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Operando Neutron Imaging
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Abstract: In the past, neutron imaging has been the little brother of advanced neutron spectroscopy techniques
due to its apparent simplicity. However, this simplicity allows the studying of complex chemical and electro-
chemical processes and related devices even under harsh reaction conditions such as high pressure, high
temperature, corrosive and/or air sensitive environments. We review a number of highly relevant case studies as
archetypal examples of modern energy technology; that is heat storage, power-to-X, batteries, fuel cells, and
catalysis. The promising results trigger the further development of neutron imaging towards a chemical imaging
method.
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vices, often without the need to modify the setup to accommodate
the imaging analysis.[12]Pressure limitations are severe constraints
for many other operando methods based on photons and elec-
trons, but do not impact neutron imaging, as the neutron beam
penetrates easily thick reactor walls made of many metals (e.g.
aluminum, titanium or even steel), making it the ideal method for
operando chemical reactor analysis.[12]

Neutrons interact with the nucleii, and thus the scattering cross
section is mainly element specific (s

0
) with a particularly high value

for hydrogen. However, the total cross-section s
H
depends on the

chemical environment of the proton (vibrational structure) as given
by the scattering law.[13]As the vibrational structure is specific to the
chemical structure, a heterogeneous distribution of different chemical
compounds with the same number of elements leads to a measurable
neutron imaging contrast.Most neutron imaging beam lines use poly-
chromatic beams,[10]which reduces the overall chemical sensitivity.
Nevertheless, there is a chemical contrast for hydrogen containing
molecules with different binding.[14,15] Ultimately, monochromatic
sources and/or energetically resolved neutron detection using, e.g.
time-of-flight neutron imaging are ideal as a spatially resolved spec-
troscopic method for operando studies.[15]

Usually, the imaging method is used as radiography, i.e. the
3D-object is imaged by the 2D-neutron attenuation contrast im-
age. The method can be extended to tomography.[16]A 3D neutron
tomography image of the object is created by taking individual
images from a number of different angles around its center axis.
The data is then reconstructed to provide a 3D map of linear at-
tenuation coefficients for each voxel.[16]

The spatial resolution of neutron imaging ranges from a few
mm[17,18] to a few hundreds of mm. The resolution is usually related
to the extension of the field of view, which can range from a few
mm to tens of cm for the largest beams available. For objects with
high aspect ratios, specific anisotropic setups have been used to
allow high resolution in one direction while keeping a large field
of view in the perpendicular direction.[19] The temporal resolu-
tion largely depends on the contrast, acceptable level of noise and
required spatial resolution and is usually in the range of seconds,
though it can go as low as a few ms in specific applications.[20]

A great advantage of neutron imaging is the negligible in-
fluence of temperature on the measurement, in contrast to, e.g.
inelastic neutron scattering.[10] Thus, it is suited as an operando
method, if combined with an analysis method determining the
corresponding performance parameter simultaneously. This is
typically a gas analyzer (infrared gas analysis or mass spectrom-
etry) for gas reactions, or simply a potentiostat in case of electro-
chemical reactors (fuel cells, electrolyzers, batteries).

3. Neutron Imaging for Device Characterization
Several authors remember having difficulties in operating an

Italian mocca machine for the first time. In contrast to ordinary
filter machines, one cannot see the water flux, and thus the func-
tioning principle is not obvious. In situ neutron imaging makes
the water flux visible,[21] and now the authors can prepare proper

1. Introduction
Theworld is in need for sustainable, economically and energet-

ically efficient energy devices.[1]The performance of such devices
hinges on the properties of the materials used on one hand, and on
the details of the design on the other.[2]Although not uncommon,
the independent development of new materials faces limitations, if
they do not match boundary conditions given by the setup and con-
crete construction of the device.[3] In particular for energy devices,
those boundary conditions are often visible under operational con-
ditions only, and operando characterization is needed to under-
stand the materials - device structure - performance relationship.[4]

Furthermore, real energy conversion and storage devices of-
ten need to be scaled-up to the multi-megawatt or even gigawatt
range. To minimize effort, technology development proceeds over
various development stages (‘readiness levels’) starting at small
prototypes, before building the final large-size plant.[5] Tutorial
example is the development of chemical reactors for, e.g. CO

