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As a uniquemicroprobe for structure and dynamics of materials, neutron possesses superior ability in penetration as
well as sensitivity for light and magnetic elements in comparison with X-ray and electron. As for the research and
development of lithium-ion batteries (LIBs), neutron diffraction techniques play an indispensable role in exploring
the structural properties of various electrode materials, especially the detailed structural evolution of cathode and
anode materials during electrochemical cycling. Moreover, based on thorough analysis of neutron diffraction re-
sults, an in-depth and systematic understanding of some fundamental mechanisms, such as the formation mecha-
nism of defects and migration mechanism of lithium ions, could also be established, which is essential for the
development of high-performance electrode materials for the next-generation LIBs. Nevertheless, that technique
would not seem to be widely applied yet in comparison with the application of X-ray diffraction and more attention
should be paid. To demonstrate the advantages of neutron diffraction technique in research of LIBs materials, this
work systematically summarizes representative neutron diffraction studies on exploring structural details hidden in
electrode materials and on probing structural evolution of electrode materials during charge/discharge processes.
Prospects for further applications of neutron diffraction techniques in research of LIBs are also put forward.
1. Introduction

It is well known that clean energy sources such as tidal energy,
hydrogen energy, biological energy and nuclear energy can alleviate the
shortage of stocks and environmental pollution caused by the rapid
consumption of fossil energy. However, due to the intermittency and
variability of renewable energy sources, it is extremely difficult to inte-
grate electricity generated from renewable energy sources into a power
grid with complex loads. Therefore, to develop energy storage technol-
ogy is of great significance because it can be considered as one of the best
solutions matched well with the output characteristics of various
renewable energy sources. As one of the most important energy storage
technologies, battery energy storage system plays a pivotal role in
meeting electricity demands since it can store electricity and then release
electricity according to the customers’ requirement. Among the various
kinds of batteries, LIBs show obvious advantages due to their outstanding
electrochemical performance, good cycling performance and no memory
effect [1], which are used in the field of power energy.
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Research on LIBs can be traced back to the early 1900s. In 1913, the
Professor Gilbert N. Lewis published a paper for the first time to study the
electrochemical potential of lithium metal as the negative electrode of
lithium batteries [2]. It was not until around the 1970s that Panasonic of
Japan and NASA developed the first commercial primary lithium battery
based on lithium metal based on previous research. In 1973, Stanley
Whittingham of Exus Oil Company realized electrochemical reversible
intercalation and removal of lithium ions based on TiS2 material with
layered structure and developed the first lithiummetal secondary battery
[3]. In 1985, William S. Harris from the University of California applied
organic circular carbonate as electrolyte in lithiummetal batteries, which
opened up the beginning of organic electrolyte. It greatly promoted the
commercialization process of lithium-ion batteries. In 1988, Murray
Company of Canada launched the first commercial lithium secondary
battery based on lithium metal and MoS2 material, marking the maturity
of lithium metal secondary battery [4].

The new generation of rechargeable LIBs mainly relies on the lithium
ion intercalation and deintercalation between the positive and the
rk.
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negative electrodes to achieve the charging and discharging function.
Typical cathode materials include LiCoO2, LiNiO2 and LiMnO2, among
which LiCoO2 can be traced back to the 1970s [5]. All these three mate-
rials possess layered structure in common but have respective drawbacks
with respect to electrochemical performances. Therefore, in the
mid-1990s, people started to integrate nickel, cobalt and manganese into
transition metal (TM) layers [6,7], and fabricate ternary cathode mate-
rials. After continuous exploration and summary, the layered oxides
LiNixMnyCozO2 (NMC, x þ y þ z ¼ 1) have been well developed and
achieved great commercial success [8,9]. Besides, lithium iron phosphate
and manganese spinel are also identified as cathode materials with great
potential for applications. As an important component of the new gener-
ation of rechargeable LIBs, graphite served as the anode material and was
usedwidely due to its unique hierarchical structure. In recent years, many
high-performance anode materials have also been developed for the
new generation of LIBs, including alloy materials and
silicon-carbon-composites. Although the research on the cathode/anode
materials of LIBs has attracted extensive interest, the deep understanding
on their structural properties and the insight into the origin of structural
formation are still lacking. For instance, rechargeable LIBs are currently
facing the capacity degradation problemcausedby the lithiumplating, the
formation of solid electrolyte interphase (SEI), the degradation of active
substances in electrodes and the decomposition of electrolyte during the
cycles. Therefore, it is very important to study the electrochemical reac-
tion and lithium-ion transport process during the charging/discharging
process of LIBs. Neutron, as an excellent probe to study themicrostructure
of materials, can play an important role in this research field.

