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Abstract

Awide range of advanced experimental methods has been
used in catalysis science to understand chemical transfor-
mations at molecular level. Among these, neutron scatter-
ing not only gives catalytic information that is highly
complementary to other microscopic scattering techniques
such as electrons (microscopy and diffraction) and pho-
tons from visible light to synchrotron X-rays but also often
provides unique insights into catalysis. This chapter aims
to provide a general overview of neutron scattering and its
applications for heterogeneous catalysis, emphasizing
chemistry at the gas/solid interface. It starts with an intro-
duction to the theory of neutron scattering, with pros and
cons for catalyst research, followed by a description of
three main neutron scattering techniques: neutron diffrac-
tion (ND), inelastic neutron spectroscopy (INS), and
quasi-elastic neutron scattering (QENS). It includes recent
applications in each technique and then a short introduc-
tion of other neutron techniques that are less frequently
used in the catalysis field. It ends with a summary and a
future outlook.
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24.1 Introduction

Neutron scattering has been applied in heterogeneous catal-
ysis and has a widely recognized role in structural studies of
catalysts, especially of light elements such as hydrogen,
oxygen, and nitrogen [1–12]. Neutrons are electrically neu-
tral and only interact with the nucleus; thus, they can pene-
trate deeply into a target material. Although neutrons are
weakly scattered by matter, neutron scattering’s unique fea-
tures allow us to obtain various types of information such as
magnetic [13] and vibrational excitations [1, 14–17] and
molecular dynamics (MD) of catalysts [10, 12, 18–21]. Addi-
tionally, each isotope has a unique feature known as neutron
scattering cross section, and this isotopic sensitivity allows
contrast variation, which could discriminate elements with
similar atomic numbers [22–24]. The application of neutron
scattering to heterogeneous catalysis can be dated back to the
1970s when Stockmeyer et al. reported H2 chemisorption on
Raney nickel using inelastic neutron scattering (INS) [25].

Several types of neutron scattering techniques have been
applied to the research of catalytic systems. Neutron methods
are frequently split into elastic (diffraction and imaging) and
inelastic (spectroscopic) techniques and used to investigate
where atoms are or how atoms move, respectively. Neutron
diffraction (ND) has long made a significant contribution to
catalysis combined with X-ray diffraction, especially deter-
mining the location of light elements in the structure of the
catalyst [24, 26–28]. INS gives access to vibrational modes,
providing information that is difficult or even impossible to
obtain from conventional spectroscopy techniques. Quasi-
elastic neutron scattering (QENS) studies allow us to under-
stand molecular motions (diffusion and rotational) on a range
of timescales, mostly of a stochastic nature. The application
of neutron scattering to heterogeneous catalysis has been
discussed in excellent reviews [3, 16, 29–34] and books
[9, 15, 35–38], and we refer readers to these references for
more detailed information of different types of neutron scat-
tering techniques. This chapter intends to give a general
overview of neutron scattering including background, instru-
mentation, and the applications of neutron scattering in the
field of heterogeneous catalysis.

24.2 Theory of Neutron Scattering

24.2.1 Properties of Neutrons and Neutron
Sources

Bombarding a material with particles to probe its internal
structure and dynamics is a standard scientific research
approach. For X-ray diffraction and Raman and infrared
spectroscopy, such probing particles are photons (X-ray or
laser); for transmission electron microscopy and electron
energy loss spectroscopy, such probing particles are

electrons. To many, a less familiar probing particle is the
neutron. Compared to photons and electrons, neutrons have
unique properties and can perform certain measurements with
information that is difficult or impossible with other tech-
niques (see details in Sect. 24.3). A list of fundamental
properties of neutrons, in comparison with photons and elec-
trons, is given in Table 24.1.

A neutron beam is relatively difficult (and expensive) to
produce. There are two ways to make neutrons: one is reactor-
based fission, and the other is accelerator-based spallation.
Reactor-based neutron sources generate a continuous neutron
beam with high average power, whereas accelerator-based
neutron sources generate a pulsed neutron beam with high
peak brightness. The generated neutrons need to be slowed
down by neutron moderators to be used in materials research.
Depending on the neutrons’ energy range, the source can be
classified into three categories, as listed in Table 24.2.

An example of a standard neutron moderator is the “water
moderator.” As its name implies, it uses light water at room
temperature (293 K). Therefore, neutrons coming out of the
moderator follow a Maxwellian distribution with its peak
corresponding to 293 K. A list of properties of “room tem-
perature” neutrons, which are representative of the neutrons
most useful for the present research, is given in Table 24.3.

The combination of these properties of thermal neutrons in
Tables 24.1 and 24.2 renders them unique advantages in
materials characterization. A major bottleneck, however, is
the flux and brightness of the neutron beam, which is more
than ten orders of magnitude lower than synchrotron X-ray
sources. The maximum neutron flux for a spallation neutron
source (SNS) is around 109 neutrons ∙ s�1 ∙ cm�2 [40], and
the brilliance of a synchrotron can be as high as
1018photons ∙ s�1 ∙ mm�2 ∙ mrad�2 (0.1 % bandwidth) [41].

Table 24.2 Classification of neutrons based on energy [39]

Category Energy (meV) Temperature (K) Wavelength (Å)

Cold 0.1–10 1–120 30–3

Thermal 5–100 60–1000 4–1

Hot 100–500 1000–6000 1–0.4

Table 24.1 Basic properties of neutrons, photons, and electrons

Property Neutrons Photons Electrons

Mass (a.m.u.) 1.0086654 0 5.489 � 10�4

Spin 1/2 0 1/2

Charge (e) 0 0 �1

Table 24.3 Property of thermal neutrons at 293 K [39]

Property Value

Temperature 293 K

Energy 25.3 meV

Velocity 2.20 km/s

Wavelength 1.798 Å

Wave vector 3.49 � 1010 m�1
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This limits the ability of neutrons to study very small
quantity of samples or collect data quickly. Presently, the
highest flux neutron sources include the accelerator-based
SNS operated by Oak Ridge National Laboratory, US, ISIS
neutron source, England, and J-PARC, Japan, and the
reactor-based high flux isotope reactor (HFIR), operated by
Oak Ridge National Laboratory, US. The next-generation
neutron sources such as European Spallation Source (ESS)
and the Second Target Station (STS) at SNS are being built or
planned. A timeline summarizing the evolution of neutron
sources can be found in Fig. 24.1.

24.2.2 How Neutron Scattering Works

Neutrons interact with nuclei through the strong nuclear
forces. The capability of a nucleus to scatter neutrons can
be characterized by its neutron scattering length, or cross
section. Scattering from different nuclei can be coherent or
incoherent, depending on whether the relative phase of the
neutron wave function is preserved or not. The neutron
scattering properties of some common elements in chemical
systems are given in Table 24.4, and more can be found at the
reference [43] or NIST website [44].

Despite the fundamental differences between neutrons and
X-rays in their ways of interacting with matter, the measure-
ment mechanism is similar. Specifically, for diffraction mea-
surement of the atomic structure, they both follow Bragg’s
law. Coherent elastic scattering is what we are interested in
solving the positions of atoms. The study of dynamical pro-
cesses is usually called spectroscopy. Neutrons can also
exchange energy with the target material, causing quasi-
elastic and inelastic scattering. These neutron spectroscopies

measure the diffusive and vibrational dynamics of atoms, as
illustrated in Fig. 24.2. For chemical systems, the coherent
effects are often negligible, and the scattering can be evalu-
ated following the incoherent approximation with the total
scattering cross section.

24.2.3 Instrumentation

Most catalysis experiments using neutrons, especially in
recent years, were performed at accelerator-based neutron
sources, mainly for their high peak brightness, the availability
of epithermal neutrons, and time-of-flight (ToF) techniques
that are more amenable to pulsed sources. With pulsed neu-
tron beam (e.g., 60 Hz at SNS), each pulse contains many
neutrons with different energies compressed in the very short
time window (~1 μs). As these neutrons travel toward the
samples, their different speeds spread them out, and after
interacting with the samples, they eventually arrive at the
detector at different times. A ToF neutron instrument mea-
sures the arrival time and location of the received neutrons,
then calculates what happened to the neutrons, and puts them
in the correct momentum (Q) and energy transfer. Under this
overall mechanism, the design of the instrument can be
optimized for different purposes.

