Fig. 2 shows lanthanide-doped Ca(BH4)3:Eu2+ luminescing under the X-
ray beam. 

From a crystallographic point of view, highly interesting effects 
appeared when investigating the transformation sequence of 
different compounds as a function of temperature. Both octahedral 
tilts and polar displacements usually tend to vanish as the 

Figure 2. Eu
2+

 luminescence under X-ray excitation. Top: shutter closed, bottom 
shutter open. 
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superstructure successively does in metal oxide and halide perovskites. 
Superstructures hence are generated when temperature is decreased, in particular 
octahedral tilts are easily assigned to soft modes condensing at the zone center. 
In AB(BH4)3 we find that the symmetry-relation between HT-LT phases is very often 
reversed. Our working hypothesis assigns the origin of this behaviour to interactions 
between molecular B-H vibrations and lattice phonons. For instance, a very well-
known zone boundary instability at the R-point of symmetry Pnma [3] is activated 
upon heating KCa(BH4)3 into the HT-phase (Figure 3). At the transition point the 
bandwidth of the Raman B-H stretching signature shows a discrete step, which does 
not occur for another member, CsCa(BH4)3, whose order-disorder transition does not 
involve displacements, and hence no lattice instability.  
 

 
Figure 3. Changes in structure during the high-temperature phase transition of KCa(BH4)3, followed by 

in-situ powder diffraction at SNBL and Raman spectroscopy (a). The corresponding apolar parent 
distortion is shown in (b), relevant short H···H contacts within the Ca(BH4)6-octahedron in (c). 

 
A thorough symmetry analysis was supported by DFT solid state calculations and 
suggests close homopolar repulsive di-hydrogen contacts to be crucial for the 
structural behaviour of AB(BH4)3 (Figure 3). Besides providing a stable borohydride 
host for functional design, the borohydride perovskite hence implements weak 
interactions, known from molecular and supramolecular chemistry to a structural 
behaviour otherwise governed by lattice vibrations. Further evidence for this scheme 
has in the meantime been provided by quasielastic neutron scattering studies of BH4 
reorientations [4]. This interaction scheme has shown to produce superstructures up 
to 16-fold in a very basic composition, e.g. RbCa(BH4)3 (Figure 4). 
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Figure 4. Anomalous high-temperature behaviour of RbCa(BH4)3, showing in (b) a large superstructure 
in the HT – phase, and its RT – stabilization by cation substitution, visible from diffraction data in (a). A 

schematic unit-cell relationship drawn for the parent-type cubic SrTiO3.  
 
This extensive study on the Pv type in borohydrides has extended the possible 
applications of metal borohydrides far beyond hydrogen storage. The results from 
this study have very recently allowed us develop a single crystal growth procedure 
and grow the first mixed-metal borohydride single crystal, whose structure and 
transformations were studied at SNBL [5] and confirm the hypotheses developed on 
powder samples. The perovskites K3Gd(BH4)6 and Cs3Gd(BH4)6 have shown 
excellent values for the magnetic entropy change due to the insignificant mixing of 
wave functions pertaining to BH4 (molecular orbitals) and Gd (f-orbitals) and are 
currently being evaluated as refrigerants for sub-Kelvin applications [6].  
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Selective oxidation of propene using molecular oxygen can proceed through different 
reaction pathways; epoxidation which yields primarily propylene oxide (PO), or allylic 
oxidation where the unsaturated aldehyde acrolein (CH2CHCOH) can be formed [1-
4]. Acrolein is an important industrial intermediate currently being produced by 
energy demanding processes, and developing alternate reaction routes for this 
intermediate is highly topical. Promoted bismuth molybdate catalysts are at present 
utilised commercially for production of acrolein, with a selectivity reaching 90 % at 
temperatures 300-400°C [5]. Catalyst lifetime depends greatly on the stability of 
these catalysts in terms of sintering, which decreases activity and selectivity until 
catalyst replacement is necessary [5]. 
 