James Chadwick first discovered the existence of neutrons through
particle bombardment experiments and was awarded the Nobel Prize in
Physics in 1935 for this discovery [10]. In the 1940s, Wollan et al. [11]
completed neutron diffraction experiments at the Graphite Reactor inOak
Ridge National Laboratory, USA. Scattering theory explains well the
interaction between neutrons and materials [12]. Neutron diffraction
with a de Broglie wavelength of about 1 Å passing through crystalline
material is one of the important approaches to study the periodic
arrangement of the atoms inside the material. For magnetic materials, the
neutron diffraction technique can also be used to determine their mag-
netic structure and to clarify theirmagnetic ground statewith various spin
configurations. Because the neutron scattering cross section is associated
to the Fourier transform of the spatial correlation function, the reciprocal
relationship exists between the characteristic real space distances and the
scattering vector Q ¼ 4πsinðθÞ=λ. Therefore, the primary task of the
neutron diffraction measurement is to obtain the scattering vector
dependence of neutron diffraction intensity, which is proportional to the
scattering cross section. Given the fact that the lattice of crystalline ma-
terials exhibits periodicity, Bragg peaks appear at diffraction angles given
by the Bragg equation 2dsinðθÞ ¼ nλ during the neutron diffraction
experiment. The integrated neutron diffraction intensity of the Bragg
peaks is governed by the periodic arrangement of the atoms in the unit cell
and the scattering from the atoms in the lattice of materials. That is to say,
the detailed crystal structure information can be deduced by collecting a
series of scattered intensities for many Bragg peaks at a neutron diffrac-
tometer, modeling the atomic structure and refining the parameters in
order to get a satisfied agreement between calculated and observed in-
tensities. For the collected neutron diffraction data, refinement can be
performed when an initial structure model is known by methods such as
Rietveld structure refinement [13–15]. Generally, Rietveld refinement
can be done by computer programs, and the commonly used programs
include GSAS [16], FullProf [17], TOPAS [18], RIETAN [19,20], etc.

In comparisonwith X-ray diffraction (XRD) or electron diffraction (ED),
neutron powder diffraction (NPD) technique possesses many advantages in
probing the microstructure of materials. For instance, NPD is more pene-
trating than XRD because it is based on the interaction of neutrons with the
nuclei of atoms. Neutrons are free of charge and are therefore almost non-
destructive to materials. The scattering length of neutrons is not propor-
tional to their atomic number in the periodic table which makes elemental
2

identification easier than other micro-probes, especially for light elements
or elements with similar atomic masses. Neutrons have an intrinsic mag-
netic moment, which can provide insight into both crystal and magnetic
structures of materials. Moreover, thermal neutrons possess characteristic
wavelength which is comparable to spatial scale of atomic structure of
condensedmatter, resulting inprominent applicability andhigh accuracy in
structural determination. In view of many advantages of NPD, more and
more researchers are using this technology to characterize LIBs, which can
be seen from the trend of the number of articles generated by neutron
diffraction applied to LIBs in the past decades.

As the number of neutron sources and intense sources increased over
time, the speed and quality of data collection improved significantly
[21]. The well-known and cutting-edge spallation neutron sources in the
world are SNS in the United States, J-PARC in Japan, ISIS in the United
Kingdom and CSNS in China. Neutrons are also used in many other
technologies, such as neutron depth profiling, neutron reflectometry,
neutron imaging, total neutron scattering, neutron reflectometry, small
angle neutron scattering, and incoherent neutron scattering, which can
be used to study surface, bulk structure, and morphological changes in
battery materials [22]. In present work, we summarize the applications
of NPD technique in characterizing LIBs materials as well as the full cell.
Since the elementary introduction and derivation of scattering theory can
be found in many textbooks, we will skip basis principles and focus
mainly on the application aspects.

2. Insight into the structural details in cathode materials

In recent decades, the study of the structural details in cathode ma-
terials plays a key role in promoting the performance of LIBs. Before the
application of neutron diffraction, structural analysis was mostly
completed by X-ray, electron beam and so on. By performing NPD ex-
periments and taking advantages of this technique, more accurate
structural information can be obtained for various electrode materials.

For most cathodematerials, it is difficult to identify the light atoms (Li,
O, F, et al.) with the existence of TM ions (Ni, Co, Mn, et al.) via XRD
technique. Since neutron has high sensitivity to light elements, it is the
method of choice to probe and deduce the accurate structural information
of electrode materials for LIBs. It is well known that Li/Ni disordering has
great influence on the properties of layered cathode materials, especially
in Ni-rich cathode materials [23]. In the results of XRD, the diffraction
signal from Ni is heavily stronger than that from Li, which will bring large
error in quantifying the Li/Ni disordering. Therefore, for better under-
standing of the underlying mechanism of the effect, it is vital to obtain the
exact Li/Ni disordering amount of the cathodes. Zhao et al. [24] employed
neutron diffraction and refined the data by the Rietveld method via the
Fullprof Suite to determine the degree of Li/Ni disordering. They syn-
thesized LiMn1/3Ni1/3Co1/3O2 materials by co-precipitation and
solid-state reaction. The results showed that the former presented less
exchange between Li and Ni sites (Fig. 1a) and delivered better perfor-
mance in electrochemical measurements. Similarly, for the recently
focused Ni-rich layered cathodes family, Li/Ni disordering degree would
also be obtained by NPD [25]. Additionally, other types of point defects
could be quantified by NPD as well, such as the Li/Mn exchange in
non-stoichiometric spinel-type Li1þxMn2–xO4 materials [26]. In these
studies, NPD assisted in revealing the relationship between defects and
electrochemical performance in cathode materials, which acted as guid-
ance for the development of high-performance cathode materials.

