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Neutron and muon characterisation techniques offer unique capabilities for investigating the complex
structure and dynamics of rechargeable battery systems. Whilst the non-monotonic interaction of the
neutron with the nuclei of atoms makes it sensitive to light and neighbouring elements in the periodic
table, its weakly interacting nature allows it to penetrate deep into the sample without damaging it,
enabling the flexible use of complex sample environments such as in situ/in operando cells. Meanwhile,
the also non-invasive nature of an implanted positive muon allows it to be used as a probe to study bulk
ionic diffusion phenomena within materials at different depths by tuning the energy of the incident

muons. This review discusses the application of relevant neutron and muon characterisation techniques
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Accepted 28th March 2023 to the study of specific phenomena in ion batteries, highlighting key literature cases that serve as the
archetypal example for the utility of each technique. Furthermore, this review includes an accessible

DOI: 10.1039/d2ta07235a overview of the working principles of each technique that has been condensed and optimised to provide
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1 Alkali-ion batteries

The 2019 Nobel Prize in Chemistry was awarded to John B.
Goodenough, M. Stanley Whittingham and Akira Yoshino for
their work on the development of lithium-ion (Li-ion) batteries
in 1980, creating a “rechargeable world”." In 1991, Sony com-
mercialised the first Li-ion battery, which accelerated their
wide-spread use. Today, Li-ion technology can be found in
a range of devices, such as mobile phones, laptops, battery
electric vehicles and stationary energy storage systems.
However, with the demand for rechargeable battery technology
on the rise and the shift in focus to green sustainability, Li-ion
technology cannot be the sole solution, and characterisation is
the key to unlocking new, more environmentally conscious
technologies.>® For instance, sodium-ion (Na-ion) can be
a complementary technology to Li-ion, and more sustainable as
sodium is much more abundant than lithium.* Na-ion tech-
nology can help total battery technology supply meet demand;
for example Na-ion is perfectly suited to short-term stationary
grid storage, where sustainability and low-cost are more
important than energy density.
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a basic understanding of their relevance to the particular challenges they can address.

Be it new Li/Na-ion materials, or components used in other
battery technologies such as Mg-ion, Li-S, or Li-air, the chal-
lenges associated with characterisation of the structure and
dynamics in the battery components and the whole are non-
trivial. This review highlights the ways in which neutron and
muon techniques can address the characterisation challenges
of alkali-ion batteries, specifically Li and Na due to the research
involving these technologies, however the techniques are more
widely applicable to general energy storage materials. This
section provides the reader with an introduction to the battery
terminology and chemistry that is covered in the main text of
this review paper, followed by a discussion highlighting the
relevant advantages of neutrons and muons as characterisation
probes.

1.1 Typical anatomy and electrochemistry of a Li/Na-ion cell

A Li/Na-ion cell primarily consists of a cathode, an anode, and
an electrolyte (Fig. 1). To complete a cell, a separator, current
collectors, and casing are also required. The separator is
a micro-porous material that is positioned between the cathode
and anode to prevent short-circuiting, but allowing the diffu-
sion of Li/Na-ions through the liquid electrolyte. The current
collectors connect the electrodes to the external electrical
circuit. They should be cheap and excellent electrical conduc-
tors. Na-ion cells typically use aluminium at both electrodes. Li-
ion cells require a more expensive copper current collector at
the anode due to the detrimental alloy reactions associated with
lithium and aluminium. All components of the cell are carefully
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Fig. 1 Schematic of a typical: (Top) Li-ion cell; (Bottom) Na-ion cell.

compressed together, and typically cased in either coin cells,
pouch cells, or cylindrical (e.g. 18 650) cells.

When a positive current is applied across the electrodes, the
cell begins charging; Li/Na-ions deintercalate from the cathode,
diffuse through the electrolyte and insert into the anode. In order
to maintain charge neutrality in the cathode, the redox-active
metals undergo oxidation, losing one electron to the current
collector per Li/Na-ion that deintercalates. The electrons flow
around the electrical circuit and reduce the anode. When the cell
is in use (discharging), the reverse processes take place.

The capacity of a cell is related to the number of Li/Na-ions
that are shuttled between the cathode and anode during one
full charge-discharge cycle. The specific capacity, Q, typically
measured in mA h g™, is given by

o

m

where I is the current, ¢ is the time, and m is the active mass of
the active material. The specific energy, E, typically measured
in W h kg™, is given by

E=[VdQ

where V is the potential difference between the cathode and
anode.

The C-rate indicates how fast a cell is being cycled and is
normalised to its maximum capacity to facilitate comparison
between different systems - a cell cycling at 1 C will perform
a half-cycle in 1 h.

LixCoO2

LiMn20a4

LiFePO4

1.2 Cathode materials

In the pristine state, the cathode material is typically Li/Na-ion
rich, containing redox-active metals. It is vital the cathode
provides facile diffusion of the Li/Na-ions and has good elec-
trical conductivity. A high working voltage is targeted vs. Li/Li"
(or Na/Na") to increase the average cell voltage.

Goodenough et al. discovered the Li,CoO, cathode material
in 1980.° It adopts a layered structure with octahedrally coor-
dinated Li-ions between the CoOs layers (Fig. 2, left). This
structure was revolutionary and forms the basis of many
cathode materials today. LiNi,Mn,Co,0, (NMC) and LiNi,Co,-
Al,O, (NCA) are high-energy Li-ion cathode materials, used
extensively in commercial applications. They adopt the same
layered structure as Li,CoO,.

Other common Li-ion cathode materials, displayed in Fig. 2,
include lithium iron phosphate, LiFePO, (LFP), and lithium
manganese oxide, LiMn,O, (LMO). LFP adopts the olivine
structure with a hexagonally close-packed oxygen array, the 1D
channels through the structure allow facile Li-ion diffusion
leading to a high power output. The structure is stable on
cycling—only a slight expansion/contraction on charging/dis-
charging—leading to a very long cycle life. Thackeray et al
discovered the application of LMO as a cathode material in 1983.°
It adopts a spinel structure, with 3D Li-ion diffusion. Typically it
has better energy density than LFP, but the cycle life is poorer.

For Na-ion cathode materials, three cathode structure types
dominate the literature: layered oxides, Prussian blue/white

NaMnFeSCNZe Na3V2£P04)3

Fig. 2 Structures of the key cathode materials covered in this review. Left to right: layered oxide (which NMC, NCA, and the Na-ion P2 and O3
materials are based on), LMO, LFP, PBA, NASICON. Element colours are shown by the coloured bar under the formulae.
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analogues (PBAs/PBWs) and polyanionics. Each have their
advantages and disadvantages for commercial applications. For
high energy applications, layered oxides are leading the way.
Due to the larger size of Na-ions compared to Li-ions, the
coordination geometry of Na-ions in these materials are elon-
gated octahedral or trigonal prismatic, leading to two common
phase sub-groups, O and P.” O3 materials have high sodium-
stoichiometries, ideal for high energy applications,® whereas
P2 materials have better Na diffusion resulting in higher power
densities than O3 materials.’

PBAs have the general formula NaM[Fe(CN)¢] and form in
a perovskite-type cubic structure. PBAs typically have a high
working voltage, are low-cost, and have long cycle lives.'® Poly-
anionics typically exhibit stable host frameworks for Na-ion
diffusion. NASICON-type phosphates are the most common,
displaying superior ionic conductivity due to their 3D open
frameworks (Fig. 2, right)."* The best known Na-ion NASICON
material has the formula Na;V,(PO,),Fs."> Two sodium sites are
present in the structure, but only Na-ions in one of the sites can
be reversibly extracted, resulting in a low capacity.

When designing novel battery technologies, energy density,
power density, and cycling stability are all crucial properties to
enhance. The energy densities of typical cathode materials are
an order of magnitude lower than typical anode materials,
meaning they are the limiting factor. The ease of ionic mobility
through the cathode structure contributes to power density, but
studying bulk ionic diffusion can be challenging as the
common techniques such as EIS and GITT are dependant on
sample preparation and morphology, whereas NMR can be
difficult for materials containing magnetic ions such as cobalt.
Furthermore, phase changes or Li/Na-vacancy ordering on
cycling can be detrimental to the cycle life of cathodes and
understanding oxygen redox could enhance energy density.
However, extracting Li or oxygen positions as well determining
an atomic structure that involves multiple transition metals can
be challenging using the most commonly available character-
isation techniques such as those based on X-rays.

1.3 Anode materials

Pristine anode materials typically contain an open-framework
structure in which Li/Na-ions can easily intercalate reversibly.
Electrical conduction is equally important as in the cathode

LiCﬁ

Li4TisO12
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materials and the voltage of the anode material vs. Li/Li" (or Na/
Na") should be low to increase the average cell voltage.