In selective oxidation of hydrocarbons, a dynamic reduction and re-oxidation 
behaviour of the active metal is believed to be crucial [6]. It is therefore important to 
quantify the valence fractions of copper and vanadium during working conditions 
during selective oxidation of propene. However, quantifying valence fractions of 
vanadium species during working conditions has proved to be challenging [7]. We 
wanted therefore to study the vanadium and copper containing samples with in situ 
XAS, and put special emphasis on methods to quantify the valence fractions.  
 
Additionally, we wanted to study the effect of carrier material, and compared the two 
3-D systems of the neutral AlPO-5 (VCu:AlPO-5) and the acidic H-ZSM-5 (VCu:ZSM-
5), and to explore possible interactions or synergistic effects. In addition to different 
acidic properties, these two 3-D supports also have different pore characteristics The 
zeolite has a 3-D zigzag pore system with pore size of Pd=5.4-5.6 Å, whereas AlPO-5 
consist of 1-D channels with pore size Pd=7.3 Å. Figure 1 illustrates the MFI structure 
of ZSM-5 and the AFI structure of AlPO-5. Choosing three-dimensional supports for 
catalytically active metal species has several benefits; their large internal surface 
areas promotes higher metal uptake, and shape selective properties can impose 
growth limitation on nanoparticles. Several studies report on the dynamic interplay 
between nanoporous supports and an active metal, which prevents sintering and/or 
oxide formation and thus increases catalyst lifetime [8-10]. In house catalytic 
measurements established that VCu:AlPO-5 showed superior activity towards 
acrolein compared to the monometallic counterparts and the acidic VCu:ZSM-5.    



 

SNBL 2013-14 25  

HIGHLIGHTS 

 
Figure 1 The MFI structure of ZSM-5 and the AFI structure of AlPO-5 

In this study, the reducibility and speciation of both metals introduced into the two 
different pore systems were studied by temperature programmed reduction in 
propene (C3H6-TPR) to 450°C utilising in situ XAS combined with in situ X-ray 
Diffraction (XRD). Copper K-edge XAS data and high resolution  XRD data were 
collected at the Swiss-Norwegian Beamlines (SNBL, BM01B) at the European 
Synchrotron Radiation Facility (ESRF) in transmission mode. Vanadium K-edge data 
were collected in fluorescence mode at BM01B, SNBL.  
 
The X-ray Absorption Near Edge Spectroscopy (XANES) and Extended X-ray 
Absorption Fine Structure (EXAFS) part of the XAS spectrum yield information about 
the nature of the active species. The XANES region for vanadium compounds can 
give information regarding the oxidation state and local geometry. However, 
obtaining unambiguous results from XANES can be challenging. The XANES region 
can be affected by different parameters, which can counteract or amplify each other 
as seen in Table 1 supported by Figure 2. According to our reference compounds, 
we found that quantification of the valence fraction at the V K-edge should be done 
by using the threshold energy, E0.  
 

 
 

Figure 2  Illustration of how the XANES of vanadium compounds varies 
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Table 1 An overview how different factors changes the parameters in vanadium XANES 

  
Increasing 

valence 

Higher degree 
of symmetry 
(loss of V=O) 

V-O distribution 

Abs.edge 

E0 → ← - 

∆E → ← - 

Pre-edge 

Height ↑ ↓ - 

Width - - ↔ 

Position → - - 

 
At the Cu K-edge, determination of E0 is complicated due to different shoulder 
features arising on the absorption edge. However, the XANES region can be used as 
a fingerprint method by comparing references and samples which provides a good 
indication of the valence state. Additionally, linear combination can be applied in 
order to quantify the valence fraction. However, this requires references with similar 
chemical surroundings as in the sample. We found the EXAFS region to be more 
reliable in quantifying the valence fraction using the reduced multiplicities method 
[11]. 
 
Figure 2 shows the in situ XANES of VCu:AlPO-5 and the monometallic Cu:AlPO-5 
during C3H6-TPR. 
 
 

 
 

Figure 3 In situ XANES of Cu:AlPO-5 and VCu:AlPO-5 during C3H6-TPR. 
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Figure 4 In situ XANES of VCu:AlPO-5 and VCu:ZSM-5 compared to the metallic copper reference 

As seen in Figure 2, the major species present in Cu:AlPO5 is Cu(I), whereas the 
major species present in VCu:AlPO-5 is Cu(0). Figure 3 shows the in situ XANES of 
VCu:AlPO-5 compared to VCu:ZSM-5 and the metallic reference. For both the 
neutral AlPO-5 and acidic ZSM-5 vanadium promotes formation of metallic copper in 
propene. 
 
