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HIGHLIGHTS

STRUCTURE OF MATERIALS

MIXED-ANION METAL BORANES FOR SOLID
STATE Na AND Li ELECTROLYTES

Na-based materials are becoming competitive alternatives to Li-ion batteries. For all-solid battery systems, electrode
and electrolyte materials need to be developed and tested. Simple packed compounds have been discovered based on
the tetrahydroborate [BH,]- (borohydride) and the dodecahydroborate [B,,H,,]?" (closoborane) anions with very high
conductivities for Li* and Na* cations comparable to NASICON-type materials, sulphide-glasses and rivalling even
superionic f-alumina.

Much battery research is currently oriented
towards the development of all-solid state
concepts, where the liquid electrolyte, usually
based on an organic solvent that dissolves the
mobile species, e.g. Li* in Li-ion batteries, is
replaced by a polymer or solid electrolyte. The
aim is to avoid the safety issues arising with
conventional, flammableliquid electrolytes. While
such modifications eliminate the risk of dendritic
growth or failure due to bad electrochemical and
thermal stability of the cell, they pose a challenge
with respect to the mobility of charge carriers,
commonly orders of magnitude lower in the solid
state than in the liquid.

Li-ion batteries are currently considered the
benchmark technology for mobile applications.
However, tremendous efforts are being invested
on a global scale to take both mabile and
stationary applications beyond lithium. These
targets include large-scale implementations
such as grid energy storage, where low power
density can be compensated for by quantity or
size. Hence, Na-based materials could become
competitive dalternatives. For all-solid battery

Fig. 42: (a) Crystal structure of
Na3BH,B,,H,, and

Na3BH,B2Hq,

systems, electrode and electrolyte materials need
to be developed and tested.

This study deals with the solid-state electrolyte.
Electrochemically stable materials with a
large operating voltage window and a high
conductivity at room temperature (RT) are
required, potentially allowing a battery-design
that employs metallic Na as anode-material,
thus providing high capacity. lonic conduction
in a solid-state electrolyte is promoted by
vacancy-driven mechanisms as well as structural
dynamics. In particular, the bcc anion lattice
has been found to favour ionic mobility. Novel
materials that contain poly-anions [ABg]"’,
where the structure is rationalised as a salt, are
also promising. In such compounds the energy
barrier for ionic conduction is lowered due to the
rotational mobility of the poly-anion, which acts
as a “paddle wheel” on the mobile ionic species,
loosely bound in the host framework.

A number of solid state boranes are available
to materials scientists exploring the conductive
properties of complex hydrides. The present

(b) (Lig7Nag 3)3BH,B,H,,; mobile
species (Li*,Na*) in green, boron as
red spheres, [B;,H,,]>" as molecule.

(c) and (d) Conduction pathways for
Na (grey) and Ui (brown).

(e) Comparison with the
prototypical relationship between
CrB and FeB; boron in red.
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i

Nu;B-,ZHA,;,'NaBHL‘

investigations were inspired by reports on the
superionic high-temperature (HT) phases of
Na,B;,H;, and Na,B;,H,,. These phases reach
HT-conductivities above 0.01 S cm™', however
they are not stable at RT.

Here, we explore anion-mixing of the
tetrahydroborate [BH,]” (borohydride) and the
dodecahydroborate  [B,,H,,]?- (closoborane)
anions, attempting to build stable anion-
sublattices of high crystal symmetry using
the larger closoborane, while implementing
additional  rotational mobility  with  the
borohydride anion. We discovered simple packed
compounds and provide a roadmap based on
crystal chemistry arguments to explore the
phase diagram Na3BH,B,;H,, - L3BH,Bq,H4s
in a search for further anion-mixed single- and
double-cation conductors.

Na3BH,B,,H-, and (Liy;Nay3)3BH,B,,H,, show
very high conductivities of close to, and above,
1071 S em~1 at 500 K (Figure 42). To monitor HT
reactions forming the solid electrolytes, we chose
to work with the 2D Dectris Pilatus detector
at BMO1A, which allows very high counting
statistics to be acquired at a fast rate (Figure 43).
The crystal structures of the novel materials
(Figure 42) provide evidence of localisation of
the mabile species, Na* and Na*/Li*, respectively,
in the structural fragments containing the
borohydride anion, supporting the concept of
anion-engineering, one of the initial aims of this
project.

Topologically, a 7T-dimensional conduction
path is accessible to the Na-species in
(Lig;Nag 3):BH,B,;H,,, while a 2-dimensional
path is available to Li (Figure 42), theoretically

PRINCIPAL PUBLICATION AND AUTHORS

Superionic conduction of sodium and lithium

in anion-mixed hydroborates NasBH,B,;H,

and (Liy ;Nag 3);BH, B, ;H,,, Y. Sadikin, M. Brighi,

P. Schouwink and R. Cerni, Adv. Energ. Mater.
1501016 (2015); doi: 10.1002 /aenm.201501076.

(Switzerland)

1 1 1 G (S | !
2 25 3 35 & 45
103 T (K

Na;Bq2H12:LiBH,
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2 theta (deg)

Fig. 43: (a) lonic conductivities obtained from impedance spectroscopy.

Typical NASICON and p-alumina materials in the shaded field.

(b) In situ temperature-dependent diffraction data for the reaction forming

NaBH,B4;H4; and (c) (Lig ;Nag 3)3BH,B4sH».

both species can conduct. However, the material
1s subject to a reversal chemical reaction upon
cooling, and dissociates to its precursors. Upon
heating, it again forms the superionic phase at
500 K (Figure &3).

Na3BH,B,,H,,, on the other hand, is formed by a
reaction between Na,B,;H,> and NaBH, at 673 K,
and is stable at RT. The 2D conduction pathways
allow this phase to reach RT-conductivity values
closeta 10-2Sem-1, comparable to NASICON-type
materials, sulphide-glasses and rivalling even
superionic -alumina. Next to the electrochemical
stability of Na;BH,B,,H,, (up to 10 V) and the
favourable mechanical properties due to the
material softness, the high RT-conductivity
implies the potential use of Na-metal as anode.
Furthermore, the reducing nature of the matenal
minimises the risk of surface reactions on the
electrode.

Our structural analyses have revealed a most
striking similarity to the relationship between
different stacking variants of metal-borides,
which points towards the existence of further
electrolytes in the Na;BH,B,,H,; - Li;BH,B5H45
diagram, simply related by polytypism.

Laboratory of Crystallography, Department of
Quantum Matter Physics, University of Geneva
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STRUCTURE AND PROPERTIES OF COMPLEX

HYDRIDE PEROVSKITE MATERIALS

Borohydride perovskites pave the way to functional design in complex hydride materials for energy-
applications. A novel mechanism is suggested for symmetry-design in perovskites, arising from the hydridic
nature of hydrogen and inverting the temperature-dependency of lattice instabilities.

Perovuskite materials are ubiquitous in materials
science because of their distinct adjustability
of physical properties and the readiness to
incorporate most chemical elements from the
periodic table. Slight alterations of the crystal
structure can induce dramatic changes in the
physical properties. Widely known as reducing
agents in organic chemistry, the high hydrogen
content per unit mass/volume and the rich
structural dynamics of metal borohydrides have
triggered vast investigations on their energy-
related implementation as materials for solid-
state hydrogen storage and all-solid batteries.
Initially this was driven by the potential to
develop LiBH, into a storage medium for on-
board automobile applications. The motivation
behind metal borohydrides in the materials
science community hence directly targets a
prime issue of modern consumer societies.