Graphite-based anodes (Fig. 3, left) are deemed the standard
anode for Li-ion batteries. Typically they are low-cost, with high
energy densities due to their low de-/lithiation potentials
(around 0.2 V vs. Li/Li") and high gravimetric capacities.
However, Li-ion intercalation into the graphite layers has a low
diffusion rate associated with it, making the anode material
non-ideal for high power applications.” Na-ions cannot inter-
calate into graphite (without the help of co-intercalation
solvents), so hard carbons are typically used.'*** Hard carbon
is a turbostratically disordered analogue of graphite, containing
curvature within the layers (Fig. 3, third left to right). The
intrinsic disorder and curvature creates pores and greater
interlayer spacing, favouring the intercalation of Na-ions.

Lithium titanate (Li TisO;,) adopts a spinel structure with
space group Fd3m (Fig. 3, second left to right). During Li-ion
intercalation on charging, this forms a rock salt structure,
with minimal change in cell volume. This is advantageous as
minimal crystal strain is induced on cycling, leading to superior
cycling stability. Its high operating voltage limits SEI formation
too, enabling high safety, however this reduces the working
voltage and therefore cell energy density. Another drawback is
its poor conductivity, however, at the time of writing research
into lithium titanates is in its infancy. The sodium analogue,
sodium titanate (Na,Ti;O,), exchanges Na-ions at very low
voltages (0.3 V), which is its main advantage over hard carbon
anodes. This material has a high capacity (200 mA h g™ %), due
to the intercalation of two sodium ions per formula unit. The
characterisation challenges of anode materials are very similar
to those of cathodes, but semi-amorphous materials, such as
hard carbon, have the added complexity of characterising their
porosities and disordered structures.

1.4 Electrolyte

While liquid electrolytes are the most commonly used,"
research into novel solid electrolytes is growing due to their
increased safety features.™ The electrolyte connects the cathode
and anode, allowing diffusion of the Li/Na-ions between the
two. It should be chemically inert to the cathode and anode
materials, electrically insulating, and must be stable across the
whole voltage range. A solid electrolyte interface (SEI) layer

NazTizO7

Fig. 3 Structures of the key anode materials covered in this review. (Left to right) Graphite, lithium titanate, hard carbon, sodium titanate.

Element colours are shown by the coloured bar under the formulae.

This journal is © The Royal Society of Chemistry 2023
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commonly forms on the first cycle by decomposition of the
electrolyte onto the anode surface. It is an essential component
of the cell, preventing further decomposition and maintaining
cycling performance; however, SEI's must be controlled as they
can be detrimental to ion diffusion and electrical conductivity.*

While the active electrode materials set the energy output for
the cell, the electrolyte is vital for ionic mobility. Typical elec-
trolyte salts have inorganic anions based on a central atom with
electronegative ligands withdrawing electron density to create
a delocalised negative charge over the anion. This creates
weakly coordinating cations-anions; perfect for ion mobility.
Such anions are also more likely to be stable against oxidation,
but the choice of salt affects the chemical and electrochemical
stability. Examples of typical electrolyte salts are LiPFg, LiC,-
NO,F¢S, (LiTFSI), and NaPF,. Typical electrolyte solvents must
be polar and have a low viscosity in order to dissolve the Li/Na-
salt and facilitate ionic mobility. A large electrochemical
stability window (ESW) is also essential—particularly the lower
limit of the ESW as this dictates the lower limit of the electro-
lyte's ESW—meaning the solvents are always aprotic. Typical
solvents include ethylene carbonate (EC), propylene carbonate
(PC) and diethyl carbonate (DEC).

Solid-state electrolytes are intrinsically safer than liquid
electrolytes, with the key challenge being the interface between
the electrolyte and electrode. Typical materials include
sulphates, sulphides, polymers and NASICONs. These electro-
lytes each bring their own characterisation challenges - for
example polymers are disordered and contain light elements
such as H. However, for electrolyte performance in general, the
dynamics within the material, especially the Li/Na mobility, is
most important. As mentioned, each technique has limitations,
and to study their dynamic behaviour, complex experiments,
such as in situ or operando, are needed.

Finally, the SEI has a large impact on the electrochemical
performance, yet it is very difficult to study. Reasons for this
include the many disordered components, that these compo-
nents are buried interfaces, and that the SEI is usually not
a stable structure but one that evolves during cycling. To char-
acterise the SEI requires different probes, especially those that
can measure its formation and evolution in operando. These
and all the forementioned challenges require a holistic char-
acterisation approach and a wide range of specialist techniques
that can provide very specific information about any given
battery system of interest.

2 Advantages of neutrons and muons
for battery research

As described in the previous section, typical battery systems
contain a plethora of intricacies at a wide range of length scales
which must be understood to push forward the commerciali-
sation of novel materials. The main challenges facing battery
technologies are energy and power density, cycle life, cost,
safety, environmental impact, and sustainability. Addressing
the breadth of characterisation challenges involved in the
development of next-generation battery systems requires the
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use of all available characterisation tools. Neutrons and muons
can be used as characterisation probes offering unique capa-
bilities to investigate various phenomena and properties of the
different components in battery systems. This is summarised in
Fig. 4 and the main reasons behind their advantageous use are
briefly summarised here.

The nuclear interaction of neutrons with a sample is not
exclusively nor monotonically dependent on the number of
neutrons, protons, or electrons in the atom. This means that
neutrons can interact significantly with light elements such as
hydrogen and lithium, as well as easily distinguish most
neighbouring elements in the periodic table. These capabilities
are more challenging to achieve using electron cloud-scattering
probes such as electrons, X-rays, and other lower energy
photons due to their monotonic dependence on atomic
number. Modern X-ray scattering techniques can, to some
extent, overcome these limitations, especially at synchrotrons
where resonant X-ray scattering is available for almost all rele-
vant transition metals. However, neutrons offer superior
contrast for studies in which light or neighbouring elements are
a subject of interest.

The nature of such interaction offers a couple of major
advantages to battery research; firstly, the ability to distinguish
between elements with a similar number of electrons is relevant
for studying cathode materials that often contain a mixture of
first row transition metals (TM). This applies to all techniques,
but specifically neutron diffraction and total scattering which
are used for characterising the long range or local TM distri-
bution in electrodes and solid state electrolytes. On the other
hand, the sensitivity of neutrons to light elements makes it
possible to use them to study the usually low atomic number
ions, such as Li, Na, and Mg, used in ion batteries. For instance,
neutron diffraction can be used to extract the sites and occu-
pancies, and thermal parameters of Li in the structure more
easily than it would be with X-ray diffraction. Moreover, neutron
reflectometry can be used to probe interfacial structures such as
the SEI with high sensitivity to organic species, while and
imaging techniques can probe Li distribution across an entire
electrode or battery.

The nuclear dependence of neutron scattering also results in
the possibility of two isotopes having substantially different
scattering lengths. Therefore, using isotopic substitution it is
possible to modify the neutron nuclear scattering length of
samples for different purposes such as lowering the incoherent
scattering of the sample, or labelling specific parts of a molecule
to identify more easily their specific effect on the scattering
spectrum.

Another important characteristic of the neutron as a probe is
that it is relatively weakly interacting due to the very short range
of the strong interaction. This renders the neutron as a highly
penetrating probe enabling the investigation of the bulk of the
sample rather than the just the surface. This is usually
a limiting factor for electron cloud-interacting probes unless
their energy is highly increased, and such highly energetic X-
rays or electrons can damage the sample; in contrast,
neutrons are a non-destructive probe due to their weak and non-
electronic interactions with the sample. Moreover, the use of

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Overview of the capabilities of neutron and muon characterisation techniques for the study of the different components in rechargeable

battery systems.

sample environments such as cryostats, pressure chambers,
and furnaces is simpler since neutrons can easily penetrate
through them, especially if their design includes specifically
designed neutron-transparent windows. For batteries, this
makes neutron scattering an excellent probe for operando
experiments of bespoke or commercial cells. This includes, but
is not limited to, diffraction experiments to understand the
structural changes of electrodes, small angle neutron scattering
(SANS) to observe the formation of the SEI and evolution of
porous structures, and neutron imaging to observe changes in
Li distribution and cell degradation, all during cycling in half or
full cells.

The weak interaction of neutrons has one main disadvan-
tage, which is arguably the main disadvantage of neutron
characterisation techniques. This is that a high amount of
neutron interactions are required to obtain meaningful data
with sufficient statistical accuracy. Although neutron interac-
tions can, to some extent, be increased by substituting some
isotopes with others with a stronger nuclear scattering length,
this is not always possible and it can only increase the detected
neutron intensity by a limited amount. Other factors used to

This journal is © The Royal Society of Chemistry 2023

improve data quality are long measurement times and large
sample sizes, neither of which are always convenient or good for
time-resolved studies. In order to significantly increase the
amount of neutron interactions, higher neutron fluxes are
needed which are entirely dependant on the neutron source and
instrumentation.