Besides, to clarify the positions and occupancies of different atoms in
cathode materials is also very important since the occupancies of lithium
and oxygen in lattice will inevitably affect the diffusion of Liþ and the
stability of structure [27,28]. With the assistance of neutron, there is
priority to reveal the occupancies of light atoms especially, such as
lithium, oxygen and some doped atoms. For example, in pyrophosphate
Li2FeP2O7 cathode materials, the structure and transport properties have
attracted much attention. Clark et al. [29] used neutron combined with
advanced simulation to investigate diffusion pathways and activation



Fig. 1. (a) Rietveld refinement results of neutron diffraction patterns and illustration of crystal structures of (i) NMC (A) and (ii) NMC (B). Reprinted with permission
from Ref. [24]. Copyright 2017, Royal Society of Chemistry. (b) Top: crystal structure of Li2FeP2O7 is composed of Li ions (green), FeO6 octahedral (yellow),
mixed-occupancy FeO5/LiO5 units (orange), and P2O7 pyrophosphate (blue); Bottom: simulated “wavelike” trajectories of long-range Li þ migration along projection
of bc- and ab-plane, respectively. Reprinted with permission from Ref. [29]. Copyright 2012, John Wiley and Sons. (c) Different models established for the distribution
of TM cation within the TM layers of LiMn1/3Ni1/3Co1/3O2, where Ni2þ, Mn4þ and Co3þ are drawn as spheres colored in green, purple and blue, respectively. Reprinted
with permission from Ref. [35]. Copyright 2017, Cambridge University Press. (d) The short-range (local) and the intermediate-range neutron PDF data of the LR-NMC
sample collected in different charging and discharging states. Reprinted with permission from Ref. [36]. Copyright 2022, John Wiley and Sons. (e) The local nPDF
patterns and variation of the average O–O distance in Li1.2Ti0.35Ni0.35Nb0.1O1.8F0.2. Copyright 2019, John Wiley and Sons.
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energies for Liþ transportation. The refinement results of neutron
diffraction patterns reveal that each of the polyhedral units share corners
or edges to form a three-dimensional framework structure, where Li
atoms occupy five sites forming distorted LiO4 tetrahedra or distorted
LiO5 trigonal-bipyramids and Fe atoms occupy three sites forming FeO6
octahedra or distorted FeO5 trigonal-bipyramids (Fig. 1b). On this basis,
the authors simulate the path way of lithium ions diffusion. They reveal
curvilinear paths between adjacent Li sites (Fig. 1b), which generate
“wave-like” trajectories for remote migration. This was subsequently
confirmed by neutron diffraction maximum entropy analysis [30].
Additionally, for doping ions NPD can also deliver detailed occupational
information. Fluorine substitution is a kind of anion doping, which can
stabilize the structures of cathode materials [31,32]. Through NPD ex-
periments, the occupancy of doped F ions can be precisely determined.
There are research works showing that the presence of F in the
LiNi0.85Co0.075Mn0.075O2 cathode materials increases the stability of
electrode by forming a more stable local octahedron of halide [31]. In
Li-rich cathode materials, anions framework in the F-doped cathode
materials is very robust during charge and discharge processes [32].
3

