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Why Neutrons ? 
’Neutrons tell you where atoms are  

and what atoms do’ 



Neutrons – a tailor-made probe 
• Neutron wavelength and energy ‘just right’ for condensed matter    

– structure and dynamics 

• Neutron cross-section 
–isotopic dependence 

• H / D contrast 
–nuclear form factor 

• Magnetic Moment 
–magnetic order & excitations 

• Weak probe 

–theoretical interpretation 

• Highly penetrating 
–bulk probe 

–complex SE  
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Penetration 
 

Large samples, buried interfaces, non-destructive 

Neutrons see the world in a unique way 
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Earth Science 
Studying ferropericlase helps 
understanding of earthquakes 

Chemistry 
catalyst for conversion of carbon 

dioxide to cyclic carbonates  

Cultural Heritage 
understanding molecular processes 

of preservation of polychrome 
carved wood 

Engineering 
3-D high speed tomography 

Environmental Science 
Electric-field-induced phase 
transformations in lead-free 
piezoelectric ceramics 

Life Sciences 
Structure and history of viruses 

Physics 
and 

Materials Science 
Magnetic contrast imaging for 

FeRh films 









GEM : PHASE TRANSFORMATIONS IN STEEL 

Phase formation at temperatures up to 1700oC (Tata steel). 



GEM : LOCAL 
STRUCTURES IN 

PEROVSKITES 

Bi(Ti3/8Fe2/8Mg3/8)O3  
possible lead-free  
replacement for PZT 
piezoelectric material. 
 

RMC modelling of 
provide insights 
into several unexplained  
aspects of earlier  
crystallographic studies. 
 

Locally monoclinic  
clusters accounts for  
micro-strain broadening  
required for Rietveld  
refinement using the  
rhombohedral structural model. Chong et al, 2012 

Ti 

Bi 

Fe 

Mg 



POLARIS : REACTION CELLS 

Exploit the high count rate of the new Polaris to monitor  
chemical reactions in-situ. 

Supercritical hydrothermal cell  
(Korea + Oxford + ISIS). 

In-situ microwave synthesis 
(Glasgow + ISIS). 



POLARIS : SMALL 
SAMPLE VOLUMES 

~1mm3 samples of NaNiF3 phase prepared at high p + high T 



POLARIS : REACTION CELLS 
In progress 

Microwave characterisation cell  
(Cardiff + ISIS). 

Concentration cell  
(St Andrews + ISIS). 



WISH : DEVELOPMENTS 

14T superconducting magnet. 
30T pulsed magnet. 
 

Polarization tests underway. 
 

Diffuse scattering software. 



Enabling high-profile studies 
Modulated structures High-pressure studies 

Magnetic structures 

M. J. Gutmann et al., Measurement Sci  

Technol 19, 034005 (2008) 

C. L. Bull et al., High pressure research 29, 

780 (2009) 

L. C. Chapon, G. R. Blake, M. J. Gutmann et al.,  

Phys. Rev. Lett. 93, 177402 (2004) 

Complex superstructures 

M. Roger et al., Nature 445, 631 (2007) 



SXD : LOCATING HYDROGEN 

SXD used to determine positions of H-atoms in metal complexes  
formed under catalytic conditions. 

18-electron aminoborane adduct 14-electron aminoboryl complex 

Tang et al. (2012) 

Dimethylamine borane dehydrogenation. 



Amorphous Materials – Porous Materials 

NIMROD 

See atomic interactions AND mesostructure 
Now to > 400Å 

500mg MCM-41 
90K 

Before – 90mins 
During – 6 mins 
After – 30 mins 



MAPS 

IRIS OSIRIS 

Low energy (Brillouin, THz) 
Intermediate energies 

(infrared, Raman) 

High energies 

Chemical Spectroscopy at ISIS 
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resolution 
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Inelastic and quasi-elastic studies for molecular motions of adsorbed species  
 
Identify the interaction of hydrogen containing species with catalysts and host materials 
  
Time and length scales match those of molecular simulation – combined analysis is possible 

Molecular motions of adsorbed species  
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TOSCA spectra of hydrogenated nanoscale 
graphite 

IRIS Spectrometer 



Selective Greenhouse-gas Sequestration on TOSCA 

NOTT-300 

framework  

material 

 

Amine-free 

 

Environment

ally friendly 

Neutron Spectroscopy: CO2 

The 

Virtuous 

Cycle 

• Neutrons, X-rays, and 

modelling required. 