Interestingly, in situ EXAFS at 450°C in propene revealed that the copper clusters 
had a particle size of 6.4 Å in the neutral AlPO-5, and 12 Å in the acidic ZSM-5.  The 
average size of the metallic copper clusters is too large for the pores in ZSM-5, 
indicating that they reside on the external surface of the zeolite, whereas they are 
small enough for the pore aperture in AlPO-5. This study indicates that shape 
selectivity introduces growth limitations on the copper clusters. 
 
The reversible redox behaviour was also studied by cycling the samples between 
oxygen at propene at 450°C. High resolution XRD revealed a fraction of the metallic 
clusters formed larger crystallites on the external surface (Figure 4), not present in 
oxygen treatments or the propene/O2 reaction mixture for both samples (VCu:AlPO-5 
and VCu:ZSM-5).  
 

 
 

Figure 5 PXRD for VCu:AlPO-5 during cycling at 450°C; inset the area where metallic copper is 
detected at 15.8°. 
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These findings show that introducing both copper and vanadium into AlPO-5 and H-
ZSM-5 greatly affects both activity and selectivity towards acrolein during propene 
oxidation; however, a neutral carrier is favoured. Additionally the presence of 
vanadium promotes hyper reduction to metallic copper in VCu:AlPO-5 and VCu:ZSM-
5 despite very mild reducing conditions (1 % propene), while the monometallic 
samples only forms Cu(I) at this temperature. To our knowledge, this is the first in situ 
proof of metallic copper formed during C3H6-TPR at very mild conditions. The re-
dispersion of the metallic copper clusters was observed for both VCu:AlPO-5 and 
VCu:ZSM-5, showing reversible catalytic behaviour which might increase the catalyst 
lifetime.  
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BM01A 
 

While initially the emphasis on BM01A was on the investigation of pharmaceutically 
relevant materials, the main focus of activity is now strongly oriented towards energy-
related research. Instrumentation development targeted at in-situ experiments has also 
been an important aspect of the beamline work in recent years, particularly for studying 
catalytic reactions and hydrogen storage. The image plate system has been replaced in 
May 2012 by a hybrid pixel array detector of the latest generation (a PILATUS 2M 
detector supplied by Dectris Ltd, Baden) mounted on a very flexible and versatile 
diffraction platform. Most of the development activities in 2013-2014 have been 
concentrated on exploiting the full potential of the new detector. The diffractometer 
equipped with the PILATUS detector is shown in Fig. 1, where the special setup shown 
in the photograph has been optimized for in-situ powder diffraction measurements. In 
this case, the user group from Stavanger University was investigating the adsorption of 
gases on a zeolite. 

A recent example of the use of the PILATUS@SNBL for powder diffraction 
measurements  has  been  reported  by  Pascal  Schouwink  et al. from the University of 

 

Figure 1. Layout of the new Pilatus2M pixel detector showing the setup optimized for in-situ powder 
diffraction. 
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Geneva [Nature Communications, 5, 5706 (2014)]. Although conceived as an area 
detector for protein crystallography experiments, the Pilatus2M pixel detector turns out 
to be very well suited for powder as well as single crystal diffraction experiments. The 
Geneva group used BM01A (and other synchrotron beamlines) to characterize a series 
of 30 new hydride perovskite-like materials. The short data collection times and the 
extremely rapid read-out cycle made PILATUS@SNBL particularly useful for 
characterizing the complex temperature dependence of the structures of KCa(BH4)3, 
which revealed a series of crystallographic phase transitions. 

