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Outline

Generalities about nanoporous materials (6 slides)

Small-angle scattering (SAS) (12 slides)

SAS of ordered porous materials (7 slides)

SAS of disordered porous materials (15 slides)

Inelastic small-angle scattering (9 slides)



Porous materials



Two randoms examples of nanoporous materials
MOFS and aerogels (ordered vs disordered)

Stardust mission 
(1999-2006)



Two limits of electron microscopy

Mostly ex-situ characterization Very poor sampling

Femtograms to tons
21 orders of magnitude

Even water at room temperature rules 
out electron microscopy



The strange physical chemistry of 
confined matter

Water in a glass bottle Benzene in cement paste*

*From O Coussy, Mechanics and Physics of Porous Solids, Wiley, 2010.  



Cryosuction in nanopores

T1

T2 < T1

The smaller the pore, 
the lower the freezing 
temperature.

At intermediate temperature, 
the liquid is sucked into the 
larger (frozen) pores. Pressure 
builds up in those pores.

T3 < T2

Cooling



In-situ studies in porous materials

MacroscopicMicrometerNanometer

Collective behavior

Single molecule

TEM

Small-angle 
scattering

Adsorption
Intrusion
Electric/dielectric
Thermal
…

Single-molecule
microscopy

NMR

Inelastic
scattering

Light/Infrared
microscopy

Tomography



A poor man’s scattering experiment

Why is ice opaque and liquid water transparent?

Why does Pastis/Ouzo become turbid when water is added? 
Etc. etc. etc.



Small-angle scattering : SAXS, SANS, SALS,…

J. Appl. Crystrallogr. 54 (2021) 1832

KWS-1

(MLZ)

BM26 

(ESRF)



SAS is experimentally
very versatile



Examples of SANS/SAXS patterns

Ordered

mesoporous silica

Latex 

nanoparticles

Soot

nanoparticles Polystyrene

chains



Experimental break

Part 1



Interferences

From Derek Muller’s Veritasium, The original double slit experiment, Youtube, Feb 2013

Two pointwise sources



Interferences again
with infinitely many pointwise sources… (?!!!?)

Every electron of the sample acts as a point source for a secondary wave



It is simpler than it seems

From source

To detector

If there was an electron here,
what phase would it yield?



From source

To detector



Small-angle scattering by particles



Experimental break

Part 2: data analysis



Back to the typical SANS/SAXS patterns

Ordered

mesoporous silica

Latex 

nanoparticles

Soot

nanoparticles Polystyrene

chains



« SAXS & Porous Materials »

A bibliographic glimpse

Peter Debye
(1884-1966)

Mikhail Dubinin
(1901-1993)

Stephen Brunauer
(1903-1986)



Ordered mesoporous materials (OMM)



Small-angle Scattering by OMMs



Pore Sizes from Small-Angle Scattering

Ideal lattice

Positional disorder

Size disorder

SAXS of SBA-15



Capillary condensation/evaporation

The Derjaguin-Broekhoff- de Boer picture

Liquid/vapor

Van der Waals

Surface tension

r

R



SAXS versus Sorption Pore Sizes

Ar

N2

from SAXS

from SAXS

Capillary condensation seems to occur
at thermodynamic equilibrium
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Inelastic small-angle scattering (9 slides)



Two-point correlation functions
Strictly equivalent to the interference approach

Peter Debye 1884-1966



SAXS/SANS in disordered materials

Correlation lengths

Fractal dimensions

Surface areas

Average chord lengths

Etc. 

S.K. Sinha, Small-Angle Scattering from Porous Materials, 
Experimental Methods in the Physical Sciences 35 (1999) 223.

is traditionally discussed in terms of relatively
unspecific geometrical concepts



Scattering data analysis for (my) children 



Scattering data analysis for (my) children 



Direct reconstruction has a unique solution 
only for simple structures

In general, models are needed



(Modelling Example 1)



Micropores Mesopores Grain

Complete model
of the empty 

porous material

Empty porous materialSAXS



Model of metal loading

Electron tomography (3DTEM) SAXS



SAXS is sometimes 
more informative than TEM

SBA-15 impregnated with copper-nitrate 

J. Phys. Chem. C 120 (2016) 1488-1506

200 nm



Carbon gels
nitrobenzene/hexane 

critical solution
Tc ~ 20°C

Cooling

Layers

Capsules

Plugs?

A.J. Liu et al, Phys. Rev. Lett. 65 (1990) 1897
L. Monette et al. Phys. Rev. A 46 (1992) 7664

(Modelling Example 2)
In-situ SAXS of confined liquids



In-situ SAXS/WAXS data

SAXS

WAXS

WAXS
detector

SAXS
detector

Dual Belgian Beamline (DUBBLE, BM26 @ ESRF)

Sample

Nanometer-scale reorganization of liquids



Gaussian-field models of disordered porous materials

Power spectral density

SAXS of empty carbon gel



The type of mathematics in Gaussian-field models

C(r) = probability for the two ends of a random stick with length r to be in the white phase

           same as “ to have a W > threshold “

w1

w2



Multiphase generalization of GRF models

Plurigaussian models

Lantuéjoul
Geostatistical Simulations, 
Springer 2002

Y

Z



Nanometer-scale wetting transitions

T=20°C T=5°C T=-14°C
Surface areas

Triple-line

length





Nothing small is static

R

Tk
D B

6
=Stokes-Einstein’s 

relation

Kappler, Annalen der Physik, 1931

Equipartition theorem

Yeo Yong Kiat, Youtube June 2014

Pollen grains in water - Brownian motion



Inelastic neutron scattering

Neutron Spin Echo (NSE) instrument 
J-NSE `PHOENIX’ (Garching)
By courtesy of Dr. Olaf Holderer

R. Pynn, Los Alamos Science 19 (1990)



Van-Hove correlation functions

time

For inelastic scattering by time-dependent structures
Leon van Hove (1924-1990)



Thermal fluctuations of a cantilever beam



SANS

NSE

Porosity > 90%

10-100 nm

Re-analyzing old scattering data with a new model



Time-dependent Boolean models

A building block for more complex models



Hierarchical structures from Boolean models

Low-density fractal-like structures





Multiscale fluctuations

With scale-dependent diffusion coefficient



NSE data analysis in aerogels
with scale-dependent diffusion coefficents

Hints of distinctly different topologies

Constant D



Conclusions/highlights

Small-angle scattering experiments offer a unique window
into nanoporous materials, also for in situ studies

The information is very rich but indirect
(and it is not as obscure as some people claim)

Models offer flexible approaches to convert reciprocal-space 
data into real-space structure and dynamics

Feel free to get in touch



Leon van Hove (1924-1990)

Solvay conference (1927)

T. De Donder

I. Langmuir

W. Bragg M. BornL. de Broglie
P. Debye

Ilya Prigogine (1917-2003)



Thank you 
for your attention
 

and for your questions

Cedric.Gommes@uliege.be
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