2
methanation.[6]Catalyst development takes place in small research
lab reactors. These reactors are designed to generate the condi-
tions present in a large-scale reactor, that is, gas composition,
pressure and temperature, which are supposed to be constant over
the whole catalyst bed.[4]This is a working hypothesis introduced
to simplify analysis, which does not stand up to closer scrutiny.
Already at microscopic scale, concentration, potential and tem-
perature gradients may exist, which reproduce with the growth in
size.[7]The investigation of such effects require a chemically selec-
tive imaging method. Often, these effects are to be expected on a
macroscopic scale, where the mass and/or heat transport becomes
the rate-limiting factor.[7]A chemically selective method will help
to understand both the local response of the active material as well
as the overall performance of the energy device.[8,9]Two modes of
operation are possible: structural studies of energy devices under
operating conditions and true operando neutron imaging. In the
first case, the performance of the device is obtained in a separate
experiment and a similar behaviour is assumed during neutron
imaging. As this approach has some uncertainties, the operando
experiment is preferred, where the performance parameter is mea-
sured simultaneously with the structural investigation. Obviously,
the effort for such a beamline experiment is much higher and not
always possible. In this short review we give examples of both
modi operandi for applications in heat storage, electrolysis, fuel
cells, batteries and power-to-gas.

2. Fundamentals of Neutron Imaging
Neutron imaging makes use of the specific absorption and

scattering cross section of neutrons for different materials.[10]
Since neutrons are difficult to deflect, common configurations do
not use focusing optics and are limited to a collimated neutron
beam shining on the object of interest as close as possible to the
imaging detector (Fig. 1).[11] The large neutron scattering cross
section for hydrogen compared to other elements makes neutron
radiography ideal as a non-destructive tool to probe gaseous as
well as condensed hydrogen containing phases in the energy de-

Fig. 1. Generic setup of a neutron imaging experiment. The object (reactor, battery, or combinatorial catalyst test reactor as shown here[36]) is placed
in the neutron beam directly in front of a scintillator screen, which is read out by a camera.
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The concept study of water absorption in aqueous sodium hy-
droxide may serve as a blueprint for similar technical systems. Its
applicability is defined by the contrast in neutron cross sections of
the tracer to background (e.g. hydrogen to deuterium), total neu-
tron attenuation, and the spatial resolution of the neutron imaging
setup.While the latter ‘hard’ limits the minimum resolution to mi-
crometers, the other parameters, which particularly limit the mac-
roscopic dimension, have to be discussed on a case-by-case basis.

3.2 Characterizing Mass Transport in Chemical
Reactors by Operando Neutron Imaging

The upscaling of chemical reactors is a time-and capital con-
suming challenge.[5] In most cases, the process is optimized on
the lab scale. However, various processes such as heat and mass-
transport are negligible or play a minor role only. These effects,
which become dominating in large scale reactors, are usually con-
sidered by modelling (see Fig. 3). However, the number of techni-
cal parameters, which are unknown and/or have to optimized is
huge. This is particularly relevant for novel processes, where prac-
tical experience is lacking. The sorption enhanced methanation

CO
2, gas

+ 4H
2, gas

→ CH
4, gas

+ 2H
2
O

ads

is an archetypal example. Here, the in situ removal of the product
water improves reaction yield.[26] The principle has been known
for a long time,[27] although there are only few large scale realiza-
tions. In contrast to the wide-spread plug-flow reactors, the num-
ber of products in the reactor (specifically water) defines the reac-
tor performance. When we started R and D on this topic roughly
10 years ago,[26]we anticipated the water distribution in the reactor
by comparison with similar reactions. It was expected that the
water distribution follows a step function, with the step (‘reaction
front’) moving with time. This qualitative behavior was indeed
found by operando neutron imaging (Fig. 3).[28] Once the reac-
tion front arrives at the exit of the reactor, the gas analysis detects
unreacted CO

2
, and the previously practically 100% conversion

drops to the values achieved in an ordinary plug-flow reactor. In
addition to the qualitative statement, the evaluation allowed us
to quantitatively link the reaction yield with water distribution.
The reaction front velocity is constant, although there is a final
unequal water distribution. This indicates that the main effect of
sorption enhancement is improving reaction kinetics only at low
water partial pressures, later confirmed by lab experiments. The
results were directly used to design an improved reactor prototype
(Fig. 3).[30]

3.3 Characterizing Batteries by Operando Neutron
Imaging

A battery is the technical realization of an electro-chemical re-
action to store electricity. No doubt, the electrochemical phenom-
ena are pivotal to develop a battery; however, the engineering of
the final device adds an extra challenge. Electrode structuring and
sizing, packaging, and housing need to be optimized while taking
into account the changing state of charge (SoC) of the battery.[31]
Obviously, operando methods are beneficial here. Fig. 4 shows
a neutron radiography image of an Ni-metal hydride battery. In
such batteries, electricity is stored by transferring hydrogen from
a Ni hydroxide electrode to a rare-earth nickel electrode forming
rare-earth nickel hydride and leaving Ni oxy-hydroxide behind.[32]
During charging, the hydrogen concentration in the hydride elec-
trode (full red dots) follows the accumulated charge in the battery
(black line) up to a specific voltage (blue line). Here, hydrogen
gas is formed, which is also detected by neutrons (hollow red
points, Fig. 4[9]).