The final relevant unique characteristic of neutrons is their
energy — thermal neutrons have energies within the energy
range (peV to eV) of atomic and electronic processes such as
quantum tunneling, ionic diffusion, and lattice vibrations
(phonons). This means that inelastic neutron scattering (INS)
and quasi-elastic neutron scattering (QENS) experiments are
able to probe these phenomena, providing insight into the
dynamics of solid-state electrolytes that enable diffusion
processes, and ionic diffusion mechanisms in electrodes, to
name a few examples.

Muons possess intrinsic properties that allow them to be
used in a unique way to study battery materials. Due to their
charged nature, they can be implanted into a sample and held
within through electrostatic forces. A positively charged muon
usually stops at interstitial sites of high electron density such as

J. Mater. Chem. A, 2023, 11, 10493-10531 | 10497
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the vicinity of O*” anions where its spin is altered by any
magnetic moments that are in close proximity to the implanted
muon. A unique characteristic of the muon is that after a couple
of us, it decays emitting a positron that critically conserves the
spin of the muon at the time of decay. An analysis of such
change in the muon's spin can be performed to determine
intrinsic material properties, such as the diffusion coefficient,
an activation energy for ionic motion, and the strength/
proximity of local magnetic fields to the muon site, provided
that the sample is adequately characterised structurally. For
that reason, coupled with the convenience that both probes are
usually produced in the same facilities, neutron and muon
techniques can be highly complementary to each other, espe-
cially since both probes are highly penetrating and negligibly-
damaging to the sample of interest. One example of this is
their potential to study buried regions, such as the solid elec-
trolyte interface, without inducing any significant effects on its
highly sensitive chemistry. Another typical example of this
complementary is the wide range of time scales at which
dynamics can be studied by combining techniques such as
quasielastic neutron scattering, 10”7 to 10 ** s, and muon
spectroscopy, 10> to 10~ % s. An additional important advantage
of muons is that their energy can be tuned to define the depth of
implantation making it possible to study different regions
within the bulk of a sample whilst ignoring the effects of any
adjacent interface.

The next two sections will provide an overview of the
different neutron and muon characterisation techniques that
have been applied to battery research and discuss how they have
been used to investigate the structural and dynamic properties
of battery materials.

3 Neutron scattering

In a scattering experiment, the sample of interest is irradiated
with a wave-behaving probe that has an incident wavevector, k;,
and an incident frequency, w;. After interacting with the sample,
the probe emerges with a different wavevector, k¢, and

o~
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/

I R
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% Incident beam
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a different frequency, ws. The information about the structure
and dynamics of the sample is encoded within such wavevector
and frequency changes, Q = k; — k¢ and w = w; — wy, respec-
tively. However, what is measured in a scattering experiment is
the fraction of incident probing particles that emerge in
different three-dimensional directions, defined by the angles ¢
and ¢ as shown in Fig. 5, after being scattered by the sample.
This can be quantified as the rate of arrival of the scattered
particles in a given direction, R(26, ¢), into a detector that
subtends an infinitesimally small solid angle AQ from the
sample, divided by the incident flux &:

R(20,¢)/AQ
@ b

where the SI units of R(26, ¢), AQ, and @, are s *, steradians (sr),
and m 2 s, respectively. This quantity can be normalised
against a desired scattering unit N such as atoms, molecules,
kg, m?, etc. The resulting expression becomes:

R(20,¢) do
NOAQ ~ dQ’ ()

and is called the differential cross-section which can be measured
do

as a function of wavevector change, 0 (Q), to study the spatial

arrangement of matter in the sample. The derivative of the
differential cross-section will yeld the double differential cross-
section which can be measured as a function of both the wave-
d’c
dQdE
arrangement of matter in the sample. Most of the scattering
techniques discussed in this review focus exclusively on the
measurement and analysis of elastic scattering in which there is
no change in energy between the incident and scattered particle,
i.e. w = w; — wg= 0. In such case, the magnitude of the wavevector
change can be derived from vector geometry in Fig. 5 as:

vector and frequency change, (Q, w), tostudy the temporal

_ 4msing

Q=0=—— (2)

Detector

Fig.5
from ref. 20. Copyright 2016, Elsevier Ltd.
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(Left) Vector representation of a particle scattered by a sample. (Right) Geometry for a scattering experiment. Reproduced with permission
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where |k;|= |k = 27/2, 6 is half of the angle between the incident
and scattered wave in the reference 2D plane, and A is the
wavelength of the wave. The main implication of this for elastic
scattering measurements is that by detecting scattered waves
with different wavelengths at different angles, the differential
cross-section can be collected at different Q values, which are
inversely related to the length-scale probed.

This differential cross-section is proportional to the atomic

scattering factor, g—gocf(l, 9)>, which is dependent on the

atomic composition of the scatterer, but also on the type of
scattering probe used.

Neutrons can interact with the nucleus of an atom via the
strong force, and with the dipole moments of the sample's
constituents via the neutron's spin. Nucleus-interacting
neutrons are known as thermal neutrons, and their wave-
length (~107'° m) is significantly bigger than their interaction
range with the nucleus (~10~** m). This results in the nucleus
behaving as a point scatterer; and thus, the scattering being
isotropic. This means that the neutron's nuclear scattering
factor is independent from 6 and ¢, and therefore

A8, 2) = =,

where the constant b is the neutron scattering length and has
a unique value for any given isotope. For some neutron tech-
niques, it is better to use a scattering length density (SLD) value
in which the average scattering lengths of all the isotopes con-
tained in a given volume are normalised to the total molar mass
in such volume:
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where m =) #;m;, m is the molar mass of isotope j, p is the bulk
density and N, is Avogadro's constant.

In principle, b is a complex number, but its imaginary part is
negligible for most nuclei interacting with thermal neutrons
which allows b to be treated as a real quantity. Both the inde-
pendence from A and the real treatment of b depend on the low
absorption of thermal neutrons by the nucleus. For nuclei that
strongly absorb thermal neutrons the appropriate corrections to
the collected data must be applied for its accurate analysis. The
quantity b depends on the makeup of the nucleus and the
orientation of its spin relative to that of the neutron. The
quantum mechanical nature of these characteristics means that
b is isotope specific and does not vary in a simple monotonic
way (Fig. 6), which is the reason why neutrons are well-suited to
study light or neighbouring elements containing samples.
Moreover, same-element atoms with isotopic distributions and
non-zero spins will have an average b and a standard deviation,
Ab, which produce coherent and incoherent scattering,
respectively. In most neutron scattering techniques, on only the
former is of interest, and the later is minimised as much as
possible as it produces a background that reduces the signal to
noise ratio. A typical example of this practice is substituting the
sample's of hydrogen for deuterium whose incoherent scat-
tering cross section is 10 times lower than that of hydrogen. A
notable exception is in quasi-elastic neutron scattering, where
the incoherent component use used to gather information on
lattice dynamics.

The low magnitude of b, in the order of tens of fm, is
responsible for the weakly interacting nature of the neutron. As
mentioned before, this allows it to be highly penetrating

6= pPNA i #(b) 3) compared to other probes, such as X-rays. The downside to this
m = A is that the counting rates of scattered neutrons are substantially
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Fig. 6 Neutron scattering lengths of different isotopes (those relevant to battery materials are labelled). The magnitude of b is indicative of the
isotope's scattering strength and its sign indicates a 180° phase difference relative to values with the opposite sign.
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lower than those of their electron-cloud interacting counter-
parts. Coupled with the much lower fluxes that can be typically
achieved compared to X-ray synchrotron sources, neutron
scattering measurements are limited in the rate at which data
can be collected and require larger sample and beam sizes as
well as highly concentrated samples. It is important to note
that, although the previous discussion has been mainly based
on the neutron’s nuclear interaction, which is partly responsible
for the non-damaging property of the probe, it can also interact
with any magnetic moment within the sample, such as those
created by unpaired electrons, via its spin. This allows it to be
used to study magnetism-related phenomena, however,
a discussion of such capability is beyond the scope of this
review.

At the time of this writing, there are two main types of
neutrons sources for neutron scattering experiments; contin-
uous sources, and pulsed sources. Most continuous sources
make use of a nuclear reactor where neutrons are produced by
fission of fissile elements such as ***U. Reactor sources can
yield high fluxes of up to 10" s™' em™> of a wide range of
neutron wavelengths. However, since it is not possible to know
the wavelength of the neutrons in a continuous source before
they hit the sample without chopping the beam, it needs to be
monochromated to become useful for neutron scattering
experiments. This causes most of the flux to be lost. Moreover,
the moderators determine the highest energetic (lowest wave-
length) neutrons that can be produced in a reactor source which
can be a limitation for high-energy neutrons experiments.