Since the vast majority of neutrons will be scattered elas-
tically under most circumstances, a neutron diffractometer
intended to measure elastic scattering does not require energy
resolution and thus does not need a Fermi chopper or an
analyzer. The wavelength of the neutron scales with its
speed and therefore the total ToF. From the wavelength and
scattering angle, one can calculate the momentum transfer.
The Q range and resolution of a diffractometer are thus
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determined by flight path, detector coverage, and the accu-
racy of the ToF.

To achieve energy resolution, it is necessary to know the
incident and final energy of the neutron. Neutron spectrom-
eters can be designed in two different ways. One is to fix the
incident neutron energy (using a Fermi chopper) so that one
can derive the final energy from the total ToF. This design is
called direct geometry. In contrast, in an indirect geometry
spectrometer, the final energy is fixed (by an analyzer) so that
from the total ToF, one can calculate the initial energy. A
schematic illustrating how a ToF instrument works is shown
in Fig. 24.3, with more detailed discussion afterward. For a
direct geometry instrument, the energy resolution is often
expressed as a fraction of the incident energy (e.g., 2% of
Ei), whereas for indirect geometry instrument, the energy
resolution is usually a fraction of the energy transfer (e.g.,
1.5% of ΔE). The consequences of this difference are best
shown in Fig. 24.4.

For an inelastic process, the arrival time of the neutron at
the detector and either the source-to-sample flight time or the

sample-to-detector flight time is required. This amounts to
choosing either the incident neutron energy through a direct
geometry or the final neutron energy through indirect geom-
etry. In other words, the direct geometry is the instrument that
fixes the incident energy, whether the indirect geometry is an
instrument that fixes the final energy.

The direct geometry instruments at the spallation source
use the chopper to fix the incident energy. The mono-
chromation process causes a low incident flux, and this
requires a large area of the detector. Due to the size of the
detector, the resolution of the instrument can be improved by
increasing the distance between the sample and detector and
requiring a larger vacuum tank. This geometry usually
includes several banks with different ranges of scattering
angles, and thus it can measure Q and ω, respectively.

For indirect geometry spectrometer, the sample is exposed
to a white beam of neutrons. After the neutrons scattering off
the samples, the neutrons travel through a secondary spec-
trometer located at angles of 45� and 135�. The secondary
spectrometer comprises highly orientated pyrolytic graphite.

Table 24.4 Thermal neutron (E ¼ 25.30 meV) scattering lengths and cross sections for common elements in chemical systems [43]

Element/isotope Coherent scattering length (fm) Total scattering cross section (barn) Absorption cross section (barn)

H �3.739 82.02 0.3326

D (2H) 6.671 7.64 0.000519

C 6.6460 5.551 0.0035

N 9.36 11.51 1.9

O 5.803 4.232 0.00019

P 5.13 3.312 0.172

S 2.847 1.026 0.53

Ti �3.438 4.35 6.09

V �0.3824 5.1 5.08

Mn �3.73 2.15 13.3

Fe 9.45 11.62 2.56

Co 2.49 5.6 37.18

Ni 10.3 18.5 4.49

Zn 5.68 4.131 1.11

Energy transfer (cm–1) 100 105 106

>30
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Fig. 24.2 Neutron spectroscopy
methods and the energy/time/
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from Ref. [30], Copyright 2016,
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Publishing Ltd)
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This selects the final energy of the neutrons as ~30 cm�1. The
resolution of the indirect geometry spectrometer is deter-
mined by the characteristics of the secondary spectrometer
and the distance between the sample and the moderator. As
the initial flight path increases, the resolution increases [45].

In addition to the conventional diffractometers measuring
the atomic structure, there are other diffractometers opti-
mized for specific applications. These are small-angle neu-
tron scattering (SANS) for nanometer to submicron structure
and neutron reflectometers for surface structure [46, 47].

With catalysis experiments, it is often necessary to load
gases and to control the reaction temperature and pressure.
The development of sample environment is therefore essen-
tial. One thing we can take advantage of is the high penetra-
tion of neutrons, which means we can choose from a lot of
materials, including the very hard ones such as steel or
copper-beryllium to make the reactors. Another major advan-
tage is that there is no need to have optically transparent

materials such as glass and quartz for the reactors so that
high-pressure experiments can be easily achieved. However,
in the case of indirect geometry spectrometers, one often
needs to make neutron measurements at very low tempera-
tures (<50 K). Otherwise, the Debye-Waller factor could
significantly suppress the signal. It is challenging for some
in situ reactions (which may require >500 �C) without
changing the sample environment equipment. In these
cases, an alternate option is to pull the sample stick out of
the instrument to perform ex situ reactions and then place it
back for neutron scattering measurement. This limitation is
less of a problem for diffractometers and direct geometry
spectrometers.

24.2.4 Modeling

Neutrons interact directly with nuclei, and the scattering can
be expressed in a rigorous analytical formula. This means
from an atomistic model one can accurately simulate the
neutron scattering spectra. For example, at low temperature
under incoherent approximation, the inelastic neutron spec-
troscopy (INS) intensity from a vibrating atom can be calcu-
lated with a very simple equation [15]:

S Q, nωsð Þ ¼ Q ∙ U sð Þ2n
n!

exp � Q � Utotalð Þ2
h i

ð24:1Þ

whereU s ¼
ffiffiffiffiffiffiffiffiffi
ℏ

2Mωs

q
es is essentially the zero-point displacement

of the atom due to mode s, ωs is the frequency (of mode s),
M is the atomic mass, es is the polarization vector, n in
the excitation order, and Utotal is the total displacement of the
atom with all modes. This simple equation governs the spectra
measured at TOSCA/VISION on hydrogen-containing mate-
rials at base temperature.

The atomistic model needed for neutron scattering simu-
lation can be either classical or quantum. For catalysis
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experiments, the density functional theory (DFT) [48, 49]
and reactive force field method [50] are often used for the
modeling. To compare with neutron scattering data, various
tools can be used. For example, for pair distribution functions
(PDF) measured in a diffraction experiment, reverse Monte
Carlo method [51] can help to reconstruct the real-space
atomic level structure and compare with theoretical predic-
tions from DFT models. For QENS, MD can be used to
simulate the diffusive dynamics and extract the
corresponding parameters as obtained from the experimental
data. To interpret INS data, an atomistic model is often
needed to calculate the vibrational (phonon) behavior. The
OCLIMAX software [52] developed at ORNL can be used to
convert the vibrational information from various atomistic
simulation tools to simulated INS spectra for various neutron
spectrometers (Fig. 24.5). There are other software packages
like aClimax [53] and ABIns [54] that mostly do the inco-
herent approximation for indirect geometry spectrometers.

24.3 Pros and Cons of Neutron Scattering
for Catalysis Research

Many different problems in catalysis research can be tackled
using neutron scattering. There are advantages and disadvan-
tages associated with the technique and purpose of the exper-
imental measurements. In this section, the pros and cons of
neutron scattering will be discussed in general terms, and the
details regarding each technique will be discussed in each of
the following section.

For catalysis research, the major advantages of neutron
scattering are as follows:

• High penetration of neutrons: Neutrons do not have an
electrical charge, and thus it does not ionize atoms in the
same way that charged particles such as protons and

electrons do. Consequently, neutrons have high penetration
with low adsorption for most of the elements and allow
probing the bulk structure of the samples. Thus, many
commonly used catalysis reactor materials, such as stainless
steel, aluminum, quartz, and sapphire, can be used in sam-
ple environments with a small loss of neutron signals.