The distribution of TM ions in cathode materials has a significant
effect on electrochemical performance. Usually, the disordered phase
(space group Fd3m) of spinel LiNi0.5Mn1.5O4 presents a higher capacity
than the ordered phase (space group P4332) [33]. However, it is difficult
to distinguish the distribution of TM ions via XRD because of the limi-
tation of X-ray. In contrast, one of the advantages of NPD is the capability
of distinguishing adjacent TM ions. Recently, many studies have suc-
cessfully revealed the ion arrangement in TM layers with the assistance of
NPD [34,35]. Reynaud et al. [35] established three models of cation
distribution in TM slabs for LiMn1/3Ni1/3Co1/3O2 via the program
FAULTS (Fig. 1c), and then simulated the XRD, NPD and ED patterns of
the three models. Results in XRD patterns showed that reflections in the
2θ region from 20� to 35� indexed for the new superstructure are so weak
that they will probably be hidden in the background signal. In compar-
ison, intensity of those in NPD patterns had noticeable differences to
distinguish different structures. Therefore, one can identify the fully or-
dered model with a higher intensity of the superstructure reflections than
the honeycombmodel if the ordered TM distribution exists in the layered
structure.
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Except that the long-range structures could affect the performance of
cathode materials, some short-range structures might also play a key role
in their properties. One of the most important issues in Li-rich cathode
materials is the occurrence of anion redox which is associated with the
change of local structure. Zhao et al. [36] used neutron diffraction and
pair distribution function (PDF) techniques to characterize the structure
of Li1.2Ni0.13Mn0.54Co0.13O2. It is found that the refined short-range PDF
data are consistent with the stoichiometric ratio of the sample, which is
suitable for quantitatively characterizing the local structure of the sam-
ple. As shown in Fig. 1d, by analyzing the neutron PDF data at different
charged and discharged states, it is found that the oxygen lattice distorts
at different states. Analysis of short-range neutron PDF data reveals that
14% of TM ions migrate from the octahedral sites in TM layers to the
tetrahedral sites in Li layers. From another aspect, the distance of O–O
pair can be directly displayed by neutron PDF measurement, which can
also reflect the variation of lattice oxygen (Fig. 1e) [37]. In certain
cathode materials, the existence of superstructure or local distortion can
also be observed. In Naþ and F– co-doped layered NCMmaterials, most of
the Bragg reflections of NPD pattern can be indexed properly with the
R3m space group with a layered α-NaFeO2 structure, except that some
reflections at d spacing about 3.82 and 4.18 Å represent the formation of
superstructure related to cation disordering [38]. In spinel Li2MnO3, the
Jahn-Teller distortion can be detected easily via NPD technique which
can lower the symmetry of the crystal structure from cubic to tetragonal
[39], leading to the degradation of electrochemical performance of the
cathode materials. Obviously, with the assistance of neutron diffraction
technique, structural details of various cathode materials can be ob-
tained, which will be beneficial to construct structure-activity relation-
ship and to design high performance cathode materials.

3. Insight into the structural details in anode materials

As mentioned above, the safety and stability of the LIBs cathode
material is a crucial factor. Likewise, as an important component of LIBs,
the performance of the anode cannot be ignored. Among all anode ma-
terials, graphite anode has been developed for several decades and has
been applied widely in the battery market. The safety of the graphite
anode is intimately related to the de-intercalation of lithium ions. Given
the fact that the typical LIBs are independent devices isolated from the
outside world and the structural change of anodes takes place immedi-
ately upon charging and discharging, it is challenging to study the
intercalation and deintercalation processes of lithium ions in anodes.
Neutron diffraction is a non-destructive technique and can also give ac-
curate information about the occupancy of different lithium sites in the
anode materials with different degrees of lithium removal. Hence, it can
be applied to solve specifically the structural issues in graphite anode.

Senyshyn et al. [40] have used spatially-resolved monochromatic
neutron diffraction to indicate that there is a heterogeneous distribution
of lithium in the fresh state of 18650-type cells. His research group found
that lithiation level in fatigue batteries is basically low, and the homo-
geneity of the lithium concentration is further decreased, which will
undoubtedly have an impact on the stability and safety of LIBs [41]. To
further explore the heterogeneous distribution of lithium ions, his group
[42] divided the 18650 batteries into four groups: fresh batteries and
batteries that respectively cycled 120, 210 and 400 times at ambient
temperature using currents that were set close to the specified maximum
of C/2 for charge and 2C for discharge. It was found that the capacity of
the batteries decreased significantly with the increase of the cycle
number. The authors used monochromatic neutron diffraction to probe
the four groups of cells. They found that the LiC12/LiC6 ratio of the
lithium intercalated graphite changed with the increase of the cycle
number, which indicated that the loss of movable lithium was directly
related to the decline of the capacity in the batteries. The
two-dimensional distribution of the lithium concentration in the lithiated
graphite anode LixC6 was obtained by spatially-resolved time-of-flight
4

(TOF) NPD. As shown in Fig. 2a, the lithium distribution in fresh batteries
is quasi-uniform within the standard deviations, and all integral char-
acteristics, including average lithium concentration <xLi> as well as its
deviation from constant, median of the distribution and the plateau value
xp, reduce to different degrees upon cycling. The NPD has also been
applied to study 26650-type LIBs [43]. The ex situNPD data revealed that
milder charge conditions lead to higher reflection intensities of lithiated
graphite and harsher conditions reduce reflection intensity, as shown in
Fig. 2b. In other words, under the same state of charge, the milder the
conditions, the more the graphite electrode has transformed to LiC12.
More importantly, this work is very important to solve the problem of the
heterogeneity, safety and stability of the LIBs anode.