Spallation neutron sources have been more recently devel-
oped and are based on particle accelerator technology. In this
type of source, neutrons are generated by colliding an accel-
erated beam of protons with a heavy element target such as
tungsten, lead, or mercury. Generally, the accelerated protons
are fired at the target in periodical bursts or pulses with typical
repetition rates between 10 and 60 Hz. In a pulsed source, it
possible to know the common starting point of all the neutrons
and subsequently determine their wavelengths through the
time of flight technique. This removes the need to mono-
chromate the neutron beam which means that most of the
beam is used, and thus the final flux available from a pulsed
spallation source is comparable to that of a continuous reactor
source despite the usually lower raw flux produced by the
former. Although not common, spallation sources can be
made continuous and reactor sources can be made pulsed.
Two examples of this are the Swiss Spallation Neutron Source,
SINQ, in Switzerland, and the IBR-2 reactor in Russia. It is
important to note that, depending on the type of source, the
technical requirements of an experiment, data processing
challenges, and analysis limitations can be different. Users
are, therefore, advised to consult a specialist when designing
an experiment.

For an in-depth discussion of scattering theory and neutron
sources the reader is directed elsewhere.”*?>* Meanwhile, the
final remark of this brief overview is that it is in how the
differential cross-section is measured, expressed and analysed,
that each scattering technique differs. This variety of ways to
treat the differential-cross section enables the study of many
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structural and dynamic characteristics at a wide range of length
and time scales in matter. The remaining of this section will
focus on discussing the utility of each relevant neutron scat-
tering technique for the study of battery materials. A brief
explanation of the working principles of each technique in the
context of battery research will also be provided.

3.1 Neutron diffraction

Structure determination via diffraction is the pillar of chem-
istry, biology, solid-state physics, mineralogy, and materials
science. The theory of diffraction involves the analysis of the
differential cross-section described for crystalline materials
with a highly ordered and repetitive structure that can be fully
constructed by applying translational symmetry to a motif.?*>*
However, a more common way of describing the diffraction
phenomenon is through Bragg's law.>® In general, a crystalline
material can act as a diffraction grating to incident waves such
as a neutron beam, resulting in discrete reflections across
a given Q range. The position of these reflections contains
information on the size and shape of the unit cell, while the
intensity of the diffraction profile contains information on the
atomic composition. Analysis of this data can provide
a complete understanding of a crystalline structure. Experi-
mentally, measurements can be performed on thin film, single
crystal or powder samples, the latter is the most relevant for
battery studies.

As mentioned, the intensity profile of a powder diffraction
pattern contains information of the contents of the unit cell,
and the best way to extract this information is to perform
Rietveld analysis.®®* A Rietveld refinement involves a least
squares minimisation process of the data against the calculated
pattern from a complete structural model. This can allow the
refinement of lattice parameters, atomic positions, occupan-
cies, atomic displacement parameters (ADPs). From this one
can easily extract information such as bond distances from the
refined model.

This technique is therefore suited to understanding the
crystalline structure of new solid-state materials (cathodes,
anodes, electrolytes). It is particularly well-suited to locating Li/
Na in electrode materials,**® Li/Na occupancy,* distribution of
cations in TM cathodes,***" magnetic structure,® M—O bond
lengths and cation oxidation state,®** and understanding
structural changes during cycling.**"”

3.1.1 Neutron diffraction experiments. Understanding the
position, occupancy, and implied diffusion behaviour of the
light Li/Na ions in electrode materials is essential to under-
standing their electrochemical performance, but can be difficult
using X-ray techniques. In contrast, as the neutron scattering is
independent of electron number, neutron diffraction is an
excellent method to extract this information and there are many
examples that demonstrate this.>”>*37:%%

Medarde et al.*® explored the structure and Na® diffusion
pathways of the layered cathode material Na,,CoO, using the
high resolution diffractometer HRPT at SINQ. They identified
two phase transitions on heating that are a result of very small
structural distortions and so required high resolution to resolve

This journal is © The Royal Society of Chemistry 2023
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(@) A contour intensity plot showing a high angle region of the NPD pattern of Nag;CoO,, showing the phase transitions. (b) Fourier

difference maps of the z = 0.25 Na planes at T = 50, 350, 450 K, showing the residual density at the Na sites for the different phase regions that
indicate diffusion pathways evolve from 1D to 2D. Reprinted figures with permission, Copyright 2013 by the American Physical Society. (c)
Structure of P2-Nag g[Cro 6 Tio 4102, showing split Na sites in grey.*® Copyright 2015, CC BY 4.0.

the small peak splitting at high angle, seen in Fig. 7a. Structural
details were extracted using Rietveld refinement, such as the
distance between the two Na sites, their occupancies, and their
displacement parameters. After the first transition to the
intermediate phase, they observed that one of the Nal-Na2
distances increases dramatically, the occupancies show
a transfer from one site to the other, and the overall Na occu-
pancy decreases slightly. These all indicate Na mobility, and
they use Fourier difference mapping to show 1D and 2D diffu-
sion pathways.

Fourier difference maps are a powerful way to visualise
diffusion, as intensity indicates missing nuclear density from
the model in real space. The map (Fig. 7b) in the intermediate
regime showed intensity between two Na sites, revealing
a quasi-1D diffusion path. It also indicated an interstitial Na
site, that is consistent with the structural changes in this phase.
The higher temperature maps showed additional intensity
between the other Na sites, revealing the 2D diffusion pathway
now accessible. This study shows how high resolution powder
diffraction can reveal subtle changes in structure and infer Na
diffusion pathways in a Na-ion cathode material.

Neutron diffraction also excels at understanding cation
distribution in TM cathode materials.*>** The high resolution
neutron powder diffraction experiment on Na cathode material
P2-Na, 6[Cr ¢Tip.4]O, is a good example of this. The study

This journal is © The Royal Society of Chemistry 2023

focused on characterising the Na/vacancy and cation ordering,
both known to impact electrochemical performance.* In this
case NPD is an especially powerful tool as it is sensitive to Cr/Ti
order (bc, = 3.635 fm, by; = —3.370 fm), but in addition to this
the Cr/Ti sublattice has a relatively small overall scattering
length (b = 0.833 fm) which means the Na (b = 2.18 fm) has
a relatively large contribution to the pattern. A diffraction
experiment on the high resolution diffractometer Echidna at
ANSTO revealed that the cations are randomly disordered, and
the Na are split into two slightly off-centre sites (Fig. 7c). To
investigate structural changes on cycling, samples with Na =
0.33, 0.5, 0.6, 1 were prepared, and an increase in Na mobility
and disorder as Na content decreases was observed. This was
expected as a result of the interlayer distance and Na vacancy
content increasing. This example shows how the difference in
neutron scattering lengths can result in desirable contrast, to
reveal structural changes that occur with chemical substitution
and the impact on Na diffusion.

Prussian blue analogues (PBAs) are of interest as Na-ion
cathode materials, and the presence of water is known to
impact the structure and properties of PBAs.*** Character-
isation using X-rays is particularly challenging, as they contain
elements with a similar number of electrons; C and N, H,O and
Na, as well as the transition metals. Therefore, neutrons are
a particularly useful tool in characterising the structure
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including the location of water as exemplified in a recent
study.”” Neutron diffraction was used to investigate the impact
of water on the structure of Prussian white, a Na rich PBA.
Fourier difference maps were used to locate the H,O oxygen
within the framework, understand how this influences the
overall structure, and therefore improve synthetic control over
the structure and electrochemical properties of this family of
cathode materials. Another example of where the contrast
provided by neutron diffraction has been shown to be particu-
larly useful is for structure determination in the Na NASICON
cathode family, either for distinguishing between Mn and Cr in
Na,MnCr(PO,);, or O and F in the fluoride-doped
Na,V,(PO,4);.4

There are many aspects of battery characterisation that
cannot be understood with ex situ studies alone. Operando
diffraction studies can reveal the evolution of the electrode
structure,**® formation of intermediate/metastable phases,*”
dynamics of intercalation/deintercalation,*”** and component
degradation on electrochemical cycling.***® Neutrons are the
ideal probe to study an operating battery system, as they interact
relatively weakly with matter and so can easily penetrate
complex sample environments, and are sensitive to lighter
elements such as Li. There are many examples of operando
experiments, using either commercial cells or custom cells
optimised for data quality, that provide key insights into the
electrochemical performance of battery systems.*>*

A good illustration of the power of in situ neutron studies is
provided by the work of Sharma et al.*® on a commercial pris-
matic cell. The cell containing LiFePO,/graphite was cycled at
various currents and temperatures, and the structural evolution
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of the LiFePO, cathode observed. The LFP system has been the
subject of multiple studies that show inconsistencies in the
phase evolution of LiFePO,, indicating that the structural
changes on charge/discharge depend on the experimental
conditions. This operando experiment on the commercial cell
allowed the authors to shed light on the dependence of the
structural response on the operating temperature and current.