• Different neutron scattering lengths and cross sections
with atomic number: Neutron scattering lengths are inde-
pendent from atomic number, and the scattering lengths of
different isotopes of a given element can be different.
Particularly, there is a large difference between hydrogen
and deuterium. Hydrogen has Hbcoh ¼ �3.7406 fm,
Hbinc ¼ 25.274 fm, resulting in a scattering cross sections
of Hσcoh ¼ 1.7583 barn, Hσinc ¼ 80.27 barn, while deute-
rium has Dbcoh ¼ 6.671 fm, Dbinc ¼ 4.04 fm, resulting in
cross sections of Dσcoh ¼ 5.592 barn, Hσinc ¼ 2.05 barn. In
other words, because of different signs of neutron scatter-
ing, by manipulating the H/D ratio in a molecule, one can
vary the contrast within the sample or reactants and dif-
ferentiate the source of hydrogen. In the case of ND, D is
the choice, while for spectroscopy, H is usually better.

• Right momentum and energy transfer for analysis: Neu-
tron has the right momentum transfer and energy transfer
to investigate both structure and dynamics in condensed
matter such as catalysts.

• Awide range of wavelengths: Awide range of wavelengths
is available with various neutron sources and moderators.
Probed length scale covers from the near angstrom sizes to
the near micron sizes, thus covering structural information
of catalysts from atomic to mesoscale and above.

The major limitations of neutron scattering are as follows:

• Limited neutron sources: Neutron sources are very expen-
sive to build and maintain. As a result, neutron scattering
experiments can only be performed at limited reactor
sources or spallation sources through user proposals. The
experiment is also limited by the approved beamtime.

• Long acquisition time: Most of neutron scattering tech-
niques require longer acquisition time (up to hours) to get
better statistics due to its low flux compared to X-ray
techniques. Thus, is it difficult to carry out time-resolved
experiments to follow the dynamic evolution of catalysts
and surface reactions.

• Limited application of operando/in situ experiments: The
Debye-Waller factor is used to describe the attenuation of
coherent neutron scattering caused by thermal motion. This
factor can be suppressed when the lower temperature
(<30 K) were applied. Most of the catalytic reactions require
higher temperature, and thus the measurement especially for
INS experiment should be first conducted at the reaction
condition and then quenched to measurement temperature
to avoid the effect by the Debye-Waller factor.

Simulation

OCLIMAX

Experiment

Fig. 24.5 The integrated approach at the VISION beamline for catal-
ysis research. Background shows the crystal analyzers of the instrument.
(Credit: Jill Hemman@ORNL). The OCLIMAX software serves as the
link between the atomistic models and the INS experiments
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• Large sample amounts: For the same reason (low flux), a
neutron scattering experiment, especially neutron spec-
troscopy, typically requires relatively large amount of
sample (~ grams). This is not an issue for studying indus-
try catalysts but can be challenging for studying new
catalytic materials that are difficult to synthesize at large
quantity.

24.4 Inelastic Neutron Spectroscopy (INS)

24.4.1 Basic Principles of INS

Vibrational spectroscopy is a commonly used analysis tool in
the field of catalyst for direct measurement of specific chem-
ical bonds of adsorbed molecules and atoms on the surface of
the catalyst. INS is a form of vibrational spectroscopy that is a
complementary tool to conventional methods such as Raman
and infrared spectroscopies.

The main difference between INS and conventional
methods can be considered through the intensity of an INS
mode as follows:

S Q, ωið Þ /
X
d

jQUi
dj2

mdωi
σd exp �Q

2
UTot

2
� �

ð24:2Þ

where Ui
d is the amplitude of the vibration of the dth atom in

the ith mode and σd and md are neutron scattering cross
section and mass, respectively. The total intensity is the
summation of all individual atomic contributions.

The scattering intensity, which scales with the dynamic
structure factor S(Q, ω), depends on both the transition
energy, ω, and the momentum transfer, Q. The exponential
term is the Debye-Waller factor, and UTot

2 is the mean square
displacement of the atom. The magnitude of the displacement
is the part determined by the thermal motion of the molecule.
Generally, the Debye-Waller factor can be suppressed by
applying low temperature, which is why the INS spectra at
indirect geometry spectrometers are typically measured at
below 30 K. This however leads to limitations to in situ/
operando studies for the catalysis researches. Thus, histori-
cally, most of the catalytic reactions for INS measurements
were first conducted at the reaction condition and then
quenched to measurement temperature to avoid the effect
by the Debye-Waller factor [36]. The equation shows the
dependence of momentum transfer and the amplitude of
vibration of the atoms.

Additionally, the intensity is weighted by the total cross
section of the element under incoherent approximation. Nor-
mally, the total scattering cross section of hydrogen (1H) is
82 barns, whereas that of deuterium (2H) or most other
elements is less than 5 barns (Table 24.4). The combination

of a large cross section and the low mass of hydrogen allows
strong signals in INS spectra. Thus, the scattering from all
other elements other than hydrogen can sometimes be
ignored/minimized in hydrogenous materials and obtain use-
ful information about the hydrogen species in the structure.

Since neutron is a particle with zero charge with high
permeability of the sample, INS spectrum is the sum of the
signals from neutrons scattered in the bulk of a substance and
partially from the surface [15]. The surface scattering only
can be obtained when a catalyst possesses a high surface-to-
bulk signal ratio, for example, the surface possesses enough
amounts of hydrogen compared with the bulk structure. For
catalysts, the total active surface to obtain a reasonable INS
signal is required to be about 100 m2. As a result, high
loading of catalyst is commonly adapted, and generally up
to 10 g of catalyst is used. The amount of the catalyst also
depends on the instrumentation background level, and nor-
mally the amount of hydrogen required to obtain over the
background level is of the order of 1 mmol of hydrogen
atoms in the beam [38]. Because of the required large quan-
tity of catalyst, it is a challenge for new materials but not a
problem for industrial catalysts.

Catalytic reaction schemes often go through the first step
of adsorption of at least one of the reactants. To understand
the reaction through the INS experiment, the background
spectrum has to be measured. The background here is the
spectrum of the fresh sample that is not exposed to any
reactants but after the needed treatment. If it is possible, the
extra strong scattering source such as water should be
removed before the measurement. This is generally
conducted in the INS reactor cell with inert gas flow and
evacuating while monitoring the desorbed products with a
mass spectrometer. Depending on the sample properties, this
can be a time-consuming step.

Several features of an INS spectrum have to be considered
while analyzing the data: scattering intensity, energy range,
transitions, peak positions, peak intensity, and peak shape.
The scattering intensity is proportional to the number of
scattered neutrons, against the energy that is transferred
from the neutrons to the scatterer. The spectrum is a neutron
energy loss spectrum; the neutrons deposit energy on to the
sample. IR and Raman spectroscopy have limitations in the
energy range due to the instrumental considerations (cutoff is
200–400 cm�1). The INS experiment can obtain the infor-
mation in the low-energy region (less than 300 cm�1). How-
ever, it becomes weak and poorly resolved beyond
1600 cm�1 due to the Debye-Waller factor, particularly for
indirect geometry instrumentation; this can be sometimes
circumvented by using a direct geometry spectrometer with
suitable incident energies, as shown in Fig. 24.4. In some
cases, IR and Raman could be measured before the experi-
ment in order to obtain complementary data prior to the INS
experiment. The peak positions of INS spectra are signatures
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of a molecule’s structure and intramolecular forces. The
intramolecular forces and the structure of the molecule deter-
mine atomic displacements, and thus different transitions
show different intensities. The corresponding modes are
observed in the INS, IR, and Raman at the same energies,
and thus one could get complementary information through
different types of vibrational spectroscopy. The peak inten-
sity shown as the integrated area under the peak is propor-
tional to the amplitude of motion during the vibration. INS is
not limited by selection rules, and consequently the shape of
the INS peak shows additional structural and dynamic infor-
mation and has quantitative nature measured by the inte-
grated spectral intensity [38].

In order to analyze the obtained spectra, theoretical model-
ing of the INS spectrum is often required. Neutron cannot see
a local site at atomic level, but it shows the cumulative effect
on the energies and numbers of the scattered neutrons of all
collisions with the catalyst and adsorbed species. The chal-
lenge here is to separate the spectrum into the different
scattering species using modeling. Using computer simula-
tions, the information of phonons can be obtained from either
quantum or classical calculations such as DFT and MD. For
calculation, experimental perspectives such as the instrument
geometry, resolution, and nature of the samples are consid-
ered. The model not only predicts the correct active phase of
the structure but also gives the right vibrational dynamics.
OCLIMAX [52] program allows users to obtain the full
calculation of INS spectra including coherent effects and
temperature effect for various INS instruments and arbitrary
trajectories in the momentum and energy transfer (Q-ω)
space.