Due to the hudridic nature of hydrogen in the
BH,-molecule, borohydrides are somewhat an
outsider, chemically speaking. The covalently
bound hydrogen in molecular chemistry
commonly carries a positive formal charge
(protic hydrogen).

Fig. 44: (a-b) Q)

Formability field

(green) of borohydride ~ “Na [0.819 0789 0.789 0781 0747 0707 0709
perouskites based on K 10900 0.867 0.867 0.855 0.820 0.776 0.779
octahedral vs. tolerance Rb (0917 0.883 0.884 0875 0836 0797 0793 0795 0.777 0.759
factor ¢ (listed in G (0956 0921 0921 0912 0872 0825 0827 0822 0810 0792 0.787
table (a). The AM(BH,); NH, |0.947 0.846 0.846 0.837 0.800 0.757 0.760
structure is shown
in(c). 0.8 ;
(d) Sub-groups of the ByoH12BH, Csy: ra/ry = 1.07, t | 0.86
cubic aristotype, green b) haHioBH,Csy; /i =107, O:
circles correspond to 8+ Cs3Gd(BH,)g
crystal symmetries 07E
of discovered L]
borohydrides. ? [
RbCa(BH,);
0.6
X o
\m o o0 0 o ..
-
0.5 . CsMg(BH
°, el ©, g(BH,);
o 7 LR}
0.4
AM(BH,),
1 1
0.7 0.8 10
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Despite the application-oriented search for
novel complex hydrides, the rational structure-
property design of metal borohydrides is still in
its infancy. The principal objective of this study
was to provide an extensive characterisation
of a host material capable of meeting the
requirements of genuine functional design, in
order to take borohydrides beyond hydrogen
storage applications in the future. Ideally, such
a host material is of reduced complexity and
superior stability.

Motivated by our previous discovery of a double-
cation borohydride KMn(BH,); crystallising in
the perouskite lattice, this structure type was
systematically explored leading to the discovery
of over 45 different materials whose formability
criteria were evaluated based on the commonly
used Goldschmidt tolerance factor (Figure 44),

We began to study this field on powder
samples prepared by mechanochemistry using
the Dectris Pilatus M2 detector at BMO1A,
systematically heating the sample to its
decomposition (detection of thermal stability).
With the resulting materials, we have managed
to produce metal borohydrides with unforeseen

RbY CsY CsGd

SNBL 2015-16




physical properties such as photoluminescence,
magnetic refrigeration, semiconductivity,
and proton-hydride interactions between
cations NH,* and anions BH,~ which facilitate
H,-formation. Simple concepts such as the
tolerance factor and ionic substitution were
applied in order to obtain a desired property,
following the established approaches for metal-
oxide perovskites.

An unexpected structural trend was revealed for
metal-borohudride perovskites. For perouskites
in general, both the rotation (tilt) of MOy
octahedra and atomic displacements tend
to vanish upon heating due to an increase in
crystal symmetry, likewise for polar physical
properties, such as an electric dipole moment.
But for AM(BH,); (A: alkali metal, M: bivalent
metal), we often find this trend to be reversed,
hence stabilising lTow crystal symmetry at
high temperature, and providing the structural
requirements for polar properties. Qur working
hypothesis assigns the origin of this behaviour
to interactions between molecular

HIGHLIGHTS

STRUCTURE OF MATERIALS

the BH, molecule and lattice modes stabilising
the crystal symmetry communicate with each
other.

Theoretical solid state calculations provided
further insight into the transformation
mechanism, pointing towards the crucial role
of close homopolar repulsive di-hudrogen
for the structural behaviour of AM(BH,);
(Figure 45). As well as providing a stable host for
functional design, the borohydride perovskite
hence incorporates weak interactions, which
define structure and packing in melecular and
supramolecular chemistry, into a structural
behaviour otherwise controlled by lattice
vibrations. Meanwhile, the role of these
interactions in AM(BH,); has been verified
by quasielastic neutron scattering studies of
BH,, reorientations [2] and single crystal X-ray
diffraction performed at BMO1A on the first
double-cation metal-borohydride single crystal
[3]

B-H vibrations and lattice
vibrations and hence proposes
a novel mechanism useful for
tailoring perovskite symmetries
[1]. For instance, a prominent
lattice instability (R-point) of
symmetry Pnma is activated upon
heating KCa(BH,); into the HT-
phase (Figure 45). A discrete step
in the bandwidth of the Raman
B-H stretching signature concurs
with the structural transition,
suggesting that internal modes of

2012

A -
a =<}
T 1

HWHM (cm-1)

¥
F -

-
L\¥}

a%a0¢* 11.4

a—a~c*

Fig. 45: (a) Changes in structure
during the high-temperature phase
transition of KCa(BH,);, followed by

in situ powder diffraction and Raman
spectroscopy; (b) The corresponding
apolar parent distortion; (c) relevant
short H---H contacts within the
Ca(BH,)s-octahedron.
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P. Schouwink (a), M.B. Ley (b), A. Tissot (c),

H. Hagemann (c), T.R. Jensen (b), L. Smréok (d) and
R éemg (a), Nature Cormm. 5, 5706 (2014)

(a) Laboratory of Crystallography, Department

of Quantum Matter Physics, University of Geneva
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SPIRAL SPIN-LIQUID AND THE EMERGENCE OF A

VORTEX-LIKE STATE IN MnSc,S,

The A-site spinel MnSc,5, is a promising
candidate to realise the spiral spin-liquid state
[1.2]. In MnSc,5,, Mn?* (5 = 5/2) ions occupy
the A-sites and constitute a diamond lattice as
is shown in Figure 27a. The bi-partite character
of the diamond lattice allows the definition of
the J,-J, model, with the ferromagnetic J, and

[ 28 N

Fig. 27: a) Mn* ions in MnSc,5, constitute a diamand lattice,
b) The predicted spiral surface (grey) in MnSc 5, with the

0 010203040506

frustration ratio J,/7, = 0.85.

0 010203040506

H(r.lu.)

H(r.lu.)

Fig. 28: a) Diffuse neutron scattering results measured on DNS
at 2.9 K. The 50 K data has been subtracted as the background.
b) Monte Carlo simulation results using the J,-J, model with a

HIGHLIGHTS 20%

frustration ratio of 7,/J, = 0.85.

SCIENTIFIC HIGHLIGHTS

SNBL 2015-16

Spiral spin-liquid is a short-range correlated state where spins fluctuate collectively as spirals in

real space. Such a correlation is highly unusual: in conventional paramagnets, spins fluctuate in a
completely random fashion. We present direct experimental evidence for the existence of the spiral
spin-liquid state in A-site spinels, reveal the multi-step ordering of the spiral spin liquid and discover a
vortex-like triple-g phase on application of a magnetic field.

the antiferromagnetic 7, couplings. In the weak
frustration regime of J,/J, < 0.125, the spin
correlations are similar to that of conventional
paramagnets. However, in the strong frustration
regime of J,/J, > 0.125, the propagation vector
will form a continuous surface in the reciprocal
space, shown in Figure 27b. Since each g-vector
on this surface represents a spiral state under the
mean-field theory, such a continuous surface is
named the ‘spiral surface’. Previous experiments
using a powder sample of MnSc,5, have revealed
a long-range order transition at T, = 2.3 K and
suggested the existence of the spiral surface at
T > T, [3]. However, direct proof of the spiral
surface was missing, which requires single
crystal samples.

Recently we succeeded in growing single
crystals of MnS5c,5, using the chemical
transport technique. To check the quality,
we performed  single-crystal  synchrotron
diffraction experiments at beamline BMO1
(Swiss-Norwegian CRG beamline). Altogether
2738 Braag reflections were collected at room
temperature, our refinement of the spinel
structure did not detect any Mn-Sc anti-site
disorder and confirmed the good quality of our
single crystals.