One of the scientific areas for which the new equipment provides significant advantages 
is the investigation of diffuse X-ray scattering in single crystals. For example, a group led 
by Alexander Tagantsev from the Ceramics Laboratory of EPFL has investigated the 
lattice dynamics of antiferroelectric lead zirconate using inelastic and diffuse X-ray 
scattering techniques and Brillouin light scattering [Nature Communications, 4, 2229 
(2013)]. The results reported by Tagantsev et al. resolve the mystery of the origin of 
antiferroelectricity in lead zirconate and suggest an approach to the treatment of 
complex phase transitions in ferroics. An elegant study of the effects of pressure on the 
diffuse scattering in a single crystal of Pb(Mg1/3Nb2/3)O3, called PMN, was reported by a 
collaborating group from SNBL and ESRF beamline staff [Z. Kristallogr. 2014; 229(3): 
223–229]. Once again, the subject of study was a ferroelectric material. They were able 
to reveal the pressure evolution of the diffuse scattering quantified in the form of the 
reconstructed reciprocal space layers. They showed, in agreement with previous 
observations, that relaxor-specific diffuse scattering disappears under pressure. They 
also quantified the pressure dependence of the anisotropy of diffuse scattering. Finally, 
they discussed the appearance of new Bragg reflections, superposed with the diffuse 
maxima, and related it to the positioning of the relaxor state in a specific region of the 
perovskite phase diagram. 
 
The combination of high brilliance and high x-ray energies provided by the bending 
magnet source at the ESRF also allows the users of SNBL to investigate the effects of 
high pressure on powders using diamond anvil cells. A most unexpected and puzzling 
phenomenon   that   can   be   observed   under   high   pressure,   is   negative   linear 
 

 
 

Figure 2. Pressure dependence of diffuse scattering in the HK0 reciprocal space layer in PNM 
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compressibility. In a collaboration between the beamline staff and the University of 
Oxford [Andrew B. Cairns et al., Nature Materials, 12, 212–216 (2013)] it was possible to 
reveal that the molecular framework material Zn[Au(CN)2]2 exhibits the most extreme 
and persistent negative linear compressibility behavior yet reported: under increasing 
hydrostatic pressure its crystal structure expands in one direction at a rate that is an 
order of magnitude greater than the typical contraction observed for common 
engineering materials. In these and similar studies, it is the combination of the excellent 
characteristics of the source and the high performance of the new generation of pixel 
detectors that opens up many exciting avenues of research in the fields of solid state 
physics and crystal chemistry using synchrotron radiation.  

Future developments on the beamline 
 
The relocation of BM01B onto another bending magnet port of the ESRF (BM31) will 
have major implications for the operation of BM01A. Once the B-station hutch has been 
vacated, we propose to move the KM6 diffractometer into the empty space. As part of 
this upgrade, we are now equipping the KM6 diffractometer with new motor controls and 
software which are compatible with the ESRF standards.  
We will then operate the two experimental hutches in series, sharing the time of access 
to the beam provided by the BM01 port. This is common practice at the ESRF, 
particularly for the CRGs in which several different techniques are often supported on 
the same beamline. In this way, we will also be properly prepared for the major upgrade 
of the ESRF planned for 2018-2020. After this upgrade, the opening angle of the 
available beam from a bending magnet port will be drastically reduced and only the 
serial mode of operation with two stations will be possible.  
Concerning the further development of PILATUS@SNBL, considerable effort is now 
focused on the organization, processing and storage of the very large amounts of data 
generated by a typical experiment. In order to define precisely the extent of the problem, 
and the demands on new software required for streamlined data processing, a joint 
ESRF/SNBL workshop (“Big data for small molecule crystallography”) will be held early 
in 2015. Without the proper combination of hardware and software, it will be difficult to 
exploit the full potential of the new generation of pixel detectors. In another area of 
technical improvements, the staff of SNBL is collaborating with Dectris Ltd. in an effort to 
determine the optimum count-rate corrections which should be applied to pixel detector. 
A joint publication on this subject will shortly appear in the Journal of Synchrotron 
Radiation. 
 