In addition to the graphite anode, someother anodematerials also show
their special properties. Because of the zero-strain characteristic, anode
material Li4Ti5O12 has also attracted researchers' interests. However, the
mechanismof the phase transition that occurs during the reaction is still not
well understood, and such small changes can affect the performance of the
Li4Ti5O12 anodes. From the Rietveld refinement of NPD data of Li4Ti5O12,
researchers described the position of Li in 8a and 16c sites, as shown in
Fig. 2c [44]. Upon charging, the insertion sites of Li will be influenced byO
position. So, in order to gain the exact position of Li, they refined the O
position earlier, then deduced the accurate structure and formula of com-
pound as Li8a0.46(26)Li16c1.20(23)(Li1/3Ti5/3)16dO32e

4. This work revealed the
underlying mechanism for particle-size-induced changes in battery per-
formance. Likewise, as an anode material, the mixed oxide TiNb2O7 was
proved to be a promising candidate because of its high capacity. However,
the understanding of atomistic mechanisms underlying the lithiation re-
action is limited, which is not conducive to the application and promotion
of the material. The TOF NPD is employed to study the structure and
lithium atoms distribution of TiNb2O7 [45]. The refinement results show
that there are two kinds of insertion sites in TiNb2O7, i.e. fivefold- and
fourfold-coordinated sites. Although inserting into fivefold-coordinated
sites needs less energy, Li atoms randomly insert between the two sites,
which suggests that lithium insertion into TiNb2O7 is driven by the entropy
increase dominantly. Because NPD is more sensitive to light elements,
compared with XRD, it can give more accurate information about lithium
ions in the crystal lattice. NPD was again proved to be an excellent tool for
the study of electrode materials for LIBs.

4. Clarification of the structural evolution of electrodes in LIBs

4.1. Structural evolution in cathode materials

Upon charging or discharging, the crystal structure of electrode ma-
terials in LIBs will inevitably change accompanied with the diffusion of
lithium ions. Therefore, to study the structural evolution of electrode
materials at different charging states is helpful to understand the
charging mechanism. The structure of electrode materials is generally in
metastable state during charge and discharge. When the voltage is
withdrawn, the structure will slowly recover partially. In addition,
metastable structures and other components of the battery, such as the
electrolyte, are often sensitive to air and humidity. Therefore, the ex-situ
structure analysis technique cannot accurately reflect the evolution of the
structure, and the in operandomeasurement technique becomes an urgent
need for the research of LIBs.

As three distinct TM elements play different roles in Li(NixMnyCoz)O2
(xþ yþ z¼ 1) [46], they are rapidly developing in energy storage systems
and power batteries. Therefore, it is very important to clarify the role of
each element. Goonetilleke et al. [47] used in operando neutron diffraction
to elucidate the influencing factors of the structural evolution in
Li(NixMnyCoz)O2 (x þ y þ z ¼ 1) cathode materials. It is found that the
stability and electrochemical properties of the cathode materials are
related to the composition of TMs when working in a wide
charge-discharge window. Fig. 3a shows contour plots of diffraction
pattern for NMC541 as a function of time. NMC811 showed the largest



Fig. 2. (a) Experimental lithium distribution vs. cycle number for cylinder-type LIBs with different cycles as derived from time-of-flight neutron diffraction. The first
row, second row, and third row of text are integral characteristics of lithium distribution, in-plane lithium distribution and deviations of lithium distribution from
plateau value xp. Reprinted with permission from Ref. [42]. Copyright 2020, Elsevier. (b) Different 2θ regions with highlighting the graphite-type reflections are
shown, based on the ex situ NPD data of 26650 batteries aged under the conditions that listed the table on the right. Reprinted with permission from Ref. [43].
Copyright 2017, Elsevier. (c) Crystal structure of Li4þzTi5O12 with the (222) and (004) planes indicated. The dark blue arrows indicate the theoretical pathway of Li
(inward) diffusion during lithiation. Reprinted with permission from Ref. [44]. Copyright 2014, American Chemical Society.
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volume change per cell during cycling (6.97%) and the smallest volume in
the charged state (93.4 Å3), whereas NMC442 showed the smallest change
in unit cell volume (3.36%) during the cycle. It can be concluded that in
NCM cathode materials, the lattice volume changes during cycling tend to
be larger with higher Ni content, while the lattice volume changes tend to
be smaller with higher Mn and Co content. In addition, the relative ratio of
volume shrinkage (normalized to the initial cell volume) for the measured
NCM cathode materials, as shown in Fig. 3b, is regardless of the change in
nickel content [48]. This implies there may be a general mechanism for the
anisotropic volume change of nickel-rich positive electrodes. To a certain
extent, it is also shown that the macroscopic strain/stress caused by cell
volume collapse may follow a similar trend in the measured samples under
the same degree of lithium removal.

The greater change of lattice parameters in the cycle process indicates
the greater accumulation of mechanical repetitive stress, which often ac-
celerates the destruction and failure of the cathode material structure [49,
50]. Wu et al. [51] explored the structural evolution of NCM622 positive
electrode at different magnification rates of 0.27, 1.6, 2.4, 3.2 and 4.4 C via
in operando neutron diffraction technique. As shown in Fig. 3c, the lattice
parameters of NMC622 have similar trends at different charging rates. This
indicates that the crystal structure of NMC622 is well maintained during
fast charging, which is in line with previous reports of the excellent
structure retention ability of NCM at a high rate up to 10C [52].