To study the short-range correlations in MnSc,S,,
we performed polarised neutron diffuse scattering
experiments on DNS at MLZ. Figure 28a presents
the results measured at T = 2.9 K. A squared
ring feature near the Brillouin zone boundary
can be clearly resolved, which is consistent with
the existence of the spiral surface. Considering
that the spiral surface extends towards the zone
boundary with increasing frustration ratio 7,/7,,
it is clear that the frustration should be strong in
MnSc,S,.

To fix the frustration ratio J,/J, in MnSc,S,, we
performed classical Monte Carlo simulations
using the ALPS package [4]. As shown in
Figure 28b, the simulation results with
J,/7, = 0.85 can reproduce the observed squared
ring feature very well. Such a high ratio of
J,/1, puts MnSc,S, deep in the spiral spin-liquid
phase [1] and thus the observed ring feature is
direct evidence of the spiral surface.



Besides the spiral spin-liquid state, we also
investigatedthelong-range ordered stateat 7<T7,,
performing single crystal neutron diffraction
on THCS at SINQ of PSI and spherical neutron
polarimetry on TASP with MuPAD at SINQ and
IN22 with CryoPAD at ILL. Our experiments
revealed multi-step transitions: at 2.2 K, the
system first enters a sinusoidally modulated
collinear phase with g = [0.75 0.75 0]; at 1.64 K,
it then enters a transitional incommensurate
phase with g = [0.75+0.02 0.75+£0.02 0]; and
finally, at 1.46 K, the system enters a helical
phase with g back to the [0.75 0.75 0] position.
Such a multi-step transition is direct evidence
of the importance of perturbations from the
third-neighbour coupling J; and the dipolar
interactions [2].

PRINCIPAL PUBLICATION AND AUTHORS
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ELECTRONIC STRUCTURE, MAGNETISM AND DYNAMICS

Under a magnetic field along the [001] direction,
atriple g phase with X, g, = 0is observed through
the analysis of the domain population. Although
neutron diffraction is not sensitive to the phase
factor, candidate structures all exhibit a winding
feature for the spin components in the [111]
plane. Therefore the observed triple-g structure
is in fact o vortex lattice. We note that the
g-combination rule of the triple-g phase is very
similar to that of the skyrmion lattice [5].

Spiral spin-liguid and the emergence of a vortex-
like state in MnSc,S,, S. Gao (a,b), 0. Zaharko (a),
V. Tsurkan (c,d), Y. Su (e), 1.5. White (a),

G.S. Tucker (a,f), B. Roessli (a), F. Bourdarot (g),
R. Sibille (a,h), D. Chernyshou (1), T. Fennell (a),
A. Loid] (c) and C. Rileaq (a,b), Nature Physics
(2016); doi: 10.1038/nphys3914,

(a) Laboratory for Neutron Scattering and
Imaging, Paul Scherrer Institut, Villigen PSI

(b) Department of Quantum Matter Physics,
University of Geneva (Switzerland)

(c) Experimental Physics \ University of Augsburg
(Germany)

(d) Institute of Applied Physics, Academy of
Sciences of Moldova, Chisinau (Republic of
Moldova)

(e) Jilich Center for Neutron Science JCNS-MLZ,
Forshungszentrum Jilich GmbH, Outstation at

(f) Laboratory for Quantum Magnetism, Ecole
Polytechnique Fédérale de Lausanne (Switzerland)
(g) CEA et Université Grenoble Alpes, INAC-MEM-
MOM, Grenoble (France)

(h) Labaratory for Scientific Developments and
Novel Materials, Paul Scherrer [nstitut, Villigen PSI
(Switzeriand)

(1) Swiss-Norwegian Beamlines at the ESRF,
Grenoble (France)

(Switzerland)
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At ambient pressure, only three iron oxide
polymophs were known, FeQ, Fe,0,, and Fe,0,.
Recently, several new iron oxide polymorphs
with hitherto unknown stoichiometries have
been discovered under high pressure conditions
[1,2]. Among them, Fe,O, looks particularly
exciting as it can be readily quenched at ambient
pressure [1]. We have performed a series of low-
temperature studies on a recently-discovered
high-pressure polymorph of iron oxide, Fe, O, [1]
and discovered a new type of charge-ordering
transition involving the formation of competing
dimeric and trimeric ordering within the chains
of Feions, as revealed by X-ray diffraction studies
at beamline BMO1, SNBL. These findings were
supported in neutron diffraction experiments
and in measurements of magnetic and transport
properties. To date, such exotic transitions have
never been observed, and, hence, it brings new
perspectives on charge-ordered states and
transitions.

At ambient conditions, Fe O, crystallises in a
Cafe,0.-type structure featuring linear chains
of actahedrally-coordinated iron ions and linear
chains of FeQ, trigonal prisms along the g-axis
(Figure 129a,c). This compound cantains equal
amounts of Fe?' and Fe* ions, and like another
mixed-valent iron oxide, magnetite (Fe,0,)
it is a good electrical conductor owing to a
charge transfer between Fe?** (charges) and Fe®*
{(vacancies). Magnetite is known to undergo a
charge-ordering phase transition below 125 K,
which is accompanied by a jump in electrical
resistivity [3]. This transition in magnetite
had been discovered by Verwey in 1939 [3],
but only recently by means of single-crystal
X-ray diffraction, the charge-ordering pattern
in its low-temperature phase has finally been
uncovered to involue ‘three-site-distortions’,
called ‘trimerons’ [4]. Analysis of the bond
valence sums in the lattice of Fe, O, indicated the
mixed valence states of iron at the octahedrally-
coordinated sites (Figure 129c), and, hence, one
could expect that Fe,O. also undergoes some
charge ordering at relatively low temperatures.

The high-quality single crystal X-ray diffraction
patterns of Fe, O, collected at beamline BMO1
demaonstrated the appearance of superlattice

HIGHLIGHTS
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T
NEW TYPE OF CHARGE-ORDERING TRANSITION
IN THE NOVEL IRON OXIDE Fe, O,

Synthesis of new classes of compounds can lead to discoveries of novel physical phenomena as well as
innovative applications. Fe, O, is the first member of a very recently discovered family of iron oxides that can be
synthesised only under high-pressure conditions. A multi-technique study of Fe,O, reveals that it undergoes a
unique charge-ordering transition below 150 K that involves competing dimeric and trimeric ordering within the
chains of Fe ions. This electronic transition drives an intricate incommensurate distortion in its crystal structure.

a) T=260K b) T=100K
- . - L]
. 3 . . =

Fig. 129: (a, b) Examples of reciprocal lattices of X-ray diffraction
intensities of Fe, O at 260 K and 100 K (c) Crystal structure projected
down the a-axis at room temperature. d) Crystal structure of Fe O,
projected along the c-axis at room and low temperatures.