In addition to these global phenomena, neutron imaging is
used to visualize local changes of the materials, be it the elec-
trodes or the electrolyte. Here, new developments in neutron

coffee with an Italian mocca machine. In the following, we show-
case similar technical examples, in which already the qualitative
interpretation of the imaging results of the process gives valuable
insights.

3.1 Characterizing Liquid Mass Transport in Engineer-
ing Applications by Neutron Imaging Under Operation
Conditions

Mass transport in liquids is of the utmost technical impor-
tance. As the corresponding scientific fundamentals were estab-
lished a long time ago (Navier-Stokes equations, diffusion equa-
tions), fundamental research is apparently not needed anymore,
and most work focusses on their technical implementation, e.g.
by computer modelling.[22]

However, full description and thus successful anticipation of
new technical inventions is impeded by the incomplete knowledge
of the various details of technical real-world systems.An example
is heat storage in aqueous sodium hydroxide solutions, which is
based on the heat of water absorption in the NaOH solution.[23]
While the energy density is given by the heat of absorption and
amount of reversibly exchanged water, the power performance
depends on the interdependent heat and mass transport in the liq-
uid, which is a complex function of the design of the device to
optimize the varying density, viscosity, diffusion, heat conductiv-
ity, surface tension, of the solution.[24] As water vapor pressure
and heat of absorption depend on water concentration and tem-
perature, also the energy density of the heat storage is eventually
limited by the power performance.[24]

Model experiments based on simplified geometries can be
used to determine a basic relationship, e.g. of the rate-limiting
step. Similarly, the corresponding materials properties are derived
from special measurement apparatus. Apparently, all information
to design an optimized heat storage device is available. In prac-
tice, though, the design is based on experience with heat and mass
exchangers and/or trial and error, which may or may not lead to
improved performance. Here, the in situ visualization of the mass
flows in the solution is of tremendous help.[25]

Fig. 2 is a didactic example of how neutron imaging can de-
termine the length scale of mass transport mechanisms in NaOD
solutions. In addition to this straightforward geometry, the au-
thors studied various other design setups. Best mass transport per-
formance was achieved in optimized fin absorber structures.[25]
Based on these observations, the authors constructed and tested
a novel mass and heat exchanger with markedly improved area
specific power and thermal energy storage density.[25]

Fig. 2. a) Illustration of the principle to visualize mass transport in
aqueous solution by neutron imaging. Light water (H2O) with its higher
neutron cross section is absorbed from the gas phase and diffuses into
the deuterated NaOD solution droplet with lower neutron cross section.
b) Neutron image of the cell showing the chamber vapor volume (H2O
gas), droplet supply and absorbent film (NaOD + D2O). c) Snapshot
of a neutron image during absorption demonstrating that diffusion is
rate-limiting on small length scale, while convection is dominating on
macroscopic scale. From ref. [25]



336 CHIMIA 2024, 78, No. 5 OperandO SpectroScopy in Switzerland

batteries, they are open systems with reactants and products (e.g.
hydrogen and water) stored and disposed outside of the device.
In polymer electrolyte fuel cells, the formation of water is of
utmost importance as a finite water concentration is needed for
the polymer electrolyte membrane.[33] On the other hand, liquid
water can block the access to active sites on the electrodes or
disturb the distribution of gas flows and needs to be properly
managed.

R andD follows various pathways: chemical surfacemodifica-
tions e.g. adding hydrophobic surfaces (teflon) to the porous me-
dia; and different design of the components such as the electrodes,
gas diffusion layers, and bipolar plates. In situ characterization by
neutron imaging helps visualizing the water distribution during
operation and understand the effect of these design choices, as
well as of the operating strategies, on liquid water management.
Unfortunately, while the imaging of large channels in the gas-
diffusion layer and bipolar plates does not pose a great difficulty,
the imaging of the water distribution at the electrodes near to the
membranes is limited by the finite spatial resolution of neutron
imaging. Fig. 6 shows high-resolution in situ neutron imaging of
a model PEM-fuel cell.[33] The high resolution of approximately
20 mm while keeping a sizeable field of view of 100 mm was
achieved by an anisotropic imaging setup. As the measurements
were made together with electrochemical control, a correlation
between the water content and operating parameters such as the
stability of operation and the pressure drop across the cell could
be established.[19]

Recently, novel electrolyzers have been developed targeting
the splitting of CO

2
and water. The number of intermediates

and products including gaseous, liquid and even solid
phases requires a careful chemical as well as structural characteri-
zation. Operando neutron imaging could provide new impetus
here.[35]

imaging instrumentation opens new possibilities. In Fig. 5, the
generally high selectivity of neutrons for hydrogen is utilized.