24.4.2 Application of INS to Heterogeneous
Catalysis

To date, INS is the mostly utilized neutron technique for
catalysis research and has been mainly used on systems that
are difficult or impossible to study by other spectroscopic
techniques. When the catalyst is completely black or opaque,
IR is incapable in studying either the surface or the bulk
(without dilution) structures, while Raman spectroscopy
only allows limited bulk structural information. Furthermore,
the sample can decompose or exhibit fluorescence under a
laser beam irradiation in Raman measurements. Additionally,
there are very limited commercial techniques that can mea-
sure hydrogenous species. Unlike IR or Raman, most of the
catalysts are transparent to neutrons when the sample
includes a small quantity of hydrogen. INS has been applied
in a wide range of catalyst studies including both ex situ and
in situ conditions such as hydrogen adsorption [17, 55–61],
hydrogen storage [24, 32, 62–64], hydrogenation reactions

[13, 65, 66], CO2 methanation [14], hydrocarbons [67–69],
and water adsorption [70–72] on different types of catalysts.

Hydride species are common intermediates in a variety of
homo- and heterogeneous catalytic cycles and are involved in
many important processes, from H2 storage to catalytic pro-
cesses such as hydrogenation, dehydrogenation, hydrolysis,
or reforming [73, 74]. Raman, IR, and 1H NMR have been
adapted to characterize the structure of hydride in a variety of
catalysts, but it is not well understood regarding their struc-
ture and catalytic functions due to the limitation in detecting
the hydride in the lattice structure through conventional tech-
niques. Neutron scattering, however, is a unique technique to
detect hydride due to the large incoherent neutron cross
section of hydrogen. It has been comprehensively used to
study the bulk metallic materials such as palladium black
[75–79], platinum black [80–82], Raney nickel [25, 83],
Raney palladium [84], and bulk hydride such as CaH2,
MgH2, BaH2, NiH2, and complex hydride [1, 4, 6, 85]. For
example, Parker et al. studied Pd black through INS and
computational approaches to elucidate the effects of particle
size, support, and morphology on the formation of palladium
hydride [78]. They reported that the particle size and state of
aggregation influenced hydride formation. Additionally, the
support affects the hydrogen storage capacity of the catalyst
and the rate of hydrogen release. Chinta et al. employed INS
to identify surface species formed during the H2-O2 reaction
on Au/TiO2 catalysts [86]. They reported the formation of
hydrogen peroxide and hydroperoxyl radical during the reac-
tion of H2 and O2 over supported Au nanocluster, which is
the first direct experimental evidence that shows hydrogen
and oxygen react to form one or more hydrogen peroxide/
surface hydroperoxy species, which then further react with
propylene to form propylene oxide.

However, many catalysts of interest consist of supported
active metal phase, which can achieve high surface area by
exposing the large amounts of active sites. Specifically, for
supported metal catalysts, hydrogen spillover occurs from a
metal catalyst particle onto the catalyst support. The phenom-
enon has been widely studied, but questions remain about
whether hydrogen spillover occurs on the non-reducible sup-
port. Mitchell et al. [17] investigated hydrogen spillover on
carbon-supported precious metal with INS spectroscopy. The
INS spectra showed characteristic riding modes of H on
carbon and Pt or Ru. Riding modes are frequently observed
when surface vibrational modes of the substrate are amplified
by neutron scattering from surface-bound hydrogen atoms
[17]. Thus, this surface mode can be distinguished from bulk
modes of the substrate.

Metal oxides have often been used either as supports for
metals or as catalysts themselves for hydrogenation reactions
and can dissociate hydrogen either homo- or heterolytically.
For some oxides where IR/Raman cannot detect hydride
species, question still remains on whether the dominant
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mechanism is a homolytic path forming two new OH groups
or a heterolytic path forming one new OH group and one
metal hydride species. This was the case for ceria before INS
study was attempted. Wu et al. [11] reported the direct obser-
vation of both surface and bulk cerium hydrides in addition to
a new hydroxyl group through the INS experiment of H2

adsorption and dissociation over ceria. Coupling with other
in situ spectroscopy including Raman, IR, and AP-XPS, it is
revealed that H2 dissociates via homolytic pathway to form
OH products on the O-vacancy-free ceria surface, while the
dissociation is caused by a heterolytic pathway resulting in
Ce-H and Ce-OH when O-vacancies are generated in ceria.
The capability of INS in detecting and differentiating surface
and bulk hydrides in ceria provides a unique opportunity to

differentiate the active hydrogen species in similar phenom-
ena over other oxide catalysts and in hydrogenation reactions.
The follow-up study by Moon et al. [65] showed the reactiv-
ity of both surface atomic hydrogen and Ce-H in semi-
hydrogenation of acetylene over reduced ceria using in situ
INS study (Fig. 24.6). Interestingly, in this study, the surface
atomic hydrogen with an effective mass of 3 amu has been
confirmed at 32 cm�1 and was suggested as a precursor to
OH groups from H2 dissociation. After this species is
exposed to C2D2 for acetylene hydrogenation reaction, it is
consumed during the reaction (Fig. 24.6a). Likewise, the
Ce-H is also consumed after being exposed to C2D2

(Fig. 24.6b). The species left on the surface were confirmed
as adsorbed ethylene species from the comparison with the
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Fig. 24.6 INS spectra of (a) CeO2-533K-H and (b) CeO2-623K-H
collected at 5 K before and after reaction with C2D2. The
DFT-calculated INS spectra of ethylene and ethane are shown in (c).
The sample was activated at 673 K under an oxygen flow for 2 h,
denoted as CeO2-673K-O. The sample was further exposed to 1 bar of

H2 at various temperatures (533, 623, and 673 K in sequence), resulting
in different degrees of reduction and oxygen vacancy formations, and
such treated samples are denoted as CeO2-523K-H, CeO2-623K-H, and
CeO2-673K-H. (Adapted from Ref. [65], Copyright 2020, with permis-
sion from American Chemical Society)
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computed spectra from ethane and ethylene (Fig. 24.6c),
suggesting the selective hydrogenation capability of the two
H species. In situ DRIFT result showed that bridging OH also
participates in the selective hydrogenation of acetylene but is
less active than the surface hydride species. Capitalizing on
the complementary nature of INS (for hydrides) and DRIFTS
(for OHs), the reaction mechanism of acetylene hydrogena-
tion has been revealed in details. In particular, it underscores
the critical role of hydride species involved in the hydroge-
nation reactions over ceria-based catalysts.