The authors were able to extract information using Rietveld
refinement, where the refinement, data, and extracted param-
eters are shown in Fig. 8a-c, respectively. They found that
a sharp rise in temperature is detrimental to the battery and
causes irreversible changes, and that a lag in the phase evolu-
tion between LiFePO, and FePO, occurs following an increase
in current. They also observed that the phase evolution is faster
for charge than for the discharge process under the high
temperature and current conditions. Observing the structural
evolution of the electrodes inside the working commercial cell
is vital to understanding the dependence of the cycling
processes on temperature and current.

Operando measurements have also been used to understand
degradation mechanisms in commercial batteries. Von Liiders
et al® used in situ NPD to investigate Li plating in 18 650
commercial LFP/graphite cells at —2 °C. By tracking the intensity
of the LiC¢/LiC;, peaks at different rates of charge, as well as on
relaxation, they showed that the proportion of stage 1 (LiCs) to
stage 2 (LiCy,) is current-dependent, and that on relaxation stage
2 converts to stage 1 as the metallic lithium intercalates into the
graphite. Although there was not enough metallic plated Li to be
detected in the pattern, they used the difference in degree of
lithiation (calculated from structure factors) before and after

FePO,

LiFePO,

T T T
1000 1500 2000 2500
Time (minutes)

(a) The Rietveld refinement profile using data of LiFePO, in operando experiment, where data are red crosses and the calculation is shown

in black and the difference between the two in purple. Vertical lines are Bragg reflection markers for the various battery phases as identified. (b) A
contour plot of in operando NPD data shown in a selected 26 range (56-79°) composed of 534 NPD patterns that are stacked along the y-axis
(time). (c) The evolution of the LiFePO,4 (black) and FePQO, (red) relative weight fraction, along with the measured voltage (blue), applied current
(purple), and temperature of the battery at the surface closest to (red) and at the other side (green) of the halogen lamps. Reprinted from ref. 35

Copyright © 2017 with permission from Elsevier.
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resting to estimate the amount of Li plating. This enabled them
to extract a correlation between charging rate and Li plating,
where they found that the amount of plating correlates non-
linearly with the charging rate. Furthermore, above a threshold
current of C/5, lithium plating increased dramatically.

Studies such as this one that can give insight into degrada-
tion processes in the commercial cells are integral to improving
their performance. However, extracting structural information
from commercial batteries using in situ NPD is challenging.
Commercial cells contain components such as steel casing that
produce very strong Bragg peaks, as well as H-containing
components that contribute to the background, and this
combined with small electrode quantities results in weak NPD
signal from the electrode itself. The development of custom
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made cells is the best way to achieve in situ NPD data of suffi-
cient quality for Rietveld refinement, whilst maintaining
acceptable electrochemical performance.

A custom cell design aims at maximising the coherent scat-
tering from the active material relative to the coherent scat-
tering from other components and the incoherent background
signal from the hydrogen-containing components. This is
challenging as the electrolyte, separator, and binder often
contain hydrogen which has a large contribution to the back-
ground due to its large incoherent scattering cross section.
Furthermore, neutron measurements require a large amount of
sample, much more than what is in a standard coin cell.
Unfortunately, the electrochemical performance is best for
small electrode quantities. Various designs have been
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(a) Cylindrical cell developed by Bergstom et al.>? at Uppsala with gold-plated Pyrex tube. Reproduced with permission of the International

Union of Crystallography. (b) Cylindrical cell developed by Vitoux et al. at PSI with double-sided cathode.** Copyright 2018, CC BY 4.0. (c)
Representation of TiZr Swagelok cell developed by Bianchini et al.>* at ILL, with TiZr alloy "null matrix material” as casing and current collectors. (d)
Circular cell developed by Godbole et al.*® at PSI, with aluminium outer body and titanium plunger used to create pressure. Reproduced from ref.
55 with permission from the Royal Society of Chemistry. (e) Pouch cell developed by Pang et al.*¢ at ANSTO with electrodes in a parallel
connecting stack. Reproduced with permission of the International Union of Crystallography. (f) Wound electrode cell by Roberts et al.>’
Reprinted from ref. 57 copyright © 2012 with permission from Elsevier. (g) Roll Over cell developed by Sharma et al. at ANSTO?®® Reprinted from
ref. 58 copyright © 2011 with permission from Elsevier. (h) Coin cell developed by Dong et al.*®

This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. A, 2023, 11, 10493-10531 | 10503


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ta07235a

Open Access Article. Published on 29 mars 2023. Downloaded on 25.11.2025 15:55:11.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

developed to attempt to overcome these challenges, and these
are shown in Fig. 9. The main consideration for overall cell
geometry is if the cell is for a reactor (monochromatic) facility or
for a pulsed (time-of-flight) one. An advantage of a pulsed
source is that diffraction experiments are fixed-geometry which
allows, for example, use of the coin cell geometry. On the other
hand, reactor sources will typically have dynamic experimental
set-ups in order to maximise the accessible diffraction angles,
and for this a circular based cell geometry is preferred.

One way to satisfy the requirement for a large amount of
active material while maintaining the electrochemical require-
ments is a design that has stacked layers, either rolled or in
a pouch cell. Some of these designs also allow a double sided
electrode resulting in double the active material. In order to
reduce the background, the hydrogen electrolyte can be
replaced with a deuterated electrolyte, as deuterium has a much
lower incoherent scattering cross section. This is done in a lot of
cases but the downsides are the cost, as well as potentially
sluggish electrochemistry. In addition to this one may replace
the hydrogen containing binder and separator, however
a different separator might require more electrolyte so this
needs to be taken into consideration. Another factor is the
electrode preparation - while using a powder is the most
straightforward option, processing the powder to apply
a coating to the current collector will give superior electro-
chemical performance.

The cell developed at ISIS shown in Fig. 9h is a coin cell,
a geometry that is common for X-ray experiments that has been
scaled up to hold a sufficient amount of electrode material for
neutron studies. The body of the cell, cell windows, and the
current collectors that hold the electrode material are all made
of nickel. The choice of nickel was made based on its simple
diffraction pattern and small background contribution. The use
of this cell was demonstrated in a recent study on Polaris
showing the structural evolution of LiCo0,.** The electro-
chemical performance of the assembled cell was tested and
found to be similar to that of a standard coin cell. Neutron
diffraction patterns were collected ex situ for cells with deuter-
ated and protonated electrolyte. The cell with deuterated elec-
trolyte resulted in a lower background as expected, with the data
comparable to the measurement of LiCoO, in a vanadium can.
The in situ experiment with 10 min collection times resulted in
good quality data, from which structural evolution could be
followed with Rietveld refinement.

Bianchini et al. designed a novel electrochemical Swagelok
cell for in situ and operando neutron diffraction, shown in
Fig. 9¢.> The cell geometry allows the beam to pass through the
active material only, as well as the casing which is a Ti-Zr alloy
that is a so called “null matrix material”. As the neutron scat-
tering lengths for Ti and Zr are by; = —3.37 x 10> cm and by,
=7.16 x 10~ "> cm, the overall neutron scattering intensity can
be tuned to zero when they are combined in a roughly 1 : 2 ratio.
The electrochemical performance and quality of diffraction
data of the cell was tested with the well-known positive elec-
trode material LiFePO,, using deuterated electrolyte to reduce
the background. The data was of sufficient quality to extract
structural parameters from Rietveld refinement, including Li
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occupancy, in good agreement with those obtained from
measurement of the pure powder. Because of the cell design,
the data were fit with a single phase - that of the active material.
The operando data showed the complete two-phase reaction
between LiFePO, and FePQO,, consistent with the electrochem-
istry, and reliable structure parameters could be extracted for
these measurements.

Whilst in situ/operando studies using neutron powder
diffraction has provided many insights into the structural
behaviour of battery materials during the charge/discharge
processes, the major drawback of the technique is the rela-
tively long counting times (typically several minutes) required to
collect data of sufficient statistical quality for full structural
characterisation. This normally precludes studies at the fastest
charge/discharge rates, but these will become accessible in the
future with the construction of new powder diffraction instru-
mentation at more powerful neutron sources (e.g. the ESS).
However stroboscopic measurements are able to overcome this
challenge using the current neutron sources, as demonstrated
by Sheptakov et al.®® on Li-ion LiNi,sMn, 50, full cells in the
first application of stroboscopic neutron diffraction.