100

-3
[=]
1

200 ym

Electrical resistivity (2 cm)
=
—t —
T T

s 1

001 Il 1 1 1 L L
] 50 100 150 200 250 300
Temperature (K)
reflections upon cooling below 150 K

(Figure 129a,b). Analuysis of these patterns
revealed that the Tow-temperature structure is
incommensurately modulated and contains the
Fe dimers and trimers within the chains of the
octahedrally-coordinated iron (Figure 129d).
A constant Fe-Fe distance of 2.861 A (at 4 K) in
the trigonal chains of ferrous iron enabled the
dramatic shortening of some interoctahedra
distances (marked bu elongated ellipsoids in
Figure 129d) to be highlighted. Each chain of

Fig. 130: Temperature
dependencies of electrical
resistivity of Fe, O, in
0and 12 T magnetic
fields (blue and green
curves, respectively).
These curves exhibit a
bend at 150 K {marked
bu the arrow), indicating
a ‘metal-insulator’-type
transition. & phatograph
of the Fe,0, sample is
included.
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the octahedral cations contains either dimers
composed of Fe?*-Fe** pairs with one shared
electron, or trimers composed of one Fe®*
and two Fe? jons, similar to the trimerons in
Fe,0, [4] (Figure 129d). This unusual charge-
ordering transition in Fe,O; is concurrent with
a significant increase in electrical resistivity

(Figure 130), and therefore, it may be classified
as a “metal-insulator”-tupe transition. The
magnetic susceptibility measurements and
neutron diffraction establish the formation of a
collinear antiferromagnetic order above room
temperature and o spin canting at 85 K that
gives rise to spontaneous magnetisation.

PRINCIPAL PUBLICATION AND' AUTHORS
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Capturing metal-support interactions in situ during the reduction of a Re
promoted Coly-Al2O3 catalyst

N. E. Tsakoumis,*2 R. E. Johnsen, ? W. van Beek, ¢ M. Rgnning, 2 E. Rytter, 29 and A.
Holmen 2

aDepartment of Chemical Engineering, Norwegian University of Science and Technology (NTNU), NO-
7491 Trondheim, Norway.
bDepartment of Energy Conversion and Storage, Technical University of Denmark, DK-4000 Roskilde,
Denmark.
cSwiss—Norwegian Beamlines at ESRF, BP 220, Grenoble 38043, France,
dSINTEF Materials and Chemistry, NO-7465 Trondheim, Norway

Catalyst activation is a critical step in the start-up procedure for most industrial
heterogeneously catalysed processes. Commonly a solid precursor is subjected to
conditions that allow its transformation to the catalytically active component. In many
catalytic applications, the metallic surface of nanoparticles (NPs) is the active phase
and therefore reduction of supported metal oxide precursors precedes. The reduction
process is affected by various parameters such as the nature of precursor, the size of
the nanoparticles, the reactivity of the support and the reducing atmosphere.
Execution of catalyst activation has an impact on the final catalyst structure, involving
risks of sintering or a low final degree of reduction [1]. Often catalyst activity and
selectivity are related to the reduction extend and the NP size [2]. Consequently,
deep control through understanding of phase evolutions during activation protocols is
important for the optimization of catalyst performance. In the last decades, in situ
investigations have boosted catalysis research and allowed the deconvolution of
complex phenomena like catalyst activation [3].

Cobalt NPs supported on high surface area porous materials such as y-Al20s,
are used in various industrial processes like Fischer—Tropsch synthesis (FTS) [2] and
the hydro-desulfurization reaction [4]. Commonly the active Co© phase is formed by
H2 reduction of the Co304 spinel precursor produced after drying and calcination of
the impregnated source. Reduction of promoted and un-promoted y-Al2O3 supported
Co0304 NPs has been studied in detail. From the majority of the reports, it is evident
that the reduction is a two-step process that reaches polycrystalline metallic Co
through a CoO intermediate. The use of dopants like Re promotes the reduction
process most likely through H2 spill-over effects [5].

Although most of the reports agree on the steps of the reduction procedure,
formation of mixed compounds of Co with the y-Al20s support during reduction has
been debated. The mixed phase, due to its amorphous nature, low concentrations
and possible chemical similarities with divalent Co species present in other Co
oxides, is difficult to be probed. Commonly the high temperature (> 600 °C) region of
temperature programmed reduction (TPR) profiles is linked to Co species that are
difficult to be reduced as a result of strong interaction with the support [6]. The Co-
support interaction has been indirectly detected for catalysts calcined at high
temperatures (> 500 °C) by the lattice expansion of Al2O3 as observed by ex situ
XRPD performed after calcination [6]. Rutherford backscattering spectrometry (RBS)
and X-ray Absorption Near Edge Structure (XANES) studies also suggested that the
formation of such compounds is size sensitive and takes place during catalyst
calcination [6,7]. Furthermore, detailed TPR and XANES studies pointed at the
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formation of such compounds during catalyst reduction [8,9] and at the onset of
Fischer—Tropsch synthesis [10].

Here reduction of a Re promoted Co/y-Al203 catalyst was monitored in situ by
synchrotron X-ray powder diffraction (XRPD) under Hz environment. Whole powder
pattern analysis revealed a non-linear expansion of the unit cell of y-Al203 during the
reduction process, suggesting diffusion of Co cations into the structure of the
support. The non-linear cell expansion coincided with the formation of CoO phase. In
addition, space resolved diffraction at the inlet and outlet of the reactor evidenced a
negative effect of the partial pressure of indigenous H20(g) on the reduction process.

10° swing

o U

X-ray
beam

To MS 16 18 20 22 24 26 28
26 (9)

Figure 1. Representation of the used set-up (BM01A) configuration together with a 3D representation of
the in situ cell and a contour plot of the obtained data set showing the main crystalline phases evolving
during the course of reduction.

The catalyst used in this study consists of 20 wt% Co, 1 wt% Re supported on a
high surface area y-Al2Os. The catalyst was prepared by aqueous co-impregnation of
Co(NOs3)2:6H20 and HReOa. In situ XRPD measurements were performed at stations
BMO1A and BMO1B of the Swiss-Norwegian Beamlines (SNBL) located at the
European Synchrotron Radiation Facility (ESRF) in Grenoble, France. A quartz
capillary based in situ cell has been used [11]. A vertical hot air blower heated the
sample. Swing movement of a few degrees was applied for increased diffraction
signal statistics (BMO1A). A scheme of the experimental configuration together with
the design of the cell and a contour plot of the acquired diffraction patterns can be
seen (Fig. 1). The Co304 NPs were reduced by exposing the catalyst to a pure H2
flow of 2.5 ml/min at ambient pressure, while the temperature was increased from 25
°C to 400 °C at 3 °C /min. The temperature was held at 400 °C for 4 hours (BMO1A).
For the TPR-XRPD experiment a temperature range from 100 to 700 °C was applied
(BMO1B).

At the examined temperature range and with the linear temperature ramp of 3
°C/min, a linear thermal expansion of the y-Al2O3 support is expected [12].
Nevertheless, a sudden increase in the unit cell dimensions of y-Al203 is observed at
temperatures exceeding 190 °C. This deviation from linearity coincides with the
formation of CoO (Fig. 2). The non-linear behaviour suggests that partial
incorporation of Co?* ions into the y-Al20O3 lattice occurs. Extrapolation of the linear
part at 270 °C and its comparison with the observed value at the same temperature
reveals a 0.064 % increase in the lattice constant and an expansion of the unit cell
volume equal to 0.19 % (Fig. 2).
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Figure 2. Normalised X-ray diffraction patterns from 250 °C to the reductions end, obtained by the
subtraction of the diffractogram with CoO at maximum intensity (at 250 °C), showing the formation of
metallic Co (top half) and disappearance of CoO (bottom half), (left). Variation in the lattice constant for
y-Al,03 and CoO as a function of reduction temperature (right), A = 0.7042 A.

Line broadening analysis on the (440) reflection of y-Al203 (not shown here) supports
the above observation. Peak broadening occurs simultaneously with the formation of
the CoO phase, suggesting that micro-strain is induced by Co diffusion and leads to
cell expansion or the formation of a new phase. The transition from the amorphous to
the crystalline CoO has an initial unit cell with a lattice constant of 4.243 A. As the
CoO crystallites grow, a significant expansion of the cell can be seen that cannot be
merely explained by thermal effects. At about 225 °C the lattice parameter is
stabilizing and further characterized primarily by the thermal expansion of CoO (Fig.
2).