Zeolites are important materials used in industrial appli-
cations as adsorbents, ion exchangers, and catalysts. Specif-
ically, INS has been widely applied to understand the location
and energetics for H2 adsorbed in zeolites [55, 87–90] and
other types of porous materials including metal-organic
framework (MOFs) [64, 91, 92], fullerenes [93–97], and
clathrate hydrates [98, 99]. For example, Ramirez-Cuesta
et al. studied hydrogen adsorption in cation-substituted zeo-
lite X [90] and copper-doped ZSM-5 [55] through INS. They
reported the rotational-vibrational spectrum of adsorbed
hydrogen in the low energy less than 200 cm�1 and showed
the polarization of the H2 molecules dominates the interac-
tion of H2 with the binding site for the first time. Additionally,
they demonstrated the interaction of H2 molecule bounded in
a particular microporous material, Cu/ZSM-5, and revealed
H2 molecule is bound as a single species lying parallel with
the surface. Lateral interactions between the adsorbed H2

molecules become apparent as H2 dosing increases. INS
studies also have been applied study reactions over zeolites.
For example, Hawkins et al. [69] studied the oligomerization
of propene in ZSM-5 at 293 K by INS. The oligomerization
of olefin over zeolite generally occurred via protonation of
the olefin to a carbenium ion, which reacts with other olefin
molecules to give alkyl chains. The selectivity and exact
composition have been determined by shape-selective effects
from the zeolite pore. It has confirmed that the oligomeriza-
tion is particularly important at low temperature and showed
the small-pore zeolite ZSM-5 can convert propene at room
temperature. Figure 24.7 shows the INS spectra of propene
adsorbed in HZSM-5 with dehydrated zeolite and pure pro-
pene spectra. The propene spectrum shows multiple clear
peaks from following modes: methyl torsion (220 cm�1),
C¼C-C scissors (429 cm�1), ¼CH2 twist (585 cm�1), and
C-H rocking (915 cm�1) and C-H stretch mode (broad peak
centered at 3000 cm�1). For the spectrum of the catalyst after
reacting with propene, the C¼C modes are completely
suppressed and are replaced by a broad band of overlapping
methylene modes in the 700–1100 cm�1 range. The three
peaks at 1312, 1376, and 1464 cm�1 are assigned to a new
methylene scissors peak and the symmetric and asymmetric
deformation of the terminal methyl groups, respectively.
Additionally, the shift in location and narrowing of the C-H
stretch peak to a new center at 2945 cm�1 represents the
removal of essentially all sp2 carbon center by the chain

formation reaction. No sign of O-H stretching also indicates
the consumption of a majority of the acid sites to initiate the
oligomerization reaction.

24.5 Quasi-Elastic Neutron Scattering (QENS)

24.5.1 Basic Principles of QENS

QENS is one of neutron scattering techniques for catalysis. It
is a very-low-energy inelastic process, which usually exhibits
as a broadening of the elastic line at ω¼ 0 and probes whole-
body motions such as the diffusional (translational or rota-
tional) motion of atoms. There are excellent reviews in the
literature about QENS technique [100]. It can be seen as
similar to a Doppler broadening of the elastic scattered signal
from a sample. Examples of new generation QENS instru-
ments can be found in references [101–104].

QENS is sensitive to the diffusion and reorientation of
atoms and molecules in the structure on a pico- and nanosec-
ond timescale (10�13 to 10�7 second) with energies of 104 to
10�2 micro-electronvolt (μeV). The length scale of the QENS
experiment can cover the inter- and intramolecular distance
so that the diffusion of molecules in the lattice could be
elucidated. The faster the diffusional motion, the larger the
quasi-elastic linewidth. The classical instruments to measure
QENS are direct geometry of ToF, indirect geometry
so-called backscattering (BS) spectrometers, non-ToF indi-
rect geometry, and neutron spin echo neutronics.

A typical QENS spectrum, at a given momentum transfer,
Q, consists of a single peak centered at ω ¼ 0. A resolution
function of the sample is measured, R(Q, ω), at certain
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Q values; usually, this resolution function is measured at
cryogenic temperatures. A series of QENS spectra as func-
tion of temperature, for the same sample, are then measured.
The measured signal, SMeasured(Q, ω), is the convolution of
the resolution function of the instrument with the quasi-
elastic response, S(Q, ω), plus a linear background:

SMeasured Q, ωð Þ ¼ S Q, ωð Þ � R Q, ωð Þ þ aþ b � ω ð24:3Þ
The extraction of the quasi-elastic response requires a

deconvolution of the measured spectra; the symbol � repre-
sents convolution in ω. The deconvolution process requires
the assumption of a functional form of the QENS response.
The response can have more than one component, depending
on the nature of the motion. A delta function δ(ω � ω0)
indicates an elastic component, which is the fraction of the
population that is not changing. The terms in the summation
are usually assumed to be Lorentzian functions, with a full
width half maximum (FWHM), Γi. The IE factor is the weight
of the elastic component, while the IQEi factors are the relative
weights of each quasi-elastic component:

S Q, ωð Þ ¼ IE Qð Þδ ω� ω0ð Þ

þ
X

i>0

IQEi Qð Þ
π

Γi Qð Þ
Γi Qð Þ2 þ ω� ω0ð Þ2 ð24:4Þ

There is software designed to perform this analysis
[105, 106]. By studying the dependence of Γ vs Q and
using some simple models, it is possible to characterize
parameters of the motion, for example, diffusion coefficients,
residence times, characteristic lengths, etc. It is however
challenging to analyze a system with more than two inelastic
components unambiguously.

From the functional form of Γi(Q), it is possible to determine
the nature of the process and characteristic parameters such as
diffusion coefficients, residence times, characteristic lengths,
etc.

By analyzing the dependence of the parameters on tem-
perature, it is possible to determine quantities such as activa-
tion energies of the associated motions.

There is another important derived quantity, the elastic
incoherent structure factor (EISF), which is a function
defined as the intensity of the elastic response divided the
total intensity:

EISF Qð Þ ¼ IE Qð Þ
IE Qð Þ þP

i

IQEi Qð Þ ð24:5Þ

In general, the functional representation EISF(Q) as func-
tion of Q is essentially the probability that a particle can be
found in the same volume of space at some subsequent time.
This is used to determine overall fraction of mobile atoms and
the geometry of the molecular reorientations [100].

24.5.2 Application of QENS to Heterogeneous
Catalysis

Hydrogen has the largest incoherent cross section, and thus
the motion of hydrogen species can be well investigated
through QENS analysis. The early QENS methods have
been applied to measure the transport process of hydrogen
over zeolite in the mid-1980s [19]. Afterward, hydrocarbon
dynamics in zeolite has been heavily studied due to its
importance in the petrochemical industry. Combined experi-
mental QENS studies and theoretical studies have gained
important insights into linear and branched hydrocarbon
dynamics in different types of zeolites or porous materials
[10, 20, 107–115].

The methanol-to-gasoline (MTG) or methanol-to-light
olefin (MTO) reaction is one example of producing hydro-
carbons from natural gas or coal, and the zeolite catalyst
ZSM-5 (MFI) was first used in the Mobil MTG process
commercialized in 1985. The chemistry beyond the carbon
chain growth in the MTG process is a debated topic, but there
is widespread agreement on so-called hydrocarbon pool cre-
ated in the zeolite pores. To understand the reaction mecha-
nism, the diffusion of the reactant into pores of the zeolite and
the extent which can be influenced by the presence of a
hydrocarbon and coke deposits is an important issue that
needs to be explained. Matam et al. [116] investigated the
dynamics of methanol in ZSM-5 catalysts both with and
without the hydrocarbon pool resulting from MTG reaction
at 623 and 673 K. Three zeolite catalysts were studied:
ZSM-5-F (clean unreacted), ZSM-5-623 (subjected to MTG
at 623 K for 3 days), and ZSM-5-673 K (MTG at 673 K for
3 days). QENS spectra for each sample were obtained as a
function of Q at 325 K. This study showed a notable decrease
in the elastic intensity as increase Q, and the decay of relative
elastic intensity does not become significant until Q is higher
than 1 Å�1. However, the peak broadens at higher Q value, as
shown in Fig. 24.8, when comparing ZSM-5-F with ZSM-5-
623. The lack of any broadening of the elastic peak is attrib-
uted to the presence of strongly hydrogen-bonded methanol,
or the absence of mobility of the methanol is due to dissoci-
ation to form methoxy group. ZSM-5-623 is indistinguish-
able from the fresh ZSM-5-F as far as the QENS of adsorbed
methanol is concerned, other than a reduced intensity due to
the lower methanol uptake/loading. The obtained number
from EISF fittings allows one to characterize the localized
motion of methanol, related to the geometrical motions of the
proton in the molecule. The analysis, combined with EISF,
isotropic rotation, and translational motion of methanol, sug-
gests that methanol is immobile on the QENS instrumental
timescale in the fresh catalyst and in the sample that was
exposed to MTG condition for 3 days at 623 K. However, for
the MTG reaction at 673 K for 3 days, isotropic methanol
rotation is visible.
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QENS analysis is also adapted to investigate hydrogen
diffusion over an iron-based Fischer-Tropsch synthesis
catalyst. Previous studies using XRD, Raman,
temperature-programmed oxidation and TEM, and INS
showed the evolutionary profile of the active phase of the
catalyst during FT in addition to the development of a
hydrocarbon overlayer. Although the active phase for the
FTS has been elucidated, the role of hydrocarbonaceous
overlayer on the iron-based FTS catalysts during CO hydro-
genation is still under debate. Earlier study from
Warringham et al. showed that a hydrocarbonaceous over-
layer was formed during the catalyst conditioning period
[68]. The evolving nature of the catalyst modifies the pro-
portion of phase presented within the catalyst which can
influence the transport of hydrogen within the reaction sys-
tem. Davidson et al. [12] examined the hydrogen diffusion
using a QENS experiment to understand the role of the
formed overlayer on the FTS catalyst. An unpromoted iron
FTS catalyst was exposed to various levels of time-on-
stream (0, 12, and 24 h) of CO hydrogenation at ambient
pressure. The intensity of an elastic peak changed as a