To increase the chemical contrast, time-of-flight neutron imaging
exploits the wavelength-dependent properties of hydrogen atoms
(Fig. 5, see also section 2). With this method, real-time physi-
cal and chemical changes in H-containing compounds can be
followed in situ, supporting the development of new electrolyte
mixtures and additives.[15,34]

3.4 Characterizing Gas, Liquid and Ion Transport Fuel
Cells and Electrolyzers by Operando Neutron Imaging

Similar to batteries, fuel cells and electrolyzers are devices
based on electrochemical conversion reactions. However, unlike

Fig. 3 a): Neutron contrast imaging during sorption enhanced
methanation in 40 cm long planar model reactor. Distribution (black &
white images) as well as total water content in a reactor is measured
simultaneously with the reaction yield (CO2 conversion and CH4 yield).
From ref. [28]. b) Simulations of the water content in a cylindrical reactor
displayed as colour maps. From ref. [29].

Fig. 4. Neutron absorption of the outer negative electrode (indicated
by the red rectangle with a solid line in the neutron radiography of the
battery and of the hydrogen gas in the top head space (indicated by the
red rectangle with a dotted line in the neutron radiography of the battery
as a function of time, i.e. at different SoC. The black is the accumulated
charge. From ref. [9]

Fig. 5. Left: typical organic compounds used in battery electrolytes. In a
battery, they can solidify, as well as segregate, both leading to a visible
neutron contrast. From ref. [15]

Fig. 6. Anisotropic radiography of the water content in the flow
channels and porous media of operating fuel cells. A specially designed
‘patterned’ porous material is shown to significantly improve the water
drainage from flow channels. From ref. [19].
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3.5 Combinatorial Research with Neutron Imaging
Imaging procedures have been developed to spatially resolve

materials’ structures. However, neutron imaging is typically lim-
ited to a spatial resolution in the micrometer range.[18] If changes
occur on length scales below this value, information can still be
drawn from themeasurements.As a tutorial example, Fig. 7 shows
neutron contrast images of hydrogen exchanged by deuterium in
a Cu/ZnO/Al

2
O

3
catalyst pellet. The contrast (degree of H/D ex-

change) is time dependent, although no local differences are ob-
served. This means that the rate-limiting step takes place on a
length scale below the spatial limit of the neutron setup (50 mm).
However, the absolute amount and its time dependence is relevant
information, in particular, as it can be compared to the simultane-
ously measured reaction yield.[36]

To further interpret this result, such measurements need to be
repeated at various conditions (gas composition/pressure/tem-
perature) and for various catalysts. At best, this is performed for
a great number of parameters, i.e. a high-throughput approach
followed by combinatorial analysis. Imaging methods are ideal
for this, as a great number of samples in a sample holder under
identical conditions can be followed. The corresponding high-
throughput aluminum reactor setup able to accommodate up to
69 samples is shown in Fig. 1.[36] Simplest reactions with high-
est neutron contrast is the already mentioned hydrogen deuterium
exchange reaction, providing insights into the number of hydro-
gen on the catalyst surface, and whether it is present as absorbed
hydrogen, mobile hydrogen or as pre-existing OH groups.[37]This
method coined CONI (combinatorial neutron imaging) may be
extended to other reactions, where the amount of hydrogen is rel-
evant.

4. Conclusions
The few examples highlighted here illustrate the wide range of

applications of neutron imaging for studying the possibilities and
limitations of energy conversion and storage devices. We started
with the apparently simple system of water absorption in aque-
ous NaOH solution, which is a showcase for neutron imaging
under operation conditions. The usefulness of operando neutron
imaging for chemical engineering is demonstrated along sorption
enhanced methanation reactors. In both cases, the observation of
pattern formation as a direct result from imaging helped in improv-
ing the corresponding device. Additional examples discussed are
electrochemical devices, i.e. batteries, fuel cells and electrolyzers
as showcases for chemically selective imaging with quantitative
information. The latter can be used for combinatorial research

Fig. 7. Left graph: Averaged change of neutron contrast (blue squares)
and mass (red squares) of a Cu/ZnO catalyst upon gas switch from
hydrogen to deuterium and vice versa at 200 °C indicative of H/D
exchange in the pellet. Right graph: Time- and spatially-resolved
neutron contrast upon hydrogen deuterium exchange (at t = 0) derived
from the neutron radiography image series (t = 0, 25, 50, 75, 100, and
250 s) at three different locations in the pellet (in the centre, at half
radius and at maximum radius). From ref. [36].

with neutrons, where the imaging allows the simultaneous mea-
surement of a multitude of samples (high-throughput approach).
All examples demonstrate the applicability of neutron imaging
either operando and/or under demanding reaction conditions.
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