It is suggested that diffusion of Co?* cations takes place at sub-surface layers
of y-Al203 and grain boundaries of the 10 nm crystallites that are binned together,
forming the y-Al203 porous structure. Apparently, deeper diffusion of individual Co
atoms into the y-Al203 bulk also occurs. The interfacial area between Co NPs and the
support may also provide a minor contribution to the observed expansion. Solid-state
reactions of y-Al203 with transition metal cations of low valence have previously been
identified to proceed through counter-diffusion of metal in divalent state and Al3* ions,
yet at much higher temperatures and under Oz rich environments [13].

Co,0 ] CoO 1 —e— Inlet Cofoc

—ea— QCutlet

Intensity (a.u.)

Ttransition

200 400 200 400 200 400 600 800
temperature (°C)

Figure 3. Peak Intensities of selected reflections for Co304 (220), CoO (220), hep-Co (101) and fee-Co
(200) in the inlet and the outlet of the reactor, A = 0.5052 A.
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Figure 4. The d-spacing of (440) reflection of y- Al20s (red) plotted together with the intensity of CoO
(blue), A = 0.5052 A.

The reactor profile was analysed during catalyst reduction on a TPR-XRPD
experiment (BMO1B). Inlet and outlet were probed sequentially. The results are
presented in Fig. 3 and Fig. 4. It becomes apparent from the steep increase at ca.
160 °C in the d-spacing for y-Al20z that diffusion of Co?* cations occurs in the entire
length of the reactor during the reduction process. It is also observed that the
phenomenon is irreversible, even at temperatures as high as 700 °C (Fig. 4).
Besides, the reactor outlet exhibits a delay of the reduction process. The delay
concerns both reduction steps. The CoO intermediate at the outlet reaches its
highest intensity approximately 20 °C higher than the observed maximum for the
inlet. The evolution of both fcc and hcp Co phases are equally delayed. Furthermore,
the phase transition of metallic Co from the hcp to the fcc structure, although not well
resolved in the current dataset, appears to occur at temperatures above 450 °C ,
temperature higher than the fcc — hcp transition of bulk Co or Co NPs supported on
weakly interaction carbon [14]. This delay in transition temperature could be linked to
the developed metal-support interactions.

Although the high temperature chemistry of this solid-state reaction resulting in
a rich in Co?* Tq crystalline CoAl20a4 spinel is reasonably known, the formation of the
non-stoichiometric compounds that lack long range order under H2 conditions is
difficult to detect. Here we take advantage of the global information that is obtained
from in situ synchrotron X-ray diffraction patterns and contains both the changes in
the state of the catalytically active compound as well as in the support. The
expansion of the unit cell of the y-Al203 support is an indirect evidence of partial
diffusion of Co?* that takes place during the first step of the reduction process
coinciding with the formation of Co?* On. The Co-support interaction has been
captured in situ. The observation supports the hypothesis of the existence of an
amorphous Co containing layer covering major surface area of y-Al2Oz after aqueous
impregnation [15]. It has also been demonstrated that the overall reduction process is
inhibited by H20() generated in situ during the process.

The present findings provide a better understanding of the nature and possible
influence of the Co-support mixed compounds that form during H2 activation on a
Re/Coly-Al203 catalyst. Such synchrotron experiments can also aid investigations on
catalyst preparation procedures that are aiming at minimizing losses of the active
metal. Ultimately, optimization of reduction kinetics for the formation of a catalyst with
balance between performance (high degree of reduction) and better stability
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(sintering prevention, due to increased metal-support interactions) can be
investigated further in light of the assessed onset of Co-support interactions.
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Sodium-ion batteries (SIBs) may become an inexpensive alternative to lithium-ion
batteries (LIBs) for large-scale stationary storage of energy generated by intermittent
renewable sources. Wide-spread abundancy and low cost of Na makes this
technology particularly attractive. Similarities in Li and Na chemistries should facilitate
a fast and cost effective scale up of SIB technology.

The current options for suitable SIBs anode materials are limited because most
known materials suffer from insufficient cycling stability and/or low energy density.
Hard carbons were found to exhibit suitable properties for use in SIBs and are
considered to be the anode material of choice for the first generation of SIBs [1].
However, relatively low gravimetric and volumetric capacities limit their energy
densities and low voltage operation raises concerns about Na metal deposition which
is associated with safety hazards.

Alloying anodes (e.g. P, Sn, Sb, Bi) are a promising class of anode materials
because they allow each anode atom to combine with several charge carriers,
yielding high volumetric and gravimetric capacities. Despite the fact that improved
performance has been observed for alloying anode materials made of nanoparticles,
the reasons for the improvement are not fully understood [2].

Lithiation and sodiation mechanisms for Bi have been reported. The lithiation of Bi
follows sequential formation of LiBi and LisBi according to the Li—Bi equilibrium phase
diagram which is fully reversible upon delithiation [3]. Reports on the sodiation
mechanism for Bi are inconsistent. Ellis et al. reported that the sodiation and
desodiation mechanisms reversibly follow the Na—Bi equilibrium phase diagram with
the formation of NaBi and NasBi [4]. Su et al. suggested Na intercalation in between
Bi layers along the c-axis based on ex situ XRD [5].

Cycling Figure 1. lllustration of the X-ray transparent
electrochemical cell and its use for combined
XRD/XAS operando studies of LIBs/SIBs at
SNBL [6].

Scan Number

In this work we used our newly
established set-up (X-ray transparent
electrochemical cells, sample changer
and interfacing software) for combined XRD/XAS operando studies of LIBs/SIBs at
SNBL (Fig. 1) [6] to reinvestigate the working mechanism of Bi as a SIB alloying

2 0 (degree) Energy (eV) Voltage (V)
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anode material. It is important to clarify the sodiation mechanism for Bi since it is
intimately linked with the cycling performance of the materials. Furthermore, it is
crucial to identify factors (e.g. crystallite size, charge rate) that may influence the
sodiation mechanism.

Micro- and nanocrystalline Bi carbon composites (Bi/C) were obtained using different
ball milling conditions. The working electrodes are composed of Bi/C, additional
conductive carbon black and poly(acrylic acid) (PAA) as binder, deposited on Al foil.
Na metal was used as a counter electrode. Working and counter electrodes are
separated by glass fibers soaked with electrolyte. The operando cell is used in
transmission mode meaning that the X-rays travel through and interact with the all
battery components. Galvanostatic cycling is

. ke performed under identical conditions with
£ respect to the home laboratory
5 electrochemical characterization in coin cells.
o
s ,
> Figure 2. Operando XRD profiles (A = 0.50648 A) of
2 micro- and nanocrystalline Bi anodes in discharged state
= (0 V). Tick marks indicate positions of Bragg reflections
T W b 1P| frNeB for hexagonal and cubic NasBi phases. The gray bars
1T rrod o1 T 1 mask reflections from Na and Al.
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Figure 3. (a/b) Voltage profile of micro-/nanocrystalline Bi anodes compared to (c/d) phase fractions of
Na-Bi phases, (e/f) number of Na per Bi calculated from the phase fractions and (g/h) the relative shift in
Bi L3 absorption edge position with respect to metallic Bi (13419 eV) for the first 1.5 galvanostatic
cycles. The relative edge shift is initially positive due to presence of Bi2Os. A shift in the absorption edge
position of an element to lower (higher) energies corresponds to a decrease (increase) of its average
oxidation state.
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Our results clearly show that in a nanostructured Bi anode the final NasBi phase has
a cubic structure (c-NasBi), while for an anode containing microcrystalline Bi,
hexagonal NasBi (h-NasBi) is formed (Fig. 2). The cubic NasBi phase was previously
only found at high pressures [7]. In both cases crystalline NaBi was found as an
intermediate phase between the fully desodiated and sodiated forms. The voltage
profiles for the first three (dis)charge steps of the two samples are shown in Fig. 1
alongside the operando XRD (phase fractions, number of Na per Bi) and XANES (Bi
Ls-edge position) results. The Rietveld XRD results were obtained by refining each
series of powder patterns in parallel as a single dataset [6]. Our results on the
reaction path of the microcrystalline Bi reversibly following the Na-Bi equilibrium
phase diagram are in good agreement with the in situ study by Ellis et al. [4]. The Na
intercalation mechanism in between Bi layers suggested based on ex situ XRD data
by Su et al. [5] was not observed for either microstructure.