function of reaction temperature range from 20 to 100 K
and showed the hydrogen incorporation into the catalyst
surface structure. The data at 50 and 70 K showed the
diffusion within condensed hydrogen, but the diffusion
rate varied with time-on-stream, which is consistent with
the hydrogen associating with the evolving catalyst matrix.
From the obtained diffusion constant for Fickian diffusion,
one can suggest that hydrogen diffusion within the over-
layer is physically feasible, and the longer the reaction
period, the greater the diffusion rate.

Recently, QENS was also applied to understand the
properties of a new material called oxyhydride, particu-
larly the one that possesses the structure of perovskite
oxide. An oxyhydride is a mixed anion compound
containing both oxide anion, O2�, and hydride ions, H�.
Generally, these two ions do not coexist, but it is stable
when the anions are electropositive, and the conditions are
sufficiently reducing. Oxyhydride in the perovskite oxide
structure includes a sizable amount of hydride in the lattice
and has shown the potential for various applications such
as ammonia synthesis [117] and CO2 hydrogenation [5].
Although it showed good reactivity for different reactions,
the dynamics beyond the diffusion of hydride in the struc-
ture are still being investigated. Bridges et al. [2]
conducted a QENS experiment on LaSrCoO3H0.7 and
observed hydride-ion mobility through hopping along the
direction of vacancies in the hydride ion sub-lattice. The
reported jumping distance is close to the distance between
adjacent hydride-ion sites. Additionally, it has been eluci-
dated that temperature is an important factor to initiate the
hopping in the lattice structure and it causes the loss of
hydrogen from the sample. Similarly, Carin et al. [21]
studied the dynamics of hydride ions in a perovskite
oxyhydride material that possesses a BaTiO3 perovskite
structure. QENS analysis measured in a lower temperature
region (<250 K) showed that hydride ion jumps between
the nearest-neighbor oxygen vacancies with a mean resi-
dence time of the order of 0.1 ns. For a higher temperature
region (>400 K), hydride ion jumps between the next
nearest-neighbor oxygen vacancies with the order of pico-
seconds, but there is no strong dependence on the concen-
tration of hydride ions and oxygen vacancies. The
diffusion coefficient was obtained through two jump-
diffusion models: the Chudley-Elliott model and the
Gaussian model (Fig. 24.9). The diffusion coefficient fol-
lows the Arrhenius law, and, thus, one could obtain acti-
vation energy. The derived activation energy Ea shows a
slight increase with increasing oxygen vacancy concentra-
tion. This is useful new information for the comparison
with future experimental and computation results for
different hydrogenation/dehydrogenation reactions to
determine the defect nature and transport properties of
the materials.
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24.6 Neutron Diffraction (ND)

24.6.1 Basic Principles of ND

In a diffraction experiment, as the incident neutron wave
reaches an atom, the atomic site becomes the center of a
scattered spherical wave that has a definite phase. As the
waves expand from a regular array of sites in a crystal, the
individual interference will amplify each other only in par-
ticular directions. The direction is closely related to the spac-
ing of the scattering sites and the symmetry of the crystal. As
a result, the direction in which interference occurs can be
used to infer the lattice parameter and symmetry of the
crystal.

ND peaks appear when the neutron wavelength λ and the
angle θ satisfied as Bragg’s law, nλ ¼ 2d sinθ. To obtain
diffraction from a set of planes, the crystal must be rotated to
the correct orientation, and thus the scattering vector is per-
pendicular to the scattering planes. The observed signal dur-
ing this crystal rotation is called a Bragg peak, and this signal
only occurs when the crystal is in the correct orientation. The
intensity of the scattered neutrons is proportional to the
square of the density of atoms in the atomic planes responsi-
ble for the scattering. Thus, the observation and analysis of
those Bragg peaks allow one to understand the spacing and
the density of atoms in the planes.

For powder diffractometer at a reactor neutron source, a
beam of the neutron with a single wavelength can be selected
by a device called a monochromator. The monochromator is
an assembly of single crystals that are correctly oriented to
reflect a mono-energetic beam of neutrons toward the scat-
tering samples. It is usually made with either pyrolytic graph-
ite, silicon, or copper. The scattered neutron from the sample
is counted by suitable neutron detectors and recorded as a
function of an angle. Bragg peaks from atomic planes in a
typical ND pattern correlate with different interplanar spac-
ing, d. However, for diffraction pattern from a pulsed neutron
source, the sample is irradiated by pulsed beams of neutrons
with a wide spectrum of energies. The scattered neutrons
from the samples are recorded in banks of detectors located
at different scattering angles. Additionally, the time that
scattered neutrons arrive at the detector is recorded. Diffrac-
tion patterns from reactor source and pulsed neutron source
are very similar at a certain scattering angle, but the indepen-
dent variable is a time of flight from the neutron, not the
scattering angle for pulsed neutron sources. Normally, several
banks of position-sensitive detectors are located in the
beamline, and this can cover the wide range of the
d-spacing allowing accurate determination of scale factors
such as phase fraction through refinement.

ND is a complementary technique to X-ray diffraction.
XRD is a well-established analysis tool that gives informa-
tion on the crystalline phase (fingerprint), crystal structure,
and quantitative phase analysis through the Rietveld refine-
ment and size/strain effects from line profile analysis. How-
ever, the crystalline structure of light elements cannot be
elucidated with XRD only; instead, ND is powerful to
enlighten the structure of light elements in the lattice struc-
ture. Additionally, scattering amplitude of neutron shows
significant variations in the same range of scattering vector,
although scattering amplitude decays greatly with the scat-
tering vector for X-ray [118]. In other words, intensities of
Bragg peaks at higher Bragg angles from XRD decay
quickly, and it is hard to access information located at higher
angle, but for ND, it can resolve fine structure and textural
details of nanocatalysts, allowing access to a large number of
reflections to very short d-spacing (high Bragg angles).

Traditional diffraction shows the information on an aver-
age scale, and the diffraction is not able to recognize non-
equivalent sites and slight distortions from local interactions
and connectivity. The local atomic structure of materials can
be elucidated through PDF analysis without invoking crys-
talline symmetry. Although diffraction patterns of nanoscale,
amorphous, and disordered materials do not have well-
defined Bragg peaks, PDF analysis combined computational
modeling and simulation allow us to observe detailed
descriptions and their application in structural changes in
the field of catalysis [119–122]. The PDF, or G(r), is obtained
from the structure factor, S(Q), via a Fourier transformation:
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permission from American Chemical Society)
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G rð Þ ¼ 2

π

ð1

0

S Q� 1ð Þ Qrð ÞQdQ ð24:6Þ

The obtained analysis from this quantity gives information
of the local structure of the materials. The Fourier transform
requires data over a large Q range to avoid truncation effects,
so the technique typically uses rather short-wavelength neu-
trons at spallation source or the hot end of reactor source.