• Selective binding of CO
2 

and SO
2
 to NOTT-300 

hydroxyl groups. 
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http://www.isis.stfc.ac.uk/


Studies of fabrication processes 

Novel fuel sources for cars 

CO2  sequestration 

Hydrogen storage 

Photovoltaics 

Electrolytes 

Fission 

Catalysis 

Novel fuel cells 

High performance batteries 

Lowering exhaust emissions 

Advances in energy conversion 

Lower emission levels of pollutants 

Significant improvements in energy storage 

New environmentally friendly materials by rational design 

CLEAN POWER: MATERIALS ISSUES 

10-10m 

Macromolecules 
(hydrogenase) 

10-8m 

Reheater tubing failure 
1m 

Nuclear industry 

Li batteries 

10-2m 

p-n junctions 
10-6m 

photovoltaics 

fuel cells 10-4m 

X-ray & neutron diffraction 
EXAFS  
Inelastic neutron & X-ray scattering 
Computational modelling (DFT / MD) 

Small-angle X-ray & neutron diffraction 
X-ray & neutron reflectometry 

Protein crystallography  
First principles device modelling 

X-ray & neutron reflectometry 

X-ray tomography 
Device design 

High energy X-ray diffraction 
Neutron & X-ray residual stress analysis 

atomic understanding 



High temperature gas flow through cell 

• The schematic diagram of the 
flow-through gas cell  

• (1) oxygen and temperature sensor 
• (2) gas inlet 
• (3) gas outlet 
• (4) heater element 
• (5) heat shielding 
• (6) quartz sample holder 
• (7) sample 
• (8) quartz frit 
• (9) thermocouple 

Haynes R, Norberg ST, Eriksson SG, Chowdhury MAH, Goodway 
CM, Howells GD, Kirichek O, Hull S 
Journal of Physics: Conference Series 251:012090; 
doi:10.1088/1742-6596/251/1/012090 2010 



• (a) high temperature (> 600 K), flow-through, Swagelok™ sealed stainless steel cell 
• (b) high temperature gold wire sealed Zircaloy™ cell and (c) low volume 
• (d) high volume O-ring sealed aluminium cells for batch reactions 
• (f) aluminium cell for off-line prepared samples 
• (g) low temperature (323 K <) indium wire sealed aluminium cell 
• (h) flow-through, Conflat™ sealed stainless steel cell for use on MARI at ISIS.  

Catalyst cells  



In-situ ionic conductivity analysis 
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• Simultaneous neutron diffraction and ionic conductivity 
measurements have been carried out at the ISIS facility 

 
• Researchers from ISIS and Heriot Watt University have 

developed sample environment that allows simultaneous 
measurements of ionic mobility and structure 

 
• Using the POLARIS neutron diffractometer, the team has 

been able to study lithium and proton conductivity in 
potential battery and proton conductor materials 

 

Ionic mobility and structure sample environment 
apparatus 

Typical ionic conductivity (lower) and neutron 
diffraction data collected simultaneously on the 

POLARIS diffractometer 



In-situ gravimetric and structural characterisation 

• Scientists from the University of Oxford and ISIS have 
developed sample environment to simultaneously study 
the structure and thermogravimetric properties of  
hydrogen storage materials – the intelligent gravimetric 
analysis apparatus for neutrons, IGAn 

 
• The apparatus allows controlled gas, temperature (to 

500oC) and pressure  (20bar) environments to be used to 
investigate gas uptake, desorption and cycling in hydrogen 
storage materials on the HRPD, WISH and GEM neutron 
diffractometers at ISIS 

 

d
-
s
p
a
c
i
n
g
 

The IGAn apparatus 

Sample thermogravimetric (left) and diffraction 
(right) data collected on the GEM neutron 

diffractometer using the IGAn 



Alloy  Content 

Nickel 

40% 

All Others 

5% 

Steel 

25% 

Titanium 

30% 

Materials in a current civil engine 

Materials are a limiting technology! 
   

The efficiency of the engine is governed by the 
maximum pressure and temperature achieved in the 
centre of the core 

Material durability is driven by; 
Properties 
Residual stress 
Applied stress 

Therefore two out of three may be 
changed significantly in the 
performance of the components 



Rolls-Royce plc. Compressor rotor factory (CRF) 
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ENGIN-X : CRACKING OF MAGNESIUM ALLOYS 

• Magnesium is 30% lighter than 
aluminium. 
 

Mg alloys are important for 
aerospace and automotive 
industries to help reduce 
emissions. 
 

• To be an economically viable 
alternative to aluminium, it must 
be mass produced. 
 

• Problem of producing large slabs 
due to cracking during casting. 
 

• ENGIN-X used to map residual 
stress in large magnesium alloy 
slabs and identify regions prone 
to cracking. 

 Turski et al (2010).  



Catalyst active site characterization 

Neutron diffraction has an unparallelled sensitivity to hydrogen and deuterium.  

 

Structural techniques can resolve the location of  hydrogen and hydrogen 

containing species. 

Calculated catalyst surface showing deactivation by –CH3 groups, from MAPS data. 