nanocrystals

Capacity retention (%)
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Figure 4. lllustration of the different structural and electrochemical pathways in the Na-Bi system and
corresponding calculated total energy as a function of volume for the Na-Bi phases. c-Na3sBi was found
to be metastable, while the different polymorphs of h-NasBi cannot be distinguished in terms of energy
(difference <4 meV/Z) or using XRD. The inset shows the superior capacity retention of nanocrystalline
vs microcrystalline Bi with cycle number.

The working mechanisms for micro- and nanocrystalline Bi are illustrated in Fig. 4.
DFT calculations found c-NasBi metastable to the polymorphs of h-NasBi. Micro- and
nanocrystalline Bi anodes form different amounts of c-NazBi (4 wt. % and 92 wt. %,
respectively). c-NasBi is clearly favored in the sample with larger surface area of the
nanocrystals which indicates that nucleation and growth of c-NasBi occurs on the
crystallite surfaces.

Comparison of the structures rationalizes why this leads to improved cycling stability
(inset Fig. 4): the conversion path between NaBi and the cubic form requires fewer
and smaller structural changes in terms of chemical bonds and volume changes. This
hypothesis is supported by the deviation of the microcrystalline Bi anode from a
linear change in Na/Bi ratio with progression of the alloying/de-alloying reactions
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during discharge/charge (Fig. 3e) which is not observed for the nanocrystalline Bi
anode (Fig. 3f). The change in Bi oxidation state, i.e. the Bi L3 edge shift, mirrors the
trends in Na/Bi ratios (excepts for the X-ray amorphous Bi2O3s present during the first
discharge) for both Bi anodes (Fig. 3g and 3h) and thereby confirms that no X-ray
amorphous intermediate NaxBi phases were omitted in our XRD analysis.

The capacity degradation in the microcrystalline anode was attributed to the particle
pulverization (cracking of the crystallites) revealed by ex situ XRD analysis after
prolonged cycling: Particle pulverization reduces the particle-to-particle contacts
which are essential for maintaining electronic conductivity in the electrode and is
accompanied by the formation of inactive residuals (i.e. originally active particles
trapped inside an inactive matrix) which leads to loss of capacity with cycle number.
Our study shows that crystallite size effects can influence the performance of battery
materials by making the structural chemistry deviate from what is predicted by the
equilibrium phase diagram. Using crystallite size to direct the structural chemistry we
may thus be able to improve the lifetime of high capacity batteries effectively and at
low cost.

In continuation of our work on Bi based anodes we investigated the reaction and
degradation mechanisms of Bi2Ss as conversion-type anode [6]; and discovered
BiVO4 and Bi2(M00Oa4)s as representatives of a novel class of high performance SIB
anodes. For the latter, we will report in our forthcoming publication [8] that the initial
compounds are irreversibly converted into alloying Bi nanocrystallites confined in a
matrix of electrochemically active insertion hosts Nas«VOs4 and Naz+xMoOa,
respectively. The nanostructured composite anode thus obtained has excellent high
rate performance and retains its capacity over hundreds of cycles.
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Some of the most important nanoporous materials in industrial applications are
formed as intergrowths between structurally related phases. Further, the specific
properties and functions are often strongly related to the nature of these intergrowths.
By their nature such structures are notoriously difficult to characterize in detail and
thereby formulate a structure/property relationship. We approached the problem of
the industrially relevant CHA/AEI intergrowth system by not only getting insight into
the structure of the materials but also the crystal-growth mechanism and show that
the former is crucially dependent upon the latter.

Silicoaluminophosphate SAPO-34 is a widely used catalyst in the Methanol-to-
Olefins (MTO) process. [1] SAPO-34 gives a high selectivity to light olefins (C2-C3)
and high conversion rates due to the small pore aperture (3.8 A) and appropriate
high acid site density. [2] One of the main challenges with the SAPO-34 catalyst is
rapid deactivation due to coke formation. [3] The related material SAPO-18 is a
potential MTO catalyst and typically has a lower acid site density and lower acid
strength, hence a lower activity but longer lifetime, than SAPO-34. [4,5] CHA/AEI
intergrowths are reported in the patent literature as desirable catalysts for the MTO
reaction and can be more stable to deactivation than pure-phase SAPO-34. [6-8]
However, the structures of these intergrowths are difficult to characterize and are
poorly understood.

SAPO-34 has the same framework type, CHA, as the zeolite chabazite. [9] The
framework can be considered as layers of tilted double 6-rings (D6Rs), all with the
same orientation, in an AAAA... stacking pattern (Figure 1a, grey). Here, these layers
will be referred to as the common repeat layer. The stacking of these D6Rs gives rise
to the large, internal CHA cage (Figure 1, orange). The related material SAPO-18,
framework type AEI, is built of the same common repeat layers but stacked in an
ABAB... pattern, leading to an alternation in the orientation of the D6Rs in the [001]
direction (Figure 1, white and grey shows the alternating orientation of the D6Rs).10
This gives a different internal cage type, the AEI cage (Figure 1, blue). The AEI
cages also alternate in direction every half-unit cell due to the differences in the D6R
stacking. Since the (001) surface of SAPO-18 is isostructural with SAPO-34, it is
possible to form intergrowths of the two phases in the [001] AEI direction (figure 1 ,
bottom). However, these CHA/AEI intergrowths are not as well understood as the
SAPO-34 and SAPO-18 end-members. It is important to understand the formation of
these intergrowths in order to understand their improved catalytic activity for the MTO
process.
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Figure 1. Framework structure of SAPO-34 (top left) and SAPO-18 (top right), showing the orientation
of the tilted D6Rs and the difference in layer stacking and internal cage type. Below we see the two
possible types of stacking fault which can occur in the structures

Using a combination of XRD, NMR and AFM we have managed to fully characterise
these intergrowths. A series of CHA/AEI intergrowth materials were synthesized by
varying the silicon ratio in the synthesis gel. Typically, low levels of silicon result in
SAPO-18 and increased levels of silicon prompt SAPO-34 formation.15 A sequential
increase in silicon content from 0.0% to 7.0% silicon was used to synthesize a series
of materials with a gradual change from AEI to CHA character.