3.2 Neutron total scattering

Diffraction as a technique is incredibly powerful, but it is
limited to studying the average structure of crystalline mate-
rials. As a result, it is not suitable for characterising disorder in
crystalline systems, or the local structure of amorphous
systems. In contrast to this, total scattering analysis can be used
to study the local structure of materials that need not have long
range order. The atomic pair distribution function (PDF) ob-
tained from total scattering data, historically used to study the
structure of liquids and glasses, is now a widespread analysis
technique used to study the local structure of a range of
materials.

The PDF, usually used in reference to the radial distribution
function G(r), is the weighted probability of finding a pair of
atoms separated by a given distance (r). This function, that
exists in real-space, is the Fourier transform of the total scat-
tering function, S(Q). The total scattering function is obtained
by diffraction measurement that contains not only the Bragg
peaks, but the diffuse scattering that is usually treated as
background in traditional diffraction.

Diffuse scattering contains information on deviations from
the average structure, and so the PDF probes local structure and
its analysis is not dependant on long-range order. This analysis
is applicable to a range of materials and a range of problems in
materials science; disordered components or defects in crys-
talline materials, materials with limited long range order such
as nanoparticles, and materials with no long range order ie.
amorphous materials. The insight into the local structure has
been found to be essential in understanding function in
complex materials such as oxide ion conductors,® piezoelec-
trics,®” and colossal magnetoresistor perovskites.*

The neutron total scattering experiment itself has the same
general set-up as a neutron diffraction experiment. However,
since both the Bragg and diffuse components are measured,
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a few additional considerations exist with respect to the diffrac-
tion measurement. Firstly, the scattering due to the anything
other than the sample, for example the sample holder, must be
identified and ideally removed. This usually requires extra
measurements of the empty instrument and sample holder. The
other requirement is of a large Q-range, as this translates to real-
space resolution in the PDF. The development of high intensity
synchrotron X-ray sources and neutron spallation sources has
increased the accessible Q-range, and therefore the accessibility
of total scattering measurements in general.

Calculated diffraction and PDF patterns of the cathode
LiCoO, are shown in Fig. 10a and b, and Fig. 10e shows the
low-r region of the PDF with dashed lines corresponding to the
closest interatomic distances represented in Fig. 10d. The
structural information that the PDF can provide is the bond
lengths from the peak positions, variation in bond lengths
from the peak widths, abundance of atomic pairs from the
peak area, and finally the particle size or coherence length
from how far in r the peaks reach. Depending on the system,
some of this information can be obtained using simple peak
fitting, but more complex analysis is usually required. The
most common analysis is small-box modelling in which
a model, usually the average structure, is refined to fit the data
in a process similar to a Rietveld refinement. More in-depth
modelling involves making larger models to compare to the
data, and can be as complex as reverse Monte Carlo (RMC)
usually referred to as big-box modelling.** RMC involves
generating a supercell, or large atomistic configuration, and
allowing atoms to make moves that are judged by how well the
calculated model fits the experimental data. The moves are
accepted or rejected according to a Metropolis criteria, and
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Journal of Materials Chemistry A

after many iterations should produce a configuration that
minimises the difference between the calculated and experi-
mental PDF. Although a powerful technique, the results must
be taken with consideration of the limitations; that RMC will
give the most disordered configuration, and that a single result
is one of many configurations that may give the same PDF fit.

Rechargeable battery systems are comprised of many
complex materials that present characterisation challenges.
While a lot of these materials are crystalline, there are many
examples of electrodes with amorphous structures, and elec-
trodes are often used in nanoparticle form for larger surface
area. Diffraction is not able to extract structural information
from either amorphous or nano systems, but PDF analysis can.
Overall, the main applications of neutron total scattering
experiments in battery characterisation is determining short
and medium range order in electrodes and solid state
electrolytes,®”* understanding local TM arrangement,”®”*
identifying and characterising amorphous components of
electrodes including hard carbon, Si, and products of
cycling,®*”>7* and observing local structural distortions in
electrodes as a result of cycling, including anion redox.*®7>7®
The current limitation of NPDF is that relatively long collection
times and the complication of additional components in
extracting the PDF of the active material makes operando
experiments extremely challenging.

3.2.1 Neutron total scattering experiments. The structural
changes electrodes undergo on cycling are extremely important
to understand as they often hinder performance. Total scat-
tering is a useful tool for understanding these changes as they
may occur locally, such as cation mixing or stacking faults, or
might result in the formation of a new disordered phase.
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Fig. 10 Calculated neutron scattering (a) and PDF (b) of LiCoO,, the layered structure is shown in (c) and the CoOg sub-unit is shown in (d), with
interatomic distances represented by dashed lines, and the corresponding positions in the PDF shown in the low-r region (e). The Co, O, and Li

are represented by blue, red, and yellow spheres, respectively.
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For example, PDF analysis was used to show that the
observed capacity loss in the P2 Na-ion cathode material
Nag ¢-Feo sMng 50, is a result of an irreversible transformation
to a disordered phase.® In this ex situ experiment a chemically
desodiated sample was measured, in order to study as pure
a sample as possible (free of carbon and binder). The total
scattering of Nag,3Feg40Mng 0, was measured using the
NOMAD diffractometer at the SNS, and the resultant PDF ana-
lysed by a small-box approach. The phase transition on cycling,
as observed by operando XRD, is from the P2 to an OP4 struc-
ture. Using the OP4 as a model (Fig. 11a) was insufficient to fit
the PDF data at low r, leading to the possibility of the presence
of a disordered phase not detected by XRD (due to lack of long
range order). Indeed, the data were successfully fit (Fig. 11b)
with the addition of a MnO,-type Ramsdellite phase with a short
coherence length, represented in Fig. 11c. Using PDF analysis
the structural details of this phase were determined, and it was
found to be a Na-depleted phase. The analysis also revealed the
relationship of this phase to the parent P2 phase and its
formation on cycling, that it is irreversible, and that this
explains the poor cycling performance of the material. PDF
analysis of total scattering data was essential in discovering this
disordered phase and the origin of performance reduction.

Anion redox is an important process, with the potential to
add capacity to the system, but can also cause irreversible
damage if the redox results in O, recombination. Under-
standing this process in electrodes is important, but can be
difficult to observe as it usually occurs locally. Zhao et al.*® used
PDF analysis of total scattering data, collected on the POWGEN
instrument at the SNS, to observe the structural changes in a Li-
ion cathode Li; ,Nig13Mng54C00130, due to oxygen redox.
Using an ex situ experiment on samples of different charged-
discharged states, they observed the change in local structure
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upon cycling (Fig. 11e). The PDF showed two O-O peaks due to
the distorted TMOg octahedra (Fig. 11d), and they observed that
the amount of interlayer short O-O distances increased as
a structural response to oxygen redox. This increase dis-
appeared on discharge, demonstrating that the structural
distortion is reversible. They used theoretical calculations to
support the finding that this local lattice distortion accommo-
dates the oxygen redox whilst maintaining the average structure
of the material, and that this response is sensitive to the TM-O
bond character.

One area in which neutron total scattering excels is in
determining local TM cation arrangement. There are two
families of TM oxides that have received a lot of attention as Li-
ion cathodes and contain cation disorder; spinel-type
LiMnNiO,, and Li-rich rocksalt-type structures such as Li; »5-
Nby.25M.050, and Li; 9Mng 950;.05F¢.95. The spinel LiMnNiO,
exists as both an ordered and disordered polymorph, with the
former accessed by adding a post-annealing step to the
synthesis. While both polymorphs are attractive materials, the
disordered structure with Ni/Mn randomly disordered is
generally considered to have the better electrochemical perfor-
mance. This was assumed to be as a result of the locally disor-
dered cation arrangement, albeit the exact mechanism
unknown. A recent study’* used PDF to explore the short,
medium, and long range order of the “ordered” and “disor-
dered” polymorphs, as well as fast and slow cooled samples of
each of these. The large difference in neutron scattering lengths
between Ni (10.3 fm) and Mn (—3.73 fm) make neutron total
scattering an optimal technique to study the relationship
between synthesis, short range structure, and electrochemical
performance in this system.