In the process of charging and discharging, the migration path of
lithium ion is closely related to the diffusion coefficient of lithium ion,
which is also very important for cathode materials [53–55]. It has been
widely believed that lithium ions diffuse in layered NCM materials by
oxygen dumbbell hopping (ODH) and tetrahedral site hopping (TSH)
[56]. Our group [57] used in operando neutron diffraction and the
5

maximum entropy method (MEM) to reveal a new migration path of
lithium ions in the layered positive electrode under operating conditions,
as shown in Fig. 3d. In the initial charging phase, lithium ions migrate
through the TSH path, and with the gradual exit of lithium ions, the
migration path starts to change into an unpredictable indirect zigzag jump
(IZH) path. Finally, IZH path becomes the dominantmigration path under
high voltage condition. Along the IZH route, lithium ions migrate to
adjacent vacancies via a curved path, passing through the center of the
oxygen dumbbell on theirway. And the change of themigration path from
TSH to IZH is not conducive to maintaining the rapid diffusion of lithium
ions during the charging process verified on the galvanostatic intermittent
titration technique (GITT) curve. This work can enlighten us to design an
optimized lithium ion migration path to obtain high-performance LIBs.

Inoperandoneutrondiffractionhasbeenshowntohave a sensitive ability
to detect phase transitions and can be used to investigate real-time phase
transitions during charging and discharging [58]. The in operando neutron
diffraction is used to conduct charging and discharging test of
LiNi0⋅5Mn1⋅5O4 (d-LNMO) at 0.05 C [59]. In the charging and discharging
curve of the first cycle, three platforms are observed along with the Ni2þ →
Ni4þ transition, accompanied by the shift of (222) Bragg peak toward high
angle, indicating that a solution reactionhas occurred, as shown inFig. 3e. In
addition, the Li-content-dependent phase evolution behavior in
Li1þxMn2–xO4 (x ¼ 0, 0.05, and 0.1) spinel-type cathodes was also investi-
gated via in operando NPD [60]. The Li1.1Mn2O4 cathode exhibits only
solid-solution behavior. By contrast, LiMn2O4 shows a two-phase reaction
mechanism and the phase evolution behavior of Li1.05Mn2O4 falls in a
combinationof solid solutionandfirstorderphase transition.Correlating the
phase transitions to the electrochemical charge/discharge curves indicates
that the initial composition of the electrode materials has a significant



Fig. 3. (a) Contour plots of NMC541 with intensity shown increasing from the darkest to the lightest of the diffraction patterns as a function of time. Reprinted with
permission from Ref. [47]. Copyright 2019, American Chemical Society. (b) Normalized cell volume evolution during the initial charge and discharge of different NMC
compositions and NCA. Reprinted with permission from Ref. [48]. Copyright 2021, Royal Society of Chemistry. (c) Lattice parameter evolution for NMC622 under
different charging rates. Reprinted with permission from Ref. [51]. Reprinted under terms of the CC-BY license. (d) MEM reconstructed negative nuclear density maps
for NCM523 at different charge states based on in operando neutron diffraction data. Reprinted with permission from Ref. [57]. Copyright 2022, Elsevier. (e) Contour
plot representation of an operando NPD measurement of the first cycle of the d-LNMO vs. graphite cylindrical cell: (left) the (222) d-LNMO reflection is plotted; (right)
the galvanostatic cycle of d-LNMO vs. Li reference or vs. graphite. Reprinted with permission from Ref. [59]. Copyright 2017, Royal Society of Chemistry.
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influence on phase evolution and determines the electrochemical perfor-
mance. Similarly, for LFP cathode materials, the phase transition in the
dehydrogenation process can be carried out through solid solution reaction
or two-phase reaction, which is mainly affected by sample preparation and
electrochemical conditions [61].Goonetillekeet al. [62] studied thechanges
in the structure of Mg-doped LiFePO4 during charge-discharge processes at
different temperatures. This kind of doping does not affect the reaction
mechanism of the material in the cycling process, and evidence of two re-
actions is observed in the diffraction data, as shown inFig. 4a. The reflection
peaks corresponding to lithiated Li(MgFe)PO4 phase and delithiated (MgFe)
PO4 phase appear and disappear alternately, indicating that the transition
between these two phases occurs during battery charging and discharging.
The subsequent electrochemical data proved that, although the reaction
kinetics of Li(MgFe)PO4material is faster athigher temperature, the reaction
mechanism and structural polarization are temperature invariant.