Collaboration between SNBL and external groups 
 
The Memorandum of Understanding (MoU) with the Dutch-Belgian beamline has 
continued to provide a useful mechanism for the sharing equipment and manpower, and 
for the exchange of beamtime between the two CRGs. Another MoU has been in 
existence for several years between SNBL and MaxLab in Sweden. Recently, a group 
from the BALDER beamline under construction at MAX IV visited SNBL, and 
discussions about further collaboration between the two laboratories are now in 
progress. 
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BM01B 
 

BM1B  Powder Diffraction and EXAFS 

 

Scientific results and Current status 
 
After the big infrastructure changes in the 2011 and 2012, during the last two years the 
station has concentrated on continuing its successful operation. The scientific results are 
building upon the availability of excellent data quality of both the diffraction and 
absorption techniques. The setup on this station is extremely flexible and allows for rapid 
alternations between the various techniques. Our visiting user groups extensively use 
these opportunities in order to reveal structure-functional relationships using long and 
short range information from their samples collected using in-situ experiments. Most 
(>80%) of the materials studied on the beamline have targeted applications in: catalysis, 
energy storage, sensors and environmental sciences. Despite the strong in-situ 
capabilities of this station the more traditional ex-situ experiments have not suffered in 
terms of data quality, and continue to provide outstanding results. A good illustration of 
such work was done by Smeets et al.1, published in Angewante Chemie who 
synthesized and solved the structure of a new high silica Zeolite with a combination of 
High Resolution Powder Diffraction and Electron Microscopy. Such studies provide 
fundamental structural information on new zeolites, potentially enabling the insertion of 
catalytic centers to create fascinating properties. Another good example, using EXAFS 
this time, was published in Nature Communications by Blazina et al.2 which deals with 
the understanding of the worldwide distribution of selenium in soils and crops. As 
selenium is an essential trace element needed for human health, it is important to 
understanding the mechanisms which govern its distribution and thus enabling the 
prediction of Se depleted areas in the world. This, in turn, potentially allows preventive 
measures to be taken in order to avoid human health hazards.  
No major changes have been made recently to the equipment, and the new end-station, 
build during the long ESRF shutdown on 2011-2012, has proven its enhanced 
operational efficiency (see Figure 3). 
 

 
 

Figure 3. BM01B end-station 
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Future developments on the beamline 
 
The major development, using a substantial part of both financial and human resources, 
is the planned move of BM01B to an empty bending magnet port on the ESRF storage 
ring. In mid 2016 the whole BM01B beamline will be operating from its own independent 
bending magnet port on a completely new infrastructure. The design of the new 
infrastructure is well under way and shown in Figure 4. 
 
The new implementation will allow the former SNBL B-station (renamed as BM31), to 
continue its operation after the ESRF source upgrade in 2018. This would not have been 
possible with the  existing  shared  operation together with BM01A on one common 
ESRF bending magnet port. The planned new source - a multipole wiggler instead of a 
bending magnet- will be installed during the 2018/19 ESRF upgrade. It will increase the 
flux on the sample by at least a factor of two already without modifications to the x-ray 
optics. The extra space available on the new beamline also enables the development of 
optimized optical schemes and new detector systems to be implemented around the 
sample. Design studies are currently being made to fully exploit the new space in the 
future. The infrastructure work has already advanced sufficiently such that the first 
orders are about to be placed. 
 
 

 

 
Figure 4.  The new BM31 infrastructure 
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Collaborations between SNBL and external groups 
 