The neutron PDFs of the four samples are shown in Fig. 12a,
with the first result being that the short range order (below 5 A)
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(a) Structure of the OP4 phase. (b) Refined NPDF pattern of the desodiated sample, showing contributions from the OP4 phase and the

ramsdellite phase. (c) Schematic illustration of the ramsdellite structure. Reprinted with permission from ref. 65 Copyright 2020 American
Chemical Society. (d) Structure of Lij»Nig13MNg54C001302, and TMOg octahedra showing interlayer and intralayer O-O distance. (e)
Comparison of the ex situ NPDF results of LMR-NMC collected at different charge—discharged states. Reprinted from ref. 66 Copyright (2020),

with permission from Elsevier.
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(a) PDFs of ordered and disordered polymorphs of LiIMnNiO,. (b) Fitted PDF of the disordered sample with sections showing the regions

of the PDF that differentiate the samples. Reprinted with permission from ref. 71. Copyright 2016 American Chemical Society. (c and d) Neutron
PDF data for an ordered slow-cooled sample of Li; 25sNbg 25Mng 50, that has been fitted using a structural model based on the unit cell of y-
LiFeO,. (e) The O coordination environment is shown (bottom-right) along with the two axial bond lengths.”” Reproduced from ref. 77 with

permission from the Royal Society of Chemistry.

does not vary i.e. all have Ni/Mn order below this length scale.
Above this range, both of the “disordered” samples, fast and
slow cooled, appeared to have Ni/Mn disorder, while both
“ordered” samples appeared to have Ni/Mn order, as expected.
Small-box modelling was implemented to quantify the order/
disorder over the different length scales (Fig. 12b).

Interestingly, while for the ordered samples there was no
difference in the PDF up to 50 A and the same low level of Ni/Mn
mixing was extracted from refinement, the Rietveld refinement
of these materials gave a higher Mn/Ni mixing (14%) for the
sample with shorter post-annealing. Additionally, this sample
had better rate capability than its longer post-annealed coun-
terpart. The results here indicated that the better performance
can be attributed to higher length scale features, such as
ordering domain size or domain boundary defects, instead of
differences in local Mn/Ni mixing. This result showed that only
post-annealing significantly impacts the long-range order of the
sample, and that local Mn/Ni order is achieved for the samples
with and without post-annealing.

The other family of materials mentioned above, Li-rich cation
disordered rocksalt structures, also pose characterisation chal-
lenges with inherent disorder that gives rise to desirable diffu-
sion properties. Jones et al.”” used PDF analysis to study the local
structure of Li; »5sNbg ,5Mn, 50,, comparing samples with fast
and slow cooling rates. The slow-cooled sample displayed addi-
tional reflections in the PXRD indicating additional order,
indexed as tetragonal, while the fast-cooled sample was more
disordered and cubic. PDF analysis revealed additional infor-
mation about cation order for the tetragonal structure, this
indicated that the TM sites are split (Fig. 12e). The model was
refined against the PDF data, and this revealed that the cation
distribution contains additional local order, and these occu-
pancies were extracted from the PDF refinement (Fig. 12¢c and d).
These examples demonstrate that total scattering can reveal

This journal is © The Royal Society of Chemistry 2023

subtle structural phenomena that can have important implica-
tions for the electrochemical performance.

3.3 Small angle neutron scattering

Whilst high resolution information about the atomic structure
of materials can be obtained by analysing the scattering cross-
section at high Q, larger scale (nm-pum) structures,
morphology, and phenomena can be investigated by analysing
the scattering cross-section at low Q. By combining Bragg's law
and eqn (2), the relationship between Q and the length-scale
probed can be easily obtained as:

2%

d
0

Thus, larger length-scales can be investigated by increasing
the wavelength of the scattering probe and measuring the
scattering cross-section at smaller angles. Since the experi-
mental setup (Fig. 13) and the analysis theory are heavily based
on the later, this technique is called small angle scattering, or
more specifically when neutrons are the scattering probe, small
angle neutron scattering (SANS). The small angle approxima-
tion, which states that when 26 = 0, sin 26 = tan 26 = #, makes
the analytical modelling of the data possible in the same way as
the distance between two scatterers can be determined by
multiplying the wavelength of the scattering probe by the length
between the scatterer and the detector and dividing them by the
distance between fringes in a diffraction grating (Fig. 14).

For a simple sample, ie. a solution consisting of mono-
disperse, isolated, and isotropically oriented objects of interest
in a sea of solvent, the low Q part of a SANS spectrum can be
analysed to obtain information about the size and composition
of the object of interest while the high Q part can be analysed to
obtain information about its shape. This is done through the
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Guinier approximation, which relates the measured SANS intensity at high Q to the object's surface area.”* More complex
intensity at low Q to the object's classical analog radius of samples, such as those that have constituents that are poly-
gyration, and the Porod's law, which relates the measured SANS disperse, anisotropically oriented, and/or interacting with each
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Fig. 14 Simulated SANS profiles from a type of simple porous electrode with idealised spherically shaped nanopores. (Left) The position of the
fringes, produced by the coherent scattering from the nanopores, in Q depends on the radius (R) of the electrode’s pores. (Right) The intensity of
the fringes is proportional to the scattering contrast (ASLD) between the pores and the electrode network. A three phase system (e.g. liquid
electrolyte, electrode network, and SEl in pores) can be reduced to a two phase system by matching the SLDs of two phases (e.g. SLDejectrotyte =
SLDelectrode network)-
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other, require the building or use of a customised mathematical
model that describes the differential-cross section from such
system as accurately as possible. This model is then fitted to the
SANS data in an iterative process that varies the sample
parameters in the model until a good agreement between the
measured data and the model is achieved. Regardless of the
complexity of the sample, it is highly desirable to know as many
of the sample's characteristics as possible previous to the SANS
experiment to reduce the number of unknowns during the data
analysis and improve its simplicity and reliability. SANS bene-
fits from the advantages of any neutron technique such as light
element detection and contrast matching making it ideal for
ion-battery related research. The latter is a particularly useful
feature for SANS as the sample can be reduced to a two-phase
system, from the technique's perspective, to which small
angle scattering theory can be straightforwardly applied. A
typical example of this practice in battery research is deuter-
ating a liquid organic electrolyte to match its SLD to that of
a porous electrode. The electrolyte filled pores would then
become indistinguishable from the electrode network in the
SANS signal allowing the dynamic content of the pores, e.g.
formation of new chemical species, to appear as a secondary
distinct phase in the signal. Since SANS probes at the nano-
micro scale, this technique is ideal to study the size, shape,
and distribution of particles and pores in electrode and solid
electrolyte materials. Perhaps more crucially, the composition
of the pore contents can also be investigated making it possible
to study phenomena such as ion intercalation and SEI
formation.

Variable-wavelength neutrons can be produced in both
reactor and spallation sources, however, due its pulsed nature,
and consequent time of flight data format collection, the latter
is generally better suited for the use of neutrons with different
wavelengths. As shown in Fig. 13, small angle data detection can
be achieved by using long flight paths between the sample and
the detector, which is often equipped with the ability to move
closer or farther away from the sample. The combination of
variable wavelengths and sample-detector flight distances allow
for the collection of SANS data within a wide range of Q. Further
lower Q values can be accessed by sister techniques such as
Ultra SANS (USANS) and Spin-Echo SANS (SESANS), however
their utility for investigating battery materials has yet to be
demonstrated in literature.

3.3.1 Small angle neutron scattering experiments. SANS
was first used in battery materials to study the pore structures of
different carbon based anodes. In a first published attempt to
compare the pore structure of graphite, soft carbon, and hard
carbon, Mamun et al. obtained and compared their SANS 1D
plots.” The SANS profile of hard carbon exhibited a big
shoulder, absent in the graphite and soft carbon (Fig. 15a),
along 0.05 A™ = Q = 0.7 A™* which was attributed to the
existence of nanopores. From the absolute intensity of the SANS
data and using a mathematical model that described the scat-
tering system, the volume fraction of the pores was determined
to be =16%. This was related to the superior capacity of hard
carbon, compared to soft carbon and graphite, due to its extra
pores being capable of intercalating more Li into it up to

This journal is © The Royal Society of Chemistry 2023
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a composition of LiCs. A more sophisticated SANS experiment
on carbon-based anodes was conducted earlier by Sandi et al.*
Using a function developed by Sinha et al.** and Teixiera,*® they
fitted the data (Fig. 15b) and determined the pore size, whose
radius ranged from 4 to 11 A, of different pyrolyzed pillared
clays (PILC) synthesised from different organic precursors such
as pyrene and propylene. This corroborated that the pores in the
PILC are accessible to lithium ions, whose six coordinated
species has a radius of 0.9 A, partially explaining the high
capacity of the materials. Furthermore, it was found that the
pores in the PILC/pyrene are not accessible to the electrolyte.
This was done by soaking two of the PILC in a deuterated
solvent, contrast matched to the carbon matrix of the anode and
serving as an analogue to the electrolyte, and comparing the
SANS profiles of the soaked and non-soaked clays. These
profiles were very similar for PILC/pyrene, but different for
PILC/propylene, which evidenced the absence and presence,
respectively, of solvent in the pores of the soaked sample. Such
findings provided insight into the better electrochemical
performance of PILC/pyrene compared to PILC/propylene and
predicted the excellent reversible behaviour upon cycling of the
former due to the lack of solvent penetration into the anode.
Other SANS studies on raw anode materials include an inves-
tigation about the influence of the preparation methodology of
Sn-Co-C alloys on the size of CoSn grains and their respective
impact on the specific capacity,* and the determination of size
distribution and porosity of TiO, nanotubes with and without
a Si coating.®