Using data collected on the high resolution powder diffractometer at beamline
BMO1B analysed with the method developed by Slawinski [9] et al in the program
DISCUS [10] we characterised the full series of samples in terms of phase fractions,
levels of intergrowth and number of layers of CHA/AEI type cages (figure 2). NMR
spectra of the as synthesised materials allowed us to differentiate the CHA cages
from the AEI cages, giving a measure which shows a striking correlation with the
XRD results (figure 2).
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Figure 2. Powder diffraction patterns for the sample series (left) and unit cell dimensions for the layered
model in DISCUS (centre). The unit cell expands as silicon content increases and phosphorus is
replaced in the framework by larger silicon atoms. (Right) correlation between the fraction of CHA-type
cages found by XRD, 3'P and 3C NMR.
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With AFM we can clearly see features related to AEIl, CHA and intergrowth
structures. Our analysis suggests that the low-energy spiral growth mechanism
promotes the formation of the defect-free end members, while intergrowths form in a
layer-by layer process, with spiral growth being prevented in the intergrowths by the
incompatibility of the CHA and AEI growth spirals (figure 3).

Figure 3. AFM vertical deflection images of selected typical intergrowth crystals; a-b) Sz ¢; ¢) S7.0; d) S17
(left) and a model showing an intergrowth crystal with incompatible CHA and AEl spirals forming on the
surface (right).

The crystal-growth observations, combined with insight from XRD and NMR data,
reveal important characteristics and complexity of the CHA/AEI system. Awareness
of fundamental crystal growth is important since the competing crystal-growth
mechanisms can have profound effects on the final structure of intergrowths and thus
can have a large effect on their function and applications. Many zeotype systems
form intergrowths that are traditionally viewed as a switching of layer stacking.
However, this is not possible if the crystal grows by spiral growth around a screw
dislocation. Consequently, this possibility must always be considered and, where
possible, investigated. Finally, an understanding of the growth of these materials
gives future opportunities for control of intergrowth formation and the possibility to
tailor the desired catalytic properties [11].
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STATUS OF FACILITY

BMO1

The main activity on BMO1 is on studying structure and functional response of various
materials ranging from pharmaceutically relevant crystals to compound used in 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
ferroelectric materials, materials for electrochemical and hydrogen storage applications.
The main instrument is a multifunctional diffraction platform based on PILATUS 2M
detector together with very flexible and versatile diffraction goniometry. The diffraction
experiment is controlled by a SNBL-developed software Pylatus that also controls
numerous sample environment tools (heaters, coolers, cryostat, user-supplied sample
cells). Most of the development activities in 2015-2016 have been concentrated on
exploiting the full potential of the system. The diffractometer equipped with the PILATUS
detector is shown in Fig. 1.

Figure 1. Layout of the PILATUS@SNBL diffractometer set for a single crystal experiment.

We have also developed new data processing tools that optimize the use of the beam
time and simplify further data processing. Recent versions of SNBL ToolBox, BUBBLE
and MEDVED are available for users at www.snbl.eu. The list of available options,
specifications, and software tools are described in the beamline paper [Dyadkin, V.,
Pattison, Ph., Dmitriev, V., Chernyshov, D. A new multipurpose diffractometer
PILATUS@SNBL J. Synchrotron Rad., 23, 3, 2016], see also Fig. 2.
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Figure 2. New software tools now avalaible for SNBL users: SNBL ToolBox, BUBBLE, and MEDVED.

One of the scientific areas for which the new equipment provides significant advantages
is the investigation of diffuse X-ray scattering in single crystals with a certain degree of
disorder. Diffuse scattering data collected at BMO1 were used to study such disorder
phenomena in a high entropy refractory alloy [Maiti, S., Steurer, W. Structural-disorder
and its effect on mechanical properties in single-phase TaNbHfZr high-entropy alloy
Acta Materialia, 106, 87-97, 2016]. This study reveals the details of the structural
disorder, a mechanism of evolution of the disorder with annealing and resulting effects
on the mechanical properties at ambient temperature.

d” ¥
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:
.
N
:
\‘%
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Figure 3. A disordered model structure (left), experimental and simulated scattering patterns (right) for a
high entropy alloy [Acta Materialia, 106, 87-97, 2016]

The diffraction platform at the beamline has also been used for the structure solution of
new materials [Ovsyannikov, S.V., Bykov, M., Bykova et al. Charge-ordering transition
in iron oxide Fe4Os involving competing dimer and trimer formation, Nature Chemistry, 8,
501-508, 2016; @ygarden, V., Fjellvag, H., Sgrby, M.H., Sjastad, A.O. Crystal Structure
of LaSrsFe3Os(OH)2:-xH20 Inorg. Chem., 55, 15, 7630-7636, 2016], for structural
characterization of materials with interesting magnetic and transport properties
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[Ansermet, D., Petrovic, A.P., He, Sh., Chernyshov, D. et al. Re-entrant Phase
Coherence in Superconducting Nanowire Composites, ACS Nano, 10, 515-523, 2016],
for studying physics and chemistry of battery materials [Monchak, M., Hupfer, Th.,
Senyshyn, A. et al. Lithium Diffusion Pathway in Lii.3Alo.3Ti1.7(PO4)s (LATP) Superionic
Conductor, Inorg. Chem., 55, 2941-2945, 2016]. Notably, in all above papers our users
combine the diffraction experiments at BMO1 with other experimental probes, such as
neutron diffraction, spectroscopy and characterization of macroscopic properties.

In these and similar studies, it is not only the excellent characteristics of the new
PILATUS@SNBL diffractometer but rather a combination of different experimental
probes that opens up many exciting avenues of research in the fields of solid state
physics and crystal chemistry. An in-situ synchrotron diffraction experiment that offers
not only structure but a functional response of the material at the microscopic level is the
key ingredient of all the above examples.

Future developments on the beamline

The relocation of BM01B onto BM31 bending magnet port of the ESRF offered some
free place for the further development of the BMO1 station. However, our main priority is
to prepare for the ESRF upgrade that would offer us much more intense beam. The
ESRF machine upgrade to a new lattice will replace existing bending magnet with a 2-
pole Wiggler source. The existing optics has to be modified in order to handle the higher
thermal load and to optimize its use with the new source. We have therefore already
started an upgrade of the existing monochromator with IDT Ltd. (UK) (Fig. 4). The
delivery and installation are planned for 2018.
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Figure 4. New monochromator for BMO1 constructed by Instrument Design Technology Ltd. UK.
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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 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”) was held in 2015. In
another area of technical improvements, the staff of SNBL is collaborating with Dectris
Ltd. Together with the Dectris team and researchers from University of Siegen
(Germany) we have carried out a test of a new detector Eiger X 500K that has 9kHz
readout frequency. The detector has been used for pioneering experiments on how a
fast switching electric field affects the domain distribution in a ferroelectric crystal which
in turn explains the macroscopic properties. These results provide unigue new insights
and show the potential of the setup. Such a fast detector installed on PILATUS@SNBL;
in combination with large area Pilatus2M would allow for time resolved diffraction
combined with reciprocal space mapping. Hence the permanent installation of this fast
detector would significantly contribute to the unique capabilities of BMO1 and is a highly
desired upgrade path.
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From BMO1B to BM31

Powder Diffraction and EXAFS Station
Current status

2016 has been a turning point in the history of the former SNBL B-Station where a long
standing wish has become reality.

So-far further developments of the SNBL station dedicated to Powder Diffraction (PD)
and EXAFS has been hampered by the reduced space due to the vicinity of the second
SNBL beamline, BMO1A. In past negotiations with our Swiss and Norwegian funding
agencies and the ESRF we got the permission in June 2014 to move our existing
beamline BMO1B to a new and independent ESRF bending magnet port: BM31.

This implied the design of new lead hutches and data acquisition cabins, followed by a
call for tender and eventually the construction of the hutches and infrastructure in
autumn 2015/spring 2016 already.

In summer 2016 we moved all our beamline components and equipment to the newly
constructed lead hutches. In an effective down time of 3 months only, the components
could be moved to the ‘new’ beamline where they were aligned and commissioned.
BM31 opened its doors for normal user operation again at the 20" of September 2016
and is fully operational again since.