24.6.2 Application of ND to Heterogeneous
Catalysis

Generally, structural investigations on crystalline catalysts
are often performed by X-ray diffraction. In fact, it is required
to obtain X-ray diffraction pattern to confirm the phase of
synthesized catalysts. However, as we mentioned above, it is
hard to determine the structure that includes atoms with
similar atomic number or light elements with X-ray. ND
fills the gap and provides complementary structural informa-
tion. Mawdsley et al. [123] studied nickel-containing perov-
skite oxide catalysts used to catalyze the autothermal
reforming (ATR) of isooctane (C8H18) into a hydrogen-rich
gas. ND offers the advantage of being particularly sensitive to
nickel, because nickel has one of the largest neutron scatter-
ing lengths of all of the elements, so that even small amounts
can be easily detected [124]. The catalyst was analyzed
through XRD and ND together to determine the phase stabil-
ity of catalyst in the reducing environment. Perovskite oxide
has the general formula of ABO3, where A is an alkaline-
earth metal and lanthanide and B is a transition metal. Both A
and B can be substituted with different cations to introduce
structural and electronic defects which may increase catalytic
performance. In this study, the catalytic performance of
perovskite oxide with general formula La1-xSrxM0.9Ni0.1O3�δ

(M¼Cr, Mn, or Fe) has been tested. For perovskite oxide that
includes nickel, a hysteresis has been observed in the hydro-
gen and CO yields, with the decreasing-temperature yields
being higher than the increasing-temperature yield. This is
believed to be due to the formation of metallic nickel excluded
from the perovskite structure after the high-temperature reac-
tion, which promotes steam reforming. XRD has been used to
analyze the phase of the catalyst; however, the sensitivity is not
enough to confirm the presence of metal phase of nickel in this
study. The high sensitivity of ND allows detecting the presence
of the nickel metal phase. The segregation of the nickel metal
phase has been confirmed by ND.

ND also can be used as a complementary tool to other in
situ techniques used in catalysis research. In contrast to XRD,
the scattering power is independent of the diffraction angle
providing diffraction peaks at higher angles with higher
intensity. This in particular useful for the investigation of

nanomaterials with highly symmetric crystal structures that
often suffer from few and weak XRD peaks available for
structural analysis. Kandemir et al. utilized ND as a method
for in situ analysis of heterogeneous catalysts, especially
over methanol synthesis catalyst, Cu/ZnO/Al2O3 [125].
Figure 24.10 shows the high-resolution ND patterns of the
reduced catalyst in 0.1 MPa Ar at 523 K right before the
methanol synthesis and during the synthesis under 6 MPa of
syngas after 3 and 34 h time-on-stream. The Rietveld fit of
the fresh catalyst (Fig. 24.10, top) reveals the presence of
fcc-Cu as the major phase at 523 K. No major changes of the
Cu phase are obvious from a first comparison of the three ND
patterns recorded at different conditions. This result showed
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After 24 h synthesis
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Fig. 24.10 The Rietveld fits of the catalyst before (0.1 MPa Ar, top
panel), at the beginning (center), and after 24 h of methanol synthesis
(bottom) at 523 K and 6 MPa. The data with gray is experimental data
and with black line is the calculated pattern. The thin gray line is the
difference between experimental and calculated pattern. The contribu-
tion of the Cu phase and ZnO is marked as red and green lines with tick
marks at the positions of Bragg reflections. Additional strong peaks from
the Al reactor wall were treated as peak phase during the Rietveld
analysis and are excluded from the overall calculated profile shown
here. (Adapted from Ref. [125], Copyright 2013, with permission from
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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that bulk inclusion of C or H species from the gas phase in the
Cu lattice of working catalysts can be readily excluded.
Additionally, the Rietveld fitting showed the crystalline
domain size increment due to sintering of the Cu particles
which proves as a relevant deactivation mechanism of meth-
anol synthesis catalysts.

Additionally, ND has been used to elucidate the location
of hydrogen species in the structure of catalysts. ND is
sensitive to deuterium, an isotope of hydrogen, which has a
large coherent scattering length. Oftentimes, ND has been
used to understand the position of hydrogen in the structure
of hydrogen storage materials [126] including metal hydride
or complex hydride [6, 7, 127–131], carbon-based materials
[132, 133], MOF [134–136], ammonia borane [137], etc. In
the field of catalysis, knowledge of the exact active sites
during the reaction and how they work is primitive. The
development of high flux neutron instruments at both reactor
and spallation sources allows studying dynamic process
using in situ or operando experiments. Kammert et al. studied
electride material using in situ ND and INS for ammonia
synthesis [24]. Ru-loaded C12A7:e- (12CaO�7Al2O3-type
electride with an anti-zeolite nano-porous structure) was
used to synthesize ammonia at the atmospheric condition at
400 �C. Although this catalyst shows better reactivity, the

catalytic mechanism has not been determined due to the lack
of information on the formation and reactivity of hydride
species during ammonia synthesis. In this study, in situ dif-
fraction incorporated with difference Fourier map analysis
confirms the formation of hydride in the cage of the electride
and stability of this hydride species during different gas
environments (D2, N2, and the mixture of D2 and N2 with a
ratio of 3:1) (Fig. 24.11). An isolated atomic species in the
center of the cage was observed in the cage lattice during the
D2/N2 reaction. The measured neutron scattering from this
Fourier map analysis was 65 pm which is close to the scat-
tering length density of D (66.7 pm). The chemical nature of
the newly formed species was confirmed by INS to be
hydride (deuteride) which was found both thermally and
chemically stable under ammonia synthesis condition. The
ND and INS work suggest that it is the surface hydrogen, not
the bulk hydrides, that plays the major role in ammonia
synthesis over the electride-based catalyst. The findings
from this work give insights for understanding catalysis by
electride-based materials for ammonia synthesis and hydro-
genation reactions in general. Additionally, Kandemir et al.
studied the real structure and stability of ammonia iron under
Haber-Bosch process using in situ ND [138]. The iron cata-
lyst was exposed close to the conditions of the Haber-Bosch

D2:N2=3:1

D2:N2=3:1 D2:15N2=3:1

100 / pm

Neutron scattering length density

�100 / pm

D2 N2He

a) b)

e) f)

c) d)

Fig. 24.11 Difference Fourier maps created from results obtained
using from ND. All maps are representations of the (001) planes in
C12A7:e-. Diffraction patterns were obtained at 673 K after continuous
reaction under conditions in the order (a) to (f) in 0.1 MPa gas pressure.
(a) He treatment for 30 min, (b) D2:N2 ¼ 3:1 for 3 h, (c) D2 for 2 h, (d)

N2 for 2 h, (e) D2:N2 ¼ 3:1 for 2 h, and (f) D2:
15N2 ¼ 3:1 for 2 h. Note

that the scale for neutron scattering length density is the same in all
maps. (Adapted from Ref. [24], Copyright 2020, with permission from
American Chemical Society)
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process (75 bar and 425 �C) during in situ ND measurement,
and no major dynamic phase change due to the nitridation
step was observed on an industrial ammonia synthesis cata-
lyst. The stability of α-Fe phase in the catalyst could not be
expected based on the thermodynamics of pure iron at such
ammonia pressure. Compared to reference Fe, the industrial
catalysts showed a complex and defective microstructure that
arises in the preparation and activation steps. This unique
feature was stable, and hardly any structural healing was
observed after 88 h of ammonia synthesis operations. The
complex real structure of the catalyst after activation and its
stability suggests a prerequisite for high performance and
should be target of any alternative synthesis approaches for
ammonia synthesis catalysts for a simple preparation.