Similar SANS experiments have also been conducted on
cathode materials to understand the role of their nano-
structures in the performance and lifetime of batteries. For
example, most promising Li/Na-air batteries use mesoporous
carbon as the cathode, and investigating the phenomena
occurring within the pores is crucial to the development of this
particular battery technology. SANS was used by Zakharchenko
et al. to investigate the filling of these pores with Li,O, at
various discharge current densities when the carbon is in
a poor, acetonitrile (MeCN), and in a good, dimethylsulfoxide
(DMSO), solvating medium (Fig. 15c¢-f).** Researchers partially
deuterated both solvation media to contrast match their SLDs to
that of the carbon black cathode so that the Li,O, entering the
pores upon discharge could be tracked. The SANS intensities of
the fully discharged MeCN soaked cathodes decreased as the
discharge current density increased (Fig. 15c). The calculated
pore fraction of the cathode at the lowest discharge current
density was =85% and decreased to =25% at the highest
discharge current density. In contrast, the pore fraction of the
fully discharged DMSO soaked cathodes was the same
throughout the different discharge current densities. This was
evidenced by their very similar SANS intensities (Fig. 15d). SANS
can also be a powerful tool in determining the structure and
orientation of cathode nanoparticles. He et al. used SANS to
determine the particle size, 250 nm, of a porous Li; ;Mn s6-
Nig.16C00.080, cathode material and the surface layer thickness,
0.95 nm, of its carbonaceous modified surface.*® These experi-
ments helped to conclude that the cathode's specific structure
and composition resulted in high Li" ion conductivity, good
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(a) SANS 1D profiles of different carbon based anodes. Reproduced with permission from ref. 79. Copyright © 2002, Springer Nature. (b)

SANS data and corresponding fit of a pyrolyzed pillared clay synthesised from a pyrene precursor. Reproduced with permission from ref. 80.
Copyright © 1999, American Chemical Society. (c—f) SANS 1D profiles of MeCN (c) and DMSO (d) soaked, carbon paper electrodes fully dis-
charged at different current densities (e and f for MeCN and DMSO, respectively). Reproduced with permission from ref. 81. Copyright © 2019,

Royal Society of Chemistry.

structural stability during intercalation, and reduced volume
change, all of which are responsible for the materials high rate
and long-term cycling performance. In a similar experiment
Chung et al. determined the macroscopic morphology of
LiFePO, crystals whose SANS data was fitted very well by
a model describing polydisperse spheres surrounded by a 2 nm
shell.®

SANS main historical utility to the battery research
community derives from its ability to provide information about
the dynamic content of pores in the anode. In addition to its
contribution to the isolated analysis of the electrodes, such
ability makes it possible to track the formation and evolution of
the SEI as the battery is cycled. A clear demonstration of this was
done by Jafta et al. who investigated the impact of concentration
of a LiN(SO,CFj3),/propylene carbonate (LiTFSI/PC) electrolyte
on the microstructural dynamic chemistry of a Li/ordered
mesoporous hard carbon electrode based battery.*® This was
done by obtaining multiple SANS profiles at different stages of
discharge of two cells, each with a differently concentrated
electrolyte. All SANS data exhibited a peak in the mid g range
caused by the mesopore ordering in the hard carbon. Using an
appropriate model to fit the data, the peaks position and
intensity in all the profiles were calculated and related to the

10510 | J Mater. Chem. A, 2023, 11, 10493-10531

intra-pore spacing in the electrode and the contents of the pore,
respectively. It was found that during the OCV - 1.1 V stage,
Li(PC), is adsorbed onto both the meso- and micropores of the
hard carbon in the cell with the low concentration (1 M) elec-
trolyte, however, Li(PC)-TFSI is adsorbed only onto the meso-
pores of the sample with the high concentration (4 M)
electrolyte due to its high viscosity. The change in contrast
variation during this discharge stage indicated that this is when
pores are filled, the Li(PC), is adsorbed, and the SEI starts
forming on the hard carbon surface. In combination with XPS
measurments it was also found that LiTFSI gets reduced at
a higher voltage in the cell with the 1 M electrolyte and that,
during the 1.1-0.9 V plateu/intercalation stage, its SEI has
a higher content of carbonaceous compounds (e.g. C-O, C-F)
than the SEI of the cell with the 4 M electrolyte which has
a higher content of Li salts (LiOH, Li,O, LiF). At the low 0.3-
0.05 V region it was also found that the SEI was thinner in the
cell with the 1 M electrolyte.

A similar operando SANS experiment was conducted by
Bridges et al. in which they used LiPFs-EC/DMC electrolytes
with different levels of deuteration in hard carbon based cells.*
The change in the mesopore SANS peak intensity as a function
of voltage trend was different during the SEI formation stage

This journal is © The Royal Society of Chemistry 2023
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Fig. 16 SANS intensity (cm™) as a function of the scattering vector g, 1st discharge time and voltage for (a) the 1 M LiTFSI/PC electrolyte system
and (b) the 4 M LiTFSI/PC electrolyte system. Electrochemical and operando, and SANS analysus results for the 1 M (c) and (d) the 4 M electrolyte
systems — (Top) electrochemical cycling profile; (middle): integrated Gaussian peak intensity for pore ordering and micropore (high g) scattering
intensity (MPSI); (bottom) pore—pore spacing determined by the Gaussian peak position. Reproduced with permission from ref. 86. Copyright ©
2019, Royal Society of Chemistry. (e and f) Results of fits to in situ SANS data from the Gaussian peak corresponding to the pores in hard carbon
with a LiPFg in EC:DMC electrolyte. The peak intensity versus nominal capacity is shown in (e), and the pore—pore spacing versus nominal
capacity is shown in (f). The discharge process is given on the left and charge process on the right, while background colors indicate stages (1)
(purple; initial discharge; 2.5-1.3 V), (Il) (blue; SEl formation; 1.3-0.7 V), (lll) (green; lithium intercalation; 0.7 V-5 mV), and (IV) (yellow; charging; 5
mV-3 V) of the initial charge/discharge cycle. (g) Plots comparing the calculated scattering length densities (SLDs) of the electrolytes, carbon
framework, and potential components of the solid-electrolyte interphase (SEl) layer as a function of deuteration level. The deuteration level of
the electrolytes varies from 0% to 100%, and the SLDs of the SEI layer have been adjusted accordingly for each case. The yellow band indicates
the region over which a component in the SEI will result in a decrease in contrast between the framework and pore relative to a fresh cell, and
these components have been highlighted in green for each deuteration level. Only the Li,O and LiOH components will cause an increase in
contrast for all deuteration levels. Reproduced with permission from ref. 87. Copyright © 2012, American Chemical Society.

(75-372 mA h g7") but similar during the lithium intercalation
stage (372-1500 mA h g™ ") in the different cells, each having an
electrolyte with a different level of deuteration (Fig. 16e-g).
Since the intensity of the peak is proportional to the difference
between the SLDs of the carbon matrix and the pore content,
the researchers compared the SLD of different compounds to
that of the carbon matrix and determined which compounds in
each SEI are consistent with their corresponding peak intensity
change trends. It was found that the changes in contrast are
consistent with the initial formation of carbonaceous
compounds (Li,CO; and/or (CH,OCO,Li),) during the SEI
formation stage followed by the increasing concentration of Li
salts (Li»O, LiOH, or LiF) during the lithium intercalation stage.
The utility of contrast matching in SANS experiments has also
been demonstrated by Risse et al, who used a deuterated
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electrolyte in lithium-sulfur batteries to observe the time-
dependent initial wetting of microporous carbon and to deter-
mine that sulfur and Li,S do not precipitate in the micropores.”
Since the SLD of the deuterated electrolyte used is very close to
the SLD of carbon, it was possible to treat these two components
as a single phase allowing the precipitates to be treated as the
second phase for the SANS analysis. This also allowed them to
suggest that the smallest particles of Li,S dissolve first than the
larger ones throughout the cycling process.

3.4 Neutron reflectometry

The one dimensional change in composition of an object with
a thin layered architecture can be investigated by ana