Figure 5. Picture of similar view:
Former BMO1B station (left) and the new BM31 experimental station (right).

Comparing the left and the right picture, one can see that the space (and access)
formerly taken by the A-line (white piping) is now free.

The next picture show that all construction works are finished and that the new
beamline is fully operational.
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Figure 6. (Left) New BM31 optics enclosure and optical components. (Right) New hutches as seen from
the bridge linking the Central Building with the machine control room

Scientific results

Despite the complete removal and reconstruction of the entire beamline and the
resulting 3 month down-time, the scientific output has remained at very high level in
2016.

The battery set-up as described in the last years report has led to several publications
and continues to be heavily used. A detailed description of the new set-up has been
published in “Journal of Applied Crystallography” (2016) under the title “Versatile
electrochemical cell for Li/Na-ion batteries and high-throughput setup for combined
operando X-ray diffraction and absorption spectroscopy”. The paper describes the
electronic and structural changes in high-voltage Li insertion cathode material
LiMn1.5Nio.s04 and high-capacity sodium conversion anode material Bi2S3 during cycling.
In the study, where - upon (dis)charging - powder diffraction data, EXAFS and galvanic
data have been collected in a quasi-simultaneous way, it became clear that for the Bi2Ss
compound one can assign a partially reversible redox reaction to the (de)sodiation:
Bi2Sz +12Na <« NazBi + 3NaS.
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Figure 7. Measurements performed during charging and discharging of the cell.
Left: Film plot of the background-subtracted diffraction profiles (A= 0.5A); Centre: Evolution of the Bi-Ls
edge XANES spectra collected quasi-simultaneously; Right: The voltage profile upon charging and
discharging.
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One result of the study is that the crystallites (initially a few nm in size) grow with
increasing cycling number. The larger Bi particles provide less interfacial surface at
which the sulfurization of Bi can take place reversibly. The capacity fading can be seen
as a result of the irreversibility of the Bi2Ss conversion reaction, as shown by the
reduction of the Bi2Ss phase fraction formed at the end of each cycle. For a reversible
operation it is thus crucial to maintain the metal to non-metal.

A similar study appeared in “Electrochimica Acta” under the title “In operando
Synchrotron XRD/XAS Investigation of Sodium Insertion into the Prussian Blue
Analogue Cathode Material: Nai.z2Mn[Fe(CN)sJo.s3* z H20”. Again, powder diffraction
and EXAFS data have been collected on BM0O1B during charging and discharging and
the simultaneous collection of galvanostatic data. Thus the charge state could be linked
to structural and electronic properties of this material.

Upon (de)sodiation it was found that the Prussian Blue Analogue (PBA) adopts three
different phases (A,B,C). Literature and measurements suggest a cooperative
displacement of the Na-ions via dipole-dipole interactions along the cubic [111]
direction as being at the origin of this transformation.
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Figure 8. Changes in normalised XANES spectra and XRD profiles (A=0.5 A) with increasing capacity/Na
content in NaxMn[Fe(CN)e]o.s3during discharge. XAFS signal at the Mn (a) and Fe (b) K-edges. A shift in the
absorption edge position of an element to higher (lower) energies corresponds to an increase (decrease) of

its average oxidation stat. c) Bragg reflections of the cubic (220) of phase C and B. d) Bragg reflections of

the cubic (420) peak of phase B which splits in phase A. Relative intensities of the reflections correspond
approximately to the individual phase fractions.
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In essence the study shows that synthetic conditions influencing the amount of
[Fe(CN)s] vacancies and the water content are critical for the performance of
PBAs as battery material. With repeated cycling the active material loses Mn in the
form of NaMnCls which causes capacity degradation. Loss of capacity appears to be
promoted by both, coordinating water in [Fe(CN)s] vacancies and higher zeolitic
water content in the pristine material.

Another interesting development has been the object of study on the former SNB station
and presented under the title: “In situ characterization of catalysts and membranes in a
microchannel under high-temperature water gas shift reaction conditions” by Grunwaldt
et al. In this study the authors investigate the use of a Microchannel Reactor (MR) for
the water gas shift (WGS) reaction: CO + H2O <« CO2 + H2 under operando
conditions.

MR’s have a high surface to volume ratio and high heat and mass transfer coefficients
and have shown to have a high potential to intensify production efficiency. Membrane
reactors can shift the equilibrium limitation by continuously removing one of the reaction
products from the reaction area. Therefore the integration of Hz selective membranes
into MRs for hydrogen production processes was investigated.
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Figure 9. (a) Schematic drawing of the microreactor prototype for in situ spectroscopic studies of catalysts
and membranes under WGS conditions (b) Reactor window, channel plates for reactants and the produced
hydrogen, and hydrogen selective PdAg membrane foil.

The reactor showed the expected behaviour: XANES and EXAFS data (in a k-range up
to 15 A1) could be acquired on the Pd K-edge of the PdAg foil in the microreactor
during different stages: at room temperature before the channels were coated, after
coating with 10.5 wt.% Rh/CeO2 and after applying WGS reaction conditions. The
reactor remained stable and gas tight at high temperature and in CO/H20 reaction
atmosphere. This new development opens up a new technique for enhancing catalytic
processes allowing their study under operando conditions.

A beautiful study on water splitting done on BMO0O1B from a group of Swiss based
scientists was published in JACS under “Promoting Photochemical Water Oxidation with
Metallic Band Structures”. Photochemical water splitting is a hot topic in energy
research and huge efforts are made to create systems which convert energy from
sunlight directly into chemical energy (Hydrogen) by water splitting. So far, the
exploration has been mainly empirical. Elucidating the correlations between electronic
properties and catalytic activity is crucial for deriving catalyst design principles.
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Therefore, strongly correlated electronic systems with abundant and easily tuneable
electronic properties, namely La1-xSrxBOs perovskites and La2-xSrxBO4 layered
perovskites (B = Fe, Co, Ni, or Mn), were employed in this study as model systems to
identify favourable electronic structures for water oxidation. It allowed establishing a
direct correlation between the enhancement of catalytic activity and the insulator to
metal transition by tuning the electronic properties of the target perovskite families via
the La3*/Sr?*ratio.

In the XAFS data (see below) the maximum continuously decreases with increasing Sr
content (cf. absorption intensity difference relative to LaFeO3 spectrum in Figure 10(a)
(bottom)). This trend corresponds to the gradual formation of a metallic band structure
with delocalized electrons and increasingly covalent Fe — O bonds
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Figure 10. Left: lllustration on the tuning of the electronic properties of the target perovskite families via the
La3*/Sr2*ratio due to an insulator to metal transition. Right: a) XAFS data of the Fe K-edge X-ray absorption
spectra of La1-xSrFeQs, and (b) zoom into the 1s to 3d transition absorption. The bottom section of (a)
displays the absorption intensity difference of La1-xSr«FeOs(x = 0.25, 0.5, 0.75, 1.00) relative to LaFeOs

In summary, a gradual substitution of La® by Sr?* leads to an insulator to metal
transition which goes hand in hand with the significant enhancement of water oxidation
activity which introduces metallic properties as a promising parameter for water
oxidation catalyst design.

Collaboration between SNBL and external groups

The successful Memorandum of Understanding (MoU) with the Dutch-Belgian beamline
has continued to provide a mechanism for the sharing of 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. We have also
started a collaboration with ROBL CRG (Germany) that is focused on the construction
of a modified copy of PILATUS@SNBL diffractometer. Technology developed at SNBL
is recognized and exported to other groups.
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