Active site position, geometry and proton mobility in acidic zeolites 

Microporous and Mesoporous Materials 123 (2009) 15–20 

Neutron diffraction can identify the 
Brønstead acid (D) and water 
molecule (X) sites and the geometry 
of the active sites 

Brønstead acid (D) and water 
molecule (X) sites. 

Geometry of the active sites 
Permitting the proton 
mobility and the activity of 

the catalyst to be tracked. 



Dry reforming of methane: a use for CO2? 

• Industrially, hydrogen is produced by steam reforming of 
methane: CH4 + H2O → CO + 3H2 

 An alternative route is to use CO2 as the oxidant:  
 CH4 + CO2 → 2 CO + 2H2 

 
• The process requires a Ni(20%)/Al2O3 catalyst, which 

deactivates by carbon deposition 
 
• Scientists at ISIS, University of Keele and University of 

Glasgow have used inelastic neutron scattering to 
characterise and quantify adsorbed hydrocarbon and 
hydroxyls determining that most of the CO2 is converted to 
valuable CO and that the catalyst is very efficient at cycling 
hydrogen but not carbon 

 

Data from the MAPS neutron 
spectrometer at ISIS identifying 

C-H and O-H stretches 

A methane reforming plant 

Quantification of surface species present on a nickel/alumina methane 
reforming catalyst 
I. P. Silverwood, C. D. Frost, S. F. Parker, D. Lennon et al  12 3102–3107 (2010) 



Methyl chloride synthesis: a major process – 120000 

tonnes per year at Runcorn  

Also: 2 CH3OH    CH3OCH3 unwanted  
                                                       by-product 

  CH3Cl 

CH3OH  +  HCl   

Able to modify catalyst so as to reduce 
amount of by-product 
Cost saving of £4000000 and  
less CO2  
 
 



The Lindlar catalyst: 

• Selective hydrogenation of C-C triple bonds to double bonds. 

• No unwanted formation of C-C single bonds. 

• Key step in the synthesis of vitamin A. 

“The results generated by ISIS 

provided us with the missing 

piece of the jigsaw. We now 

know precisely  how the Lindlar 

catalyst behaves and why it is so  

effective at preventing alkane 

production.” 

 

Dr Peter Albers -- AQura GmbH 

Catalysis for Vitamin-A Synthesis 

2.2x as much PdH in 

Pd/CaCO
3
 than Lindlar 

PW Albers et al.,  J. Phys. Chem. C, 115 (2011) 24485. 

Neutrons: identification and quantification of surface species 



Theory, structure and  
spectroscopy combine to define  
hydrogen on Raney nickel 

 NiH 

Spectroscopy – adsorption site 

Structure – Ni-H bond distance 

Theory – validation 



Au(1%)/CeO2 dosed with H2  
then reacted with O2. 

Au Au(1%)/CeO2 most active  
catalyst for H2O2 synthesis. 

Hydroperoxide 

↑ 
Hydroxyl 



Small Angle Neutron Scattering (SANS)  

Investigate the internal microstructure and in homogeneities over micro- to nanometre 
scale range. 

SANS can also provide 
information on the size, 
shape and orientation of 
some component of the 
sample 

SANS Image 



Molecular and liquid structure (Sandals) 

Small angle neutron diffraction can also be used to determine the packing and 

structure of molecular liquids  

Recent work at ISIS has 

determined the packing 

regime for liquid benzene 

using the Sandals 

diffractometer  



Determining catalyst mechanisms 

• The Lindlar catalyst is used for selective hydrogenation of 
carbon-carbon triple bonds to double bonds, without the 
unwanted formation of carbon-carbon single bonds, which 
is a key step in vitamin A synthesis 
 

• Researchers from ISIS, Evonik Industries and Aqura 
Analytical Solutions utilised neutron scattering on the MAPS 
spectrometer to identify the catalytic mechanism 

 

Characterization of β-Palladium Hydride Formation in the Lindlar Catalyst and in 
Carbon-Supported Palladium 
P.W. Albers, K. Möbus, C.D. Frost and S.F. Parker  115 24485-24493 (2011) 



Acknowledgements 
Bill David   (STFC / ISIS / Oxford) 
 
Sam Callear   (STFC / ISIS) 
 
Timmy Ramirez Cuesta  (STFC / ISIS) 
 
Marco Sommariva  (STFC / ISIS) 
    
Keith Refson   (STFC / ISIS) 
    
Matthias Gutmann  (STFC / ISIS) 
   
Steve Hull   (STFC / ISIS) 
 
Felix Fernandez-Alonso  (STFC / ISIS) 

http://www.stfc.ac.uk/home.aspx


Neutrons and muons 
providing a unique view of the materials world 

Thank you for your attention. 

 

 