Generally, the cathode materials are fabricated via different approaches
containing sintering procedure at high temperature. During the heating
process, the structure of cathodematerial is generally metastable. When the
temperature decreases, its structure will slowly recover. The in situ neutron
diffraction technology during the heating process can just be used as a
method to analyze thedynamic changesof its structure.Our group [63]used
in situ and ex situ NPD to investigate the phase structural evolution of
LiNi0.8Co0.1Mn0.1O2 (NCM811) cathodes at 600, 700, 800, 900and1000 �C,
as shown in Fig. 4b. The results show that when treated at 400 �C, NCM811
can recover from the disordered structure and has an optimized surface
morphology, thus improving the electrochemical behavior. Heat treatment
of NCM811 at higher temperature induces a layered-to-rock-salt structure
transition accompanied with the precipitation of lithium oxide. Therefore,
low temperature reheating may be a simple and useful method to improve
6

the properties of lamellar cathode materials. Meanwhile, in situ neutron
diffraction and PDF are used to reveal the mechanism of LiNi0.5Mn1.5O4

spinel structure instability under the annealing at the oxygen-deficient at-
mosphere (Fig. 4c) [64]. It is found that the lack of oxygen reduces the Mn
valence from þ4 toþ3 at 650 �C, disordering the Ni/Mn rearrangement at
relatively low temperature, and promotes the formation of the layered
rock-salt (LRS) phase by Ni segregation. At the same time, the transition of
the LRS phase generated by TMmigration is triggered to fill the octahedral
interstitial positions of the oxygen sublattice. Upon heating, TM migration
and exchange with Li in residual spinel and newly formed LRS exhibit a
multistage behavior.
4.2. Structural evolution in anode materials

The anodematerial of LIBswith large reversible ion storage capacity and
good stabilitymust have sufficient space for ion storage and transport in the
structure, as well as the ability to maintain structural stability during the
repeated intercalation/deintercalation of ions. The lack of structural revo-
lution information gained from ex situ neutron characterization in real
charging and discharging process prevents researchers from understanding
the structural evolution. The development of in operando neutron diffraction
techniques possesses prominent ability to solve this problem.

It is known that the lithiation and delithiation reactions in
rechargeable LIBs are often accompanied by multi-stage phase transition
reactions and structural changes, such as graphite anodes that may un-
dergo phase structures like LiC12 before the final formation of LiC6
[65–68]. In operando NPD holds the high sensitivity to light elements
such as lithium and carbon of electrochemical species, and thus can well
characterize this kind of phase change reactions [37,69]. With the help of



Fig. 4. (a) In operando NPD diffraction data for batteries cycled at 323 K. Reprinted with permission from Ref. [62]. Copyright 2018, Elsevier. (b) In situ NPD patterns
of NCM811 cathode materials treated at different temperatures. Reprinted with permission from Ref. [63]. Copyright 2020, Elsevier. (c) In situ PDF of LiNi0.5Mn1.5O4

during the continuous heating (Top: contour plot of Mn–O (r ~ 1.88 Å) and Ni–O (r ~ 2.1 Å) correlations; Bottom: contour plot of the correlations of the octahedral
(r ~ 2.7 Å) and tetrahedral (r ~ 3.15 Å) oxygen cages). Reprinted with permission from Ref. [64]. Copyright 2022, Elsevier.

Fig. 5. (a) The enlarged section of neutron diffraction patterns collected in charged and discharged states at different temperatures (anodes of 18650 e type com-
mercial LIBs). Reprinted with permission from Ref. [71]. Copyright 2015, Elsevier. (b) Neutron diffraction patterns collected from graphite anode material of
commercial LiCoO2/graphite cells [65]. (c) Neutron diffraction patterns of graphite in charged state. Reprinted with permission from Ref. [65]. Copyright 2010,
Elsevier. (d) Enlarged 2D diffraction pattern and 3D visualization of diffraction peak in LFP-battery anode. Reprinted with permission from Ref. [73]. Copyright 2014,
Elsevier. (e) Diffraction patterns of a vanadium-doped LFP-battery. Reprinted with permission from Ref. [73]. Copyright 2014, Elsevier.
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in operando NPD techniques, the intercalation of lithium into the lattice
structure of graphite structure is generally considered as a reaction that
proceeds in steps [70–72]. By tracing the formation of multiple LiCx
phases during the multi-stage reaction of lithium insertion into graphite
anode materials and the redistribution of lithium in the graphite struc-
tural matrix during charge and discharge processes via NPD, the changes
in the structure and composition during the intercalation process are well
characterized, as shown in Fig. 5a. The temperature-driven discontinuity
in the phase transition and the anomalous behavior of LiC6 suggest a
possible change in the thermodynamic stability range of the graphite
anode at low temperatures. During the phase transformation of lithiated
graphite, there may be cases where both phases are present and lithium
ions accumulate near the anode surface or in the SEI layer in the charging
state [65], as shown in Fig. 5b and c. Bobrikov et al. [73] traced the
formation of multiple LiCx phases during the multi-stage reaction of
lithium insertion into graphite anode materials and the redistribution of
lithium in the graphite structural matrix accompanied by gradual
changes in the distance between carbon layers during charging and dis-
charging by NPD, as shown in Fig. 5d and e. What is more, the structural
phase change of the lithiation-delithiation reaction occurring in the
graphite anode is not completely reversible in a full-cell system consist-
ing of a spinel lithium-manganese oxide cathode and a graphite anode
during electrochemical cycling. The content of the LiC12 phase is
Fig. 6. (a) In operando neutron diffraction study on NCM523/graphite full cell. Reprin
(b) Three-dimension evolution of the Li distribution in the cells at different stages of
trend of absorption of neutrons. Reprinted with permission from Ref. [83]. Copyright
NDP set-up, the in operando spatial difference energy spectra during the first two charg
2018, Royal Society of Chemistry.
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different with the increase of the number of electrochemical cycles [74].
Lithium plating generally refers to the situation where lithium ions are