Collaborations are a very important part of the activities at SNBL, as it is often beneficial 
for many of the users of the beamline. The results often reach out to a significant part of 
the SNBL or synchrotron community, as explained below. Hence several formal 
collaborations have been established between beamline staff and user groups providing 
both additional funding and manpower. More precisely, an international collaboration 
between the Norwegian University of Science and Technology NTNU in Trondheim, the 
Institute of Chemical Research Catalonia ICIQ in Tarragona and SNBL is now in full 
swing. This collaboration has funded the 12 million pixel CMOS detector (Abdala et al.)3 
for fast diffraction, complementing the station such that EXAFS and powder diffraction 
measurements can now be performed on the same times scale (a few ~10s). On the 
same project, chemometric data analysis tools are currently being adapted for 
absorption measurements to efficiently exploit the enormous data streams coming from 
SNBL these days (Voronov et al.)4. This will not only serve the SNBL user community 
but has potentially a much wider impact. 
The new diffraction capabilities are now successfully exploited on daily basis by many of 
the users of this station, the project has also triggered a follow up collaboration between 
the “Foundation for Scientific and Industrial Research”, SINTEF, the University of Oslo 
UIO and SNBL. This collaboration intends to further develop the use of the CMOS 
detection system for Total Scattering experiments at SNBL. In this context the 
combination of the newly installed focusing 2nd crystal for high energies, providing one 
order of magnitude more flux on the sample, and the CMOS detector are potentially a 
perfect match. First results are very promising and analysis in ongoing. 
Informal collaborations between beamline staff and Swiss and Norwegian users groups 
occur naturally as part of the activities on the beamline. These collaborations are 
especially fruitful when specialized sample environmental cells have to be developed. 
Such projects need to take into account a complex set of boundary conditions both for 
the chemical process in question but also for the x-ray diffraction and absorption 
characteristics of sample and compatible window materials. Hence the know-how of 
both beamline scientist and user groups has to be combined. A successful project 
between UIO and SNBL has led to the development of an automated sample changer 
for electrochemistry now already available to all users (see Figures 5-6). Furthermore 
there has been some software development to combine the battery-related data 
measured by a galvanostat, with the beamline data into the same file. This ensures a 
perfect temporal match between the electro-chemical information (e.g. the charge state 
of the battery) and the X-ray data such as XANES (i.e. to probe the valence state of a 
given element) and powder diffraction (to gather structural information on the electrode 
materials). 

Another good example is a collaboration between the Eidgenössische Technische 

Hochschule Zürich ETHZ and SNBL resulting in high rank publications in Chemistry of 

Materials (Hirsch et al. and Staniuk et al)5,6 and Nanoscale (Kranzlin et al.)7. This 

collaboration deals with the elucidation of production processes by in situ crystallization 

studies on battery and sensor materials. An electrochemistry cell has also successfully 

been developed in collaboration with the Paul Scherrer Institute in Villingen PSI, and 

SNBL. The authors combined in-situ low energy titanium absorption measurements, 

already complex in itself, and high energy diffraction studies on a working battery which 

has led to a publication in J.Phys Chem C. Another collaboration between the Southern 

Federal University in Rostov SFedU (Russia), Turin University, the ETHZ, Swiss Light 
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Source SLS and SNBL has produced an impressive work presenting theoretical models 

predicting the XANES features with matching experimental data on supported palladium 

nanoparticles during temperature and pressure dependent hydrogen concentration 

variations (Bugaev et al.)8.  

 

It is clear that close collaborations between users and beamline staff enable users to 

make use of the full potential provided by the SNBL. The results of such projects often 

reach out to other parts of the user community making it a very satisfactory way to 

achieve important technical progress. 
 
 

 
 

Figure 5. Automated battery changer (a) and electrochemistry cell for diffraction (b). 
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Figure 6. SNBL data acquisition software, exchanging data with the galvanostat controller via a “device 
server” 
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SNBL - FACTS AND FIGURES  
 

 
        BUDGET (in kCHF) 
 
 
 

 
 
 
 

BUDGET in kCHF 2011 2012 2013      2014 

Personnel 1,230 1,207 1,155 1,208 

Maintenance and 
Running Costs 

300 339 450 438 

Energy and 
Consumables 

55 60 59 60 

Infrastructure 
Expenses 

250 283 262 267 

TOTAL 1,835 1,790 1,925 1,972 

 
  

Infrastructure Expenses 

Energy and Consumables 

Maintenance & Running Costs 

Personnel 
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INCOME (in kCHF)  

 
INCOME in kCHF 2011 2012 2013 2014 

Income According 
to Contract 

1,750 1,794 1,850 1,900 

Income Outside 
Contract 

760 796 72 72 

TOTAL 2,510 2,590 1,930 2,000 

 
 

EXPENDITURE (in kCHF) 
 

 

EXPENDITURE in kCHF 2011 2012 2013 2014 

Personnel 1,082 1,213 1,192 1,208 

Maintenance and 
Running Costs 

208 276 225 195 

Energy and 
Consumables 

41 34 50 49 

Infrastructure Expenses 155 169 184 202 

TOTAL 1,486 1,692 1,651 1,654 

 

Infrastructure Expenses 

Energy and Consumables 

Maintenance & Running Costs 

Personnel 

Income Outside Contract 

Income According to Contract 
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