ND total scattering methods spanning a wide Q range
allows to measure time-resolved catalytic chemistry to
probe the reaction within the pore of the catalyst. This
method gives access to the reaction rates on both nanometric
and atomic length scales, providing an atomistic structural
viewpoint on the reaction mechanism. Youngs et al. utilized
this method to study kinetics of benzene hydrogenation over
Pt/SiO2 [139]. The evolution of F(Q), formed from a
weighted sum of the partial structure factor, is recorded as a
function of time (Fig. 24.12) during benzene hydrogenation
(reaction scheme in Fig. 24.12). It illustrates the changes
within structural features across atomic, molecular, and
mesoscopic length scales simultaneously. At specific
Q values with respect to time, the kinetics corresponding to
different length scales in the system can be analyzed further
(Fig. 24.12b). The first diffraction peak at Q ¼ 0.19 Å�1

showed both a fast and a slow component with a rate constant
of 2.146 h�1 and 0.138 h�1, respectively, while at higher
Q > 1.2 Å�1, it revealed an intermediate rate
(k2,3,4 ≈ 0.35 h�1). The first diffraction peak is related to the
change in contrast between the mesoporous substrate and
absorbed material, but the second process also contributes
to this change on a different timescale. Therefore, the first
process is attributed to the dissociative adsorption of D2, and
this is consistent with the rapid and relatively large increase
in temperature over the first 30 minutes following introduc-
tion of the D2. In Fig. 24.12c, the slow component k1 does not
reflect a chemical change and is likely to be related to the
mass transport of the products within the pore. The change at
Q ¼ 1.22 Å�1 reflects nearest-neighbor molecular interac-
tions, while those at 3.1 and 4.3 Å�1 are associated with
atomistic chemical changes within the system. Additionally,
these features evolve with similar time constants and thus are
correlated with the reduction of benzene. This information
gives the kinetic information of the hydrogenation of benzene
reaction and elucidates the process scheme for the reaction at
conditions of room temperature with 250 mBar of D2

(Fig. 24.12e). This study provides a method of examining
structure-reactivity correlations for these complex systems in
detail, thus allowing the effects of mass transport within the

catalyst and surface reaction to be decoupled. Additionally, the
technique takes a step to allow both structure and spatial data to
be tied effectively with the kinetics of the underlying processes.

24.7 Other Neutron Scattering Techniques
for Heterogeneous Catalysis

In addition to INS, QENS, and ND, SANS and neutron
imaging have also been used in catalysis.

SANS is an elastic neutron scattering at a small angle to
investigate the structure covering mainly the nanometer
(10�9 m) to micrometer scale (10�6 m) [46]. Scattering mea-
surements are performed in the Fourier space (also called
reciprocal space) but not in real space like microscopy.
Obtained scattering data needs to be converted to real space
or fitted to various models to describe structures in reciprocal
space. Normally, SANS is complementary to small-angle
X-ray scattering (SAXS) which uses X-ray instead of the
neutron. Due to the high penetration of thermal neutrons, the
bulk structure of the catalyst may be studied, and sample
environments are easily varied over a wide range of pressure
and temperature. Additional advantages of SANS over SAXS
include minimum beam damage and contrast variation
achieved through isotopic labeling. The isotope labeling is
particularly useful for the study of hydrogen-rich organic and
biological materials. However, the low flux of neutron sources
compared to the X-ray source means it requires longer data
acquisition time.

One application of SANS in catalysis is to study fuel cell
electrode, focused on electrode layers of high-temperature
PEM fuel cells. Holderer et al. utilized neutron scattering
experiment where simultaneously data in the small-angle and
diffraction regime are taken on an electrode layer with different
Pt loading with and without phosphoric acid (Fig. 24.13)
[140]. It probes the ensemble average of the sample and is in
the sense complementary to the local real space information
obtained with microscopy techniques. Both SANS and wide-
angle neutron scattering (WANS) have been applied in this
study, and thus it can cover the Q range from 1 to 1000 Å�1

including diffraction part of the scattering curve with
q > 1 Å�1. The characteristic length scale with the two
instances of the Beaucage model with Rg,0 of about 10 Å
from Pt particles and a large length scale Rg,1 ≈ 500 Å of the
supporting structure indicating Porod scattering of a flat inter-
face such as no surface fractal structure. This work showed that
scattering experiments over a large range of length scales
provide an insight into the individual components such as
catalyst particles and carbon structure and investigate at the
same time on larger scale to understand the fractal structure of
the electrode material and its evolution upon filling with elec-
trolyte. SANS analysis covering a large range in reciprocal
space provides the potential to reveal structural properties on
length scale from sub-nm to micrometers with unique contrast
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variation properties useful for samples with light elements and
heterogeneous multicomponent environment.

Neutron image is an imaging process based on the neutron
attenuation properties of the objects. It is a complementary
tool to neutron scattering; it can directly probe the samples in
real space on macroscopic length scales within the range
from micrometers to decimeters. It is however rarely used
to characterize catalysts due to the length scale it probes.

Presently, neutron imaging in catalysis is mainly used to
understand the flow pattern in the reactor or porous media.
For example, Borgschulte et al. [141] studied the CO2

methanation process in a sorption fixed bed reactor using
time-resolved neutron imaging. Thanks to the high neutron
attenuation coefficient of hydrogen, the adsorbed water in the
sorption catalyst, such as LTA zeolite, gives a high contrast
allowing researchers to follow the formation and distribution
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map. LTA zeolite is known to absorb large quantities of
water. The removal of water from the reaction centers is the
key to enhance the conversion yield while suppressing side
products such as CO. Normally, sorption reactor includes
significantly large amount of catalyst to improve the sorption
to make water remains in the bed. Figure 24.14 shows a

typical neutron imaging result of the relative neutron absor-
bance of the reactor during the reaction and regeneration.
Dark regions normally occurred when the neutron absor-
bance increased, and thus it represents the higher water
contents in the sorption reactor. The water forms from the
Sabatier reaction (the hydrogenation of CO2), which is
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adsorbed by the zeolite while the methane leaves the reactor.
The neutron images show the formation of a reaction front
running through the reactor. The gas product from the outline
was also continuously monitored, and the water contents of
the sorbent and catalytic activity can be correlated. There is
no CO2 leaving from the reactor as long as the total water
contents increase linearly. The neutron imaging may be
applied to a similar process with sorption-enhanced reactions
such as reversed water-gas shift reaction and purification of
gases by adsorption under static and dynamic conditions.

24.8 Summary

The applications of neutron scattering to catalysis have been
mainly focused on the systems which are difficult to study by
other available techniques. It has a major recognized role in
structural studies including light atoms and made a signifi-
cant contribution to understanding the role of hydrogen or
hydrogen-containing molecules over the catalysts. Through-
out this chapter, theories and the applications for catalyst
researches of main neutron scattering techniques, INS,
QENS, and ND, along with other neutron techniques have
been reviewed. INS has provided a different perspective of
adsorbates on catalysts and sometimes complementary infor-
mation on surface reactions over catalysts to other techniques
such as IR and Raman. QENS has been used to understand
transport motions of hydrogen-containing species on catalyst
surfaces and in catalyst pores. This technique deserves more
attention as it reveals the significance of transport processes
in controlling catalytic environments. ND allows one to
locate the light element in the lattice structure of the catalyst
and gives better insights at a higher diffraction angle with
stronger intensity. Overall, the unique power of neutron scat-
tering in probing the vibration modes of adsorbed atoms and
dynamics of molecular processes in catalytic systems has
been demonstrated from the case studies with these neutron
techniques.

Neutron scattering provides observable characteristic
results that can be straightforward calculated, and thus neu-
tron scattering combined with modeling allows one to obtain
better understating of the observed neutron scattering results.
Due to the recent development of computer science and
quantum chemistry, we believe that the coupling of modeling
and data science with neutron scattering experiments could
revolutionize the field of the catalyst research.

With further developments in neutron sources, instrumen-
tation, detectors, and more techniques and methodologies,
neutron scattering is becoming available for the advanced
characterization of catalysis materials.

Although catalysis research is a well-established area, the
fundamental properties and the nature of the catalytically
active site of heterogeneous catalysts under realistic reaction
conditions have remained largely unknown. Having access to

such information is of utmost importance to understand the
rate-determining processes and steps of many heteroge-
neous reactions and identify important structure-activity/
selectivity relationships. In situ and operando methods
have become available to identify the structural and mor-
phological properties of the catalyst under reaction condi-
tions, but only limited techniques of neutron scattering such
as ND can be combined with in situ/operando methods. It is
challenging to improve spatial and time resolution of neu-
tron scattering; however, with further development of
instrumentation and detection methods under working con-
dition, we believe neutron scattering could revolutionize the
field of in situ/operando characterization of catalyst and thus
plays an important role in understanding the catalysis in the
future.
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