reduced to lithiummetal on the anode side, rather than being embedded in
the anode crystal structure [75]. The reason for the deposition of metallic Li
on the anode is that the potential of lithium intercalation into graphite is
close to the potential difference of Li/Liþ [76,77]. Lithium deposited on the
cathodematerialmay lead to the formation of lithiumdendrites, whichmay
cause serious consequences such as short circuits in LIBs. By comparing the
reflection intensity of in operando NPD patterns of LiCx obtained from the
lithiation reaction at different charge rates [77,78], it is tentatively
concluded that only a partial phase transition occurs in the deposited
graphite of lithium, and the amount of lithium corresponding to the charge
capacity is not fully embedded in themain structure. The result shows that at
this charging range a limitation in electrolyte potential, diffusivity and
electrode kinetics [79] leads to the reaction of lithium plating as secondary
side reactions. The extent of the lithium plating reaction, which is a
competing reaction against the reaction of lithium intercalation in graphite,
diminishes due to the decrease in current.

5. Perspective of the application of neutron diffraction technique

The general applications of neutron diffraction technique in studying
the structural properties of cathode and anode materials are summarized
ted with permission from Ref. [57]. Copyright 2022, Royal Society of Chemistry.
charging and discharging. The contrast value from 0 to 1 represents an increased
2019, Royal Society of Chemistry. (c) From the left to right are the models of the
ing and discharging cycles. Reprinted with permission from Ref. [84]. Copyright
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above. Most of the neutron diffraction works were performed in ex situ
mode, whereas the in operando measurement is essential to get insight
into the structural evolution and structural degradation associated
directly with the electrochemical performance of electrodes. Obviously,
obtaining the information of full cell under real operating conditions is
essential for the research and development of metal ion batteries. For the
full cell, its degradation mechanism is often caused by the synergistic
action of both cathodes and anodes. With the strong penetrating power of
neutrons, it is possible to analyze the distribution of lithium inside LIBs
nondestructively under working conditions. Therefore, it is especially
beneficial to understand the failure mechanism via neutron technology.
It is demonstrated that the degradation of the cell is possibly inhomo-
geneous [80], and the electrodes near the center work better than those
near the edges. What is more, in operandoNPD study shows that the aging
of cells during cycling is related to the structural failure of anode and
cathode material [81]. The reduction of active lithium in cells would also
have a great impact on the degradation behavior of batteries after a
long-time cycle. Our group [57] found that in the full battery composed
of NCM523 cathode and graphite anode, 52.8% of lithium-ions was
released from NCM523 in the charging state of the first cycle (Fig. 6a),
indicating that there is still a lot of space to improve the energy density of
NCM523 in the full cell. Small amounts of lithium-ions (~4.3%) that are
not inserted back are retained in graphite as Li1–xC18 and Li1–xC54, or
consumed during the formation of SEI. Besides, most neutron researches
on full cells are carried out on cells with relatively small capacity, but
even for LIBs with larger capacity, whose initial capacity is 15 Ah or even
up to 50 Ah, neutron diffraction technique would also be applied and
probe the microstructure of them handily [82].

It is worth noting that some other neutron techniques besides NPD
could also play an important role in understanding the working mecha-
nism of LIBs. For example, by applying neutron imaging technology, re-
searchers successfully observed that the lithium dendrite grows on the
surface of lithium metal when the battery is charged and then disappears
when the battery is discharged (Fig. 6b) [83]. Additionally, neutron depth
profiling (NDP) technique is employed to investigate the all-solid-state,
thin film Si–Li3PO4–LiCoO2 batteries [84]. It is observed that the
Li-immobilization layer exists between the anode and electrolyte, which
could explain the degradation of the batteries (Fig. 6c). The
uniform-distribution of lithium dendrites in the solid electrolyte can also
be detected via NDP [85].

Accompanied with the advancement of neutron source and neutron
instrumentation, extensive and specific application of neutron diffraction
technique will certainly be employed in the near future for exploring
more detailed structure information in LIBs. Especially, the in operando
neutron diffraction technique will be employed routinely not only for
studying cathode/anode materials in full cells, but also for studying solid
state electrolyte materials in all-solid-state batteries, thus providing new
perspectives in developing high performance LIBs.

6. Summary

In summary, this article reemphasizes that NPD is a well-established
technique for characterizing LIBs based on the interaction between neu-
tronsandatomicnuclei, andconsequently ithasmorepowerfulpenetrability
thanX-rays and sensitivity for light elementsor elementswith similar atomic
masses. As the above-mentioned recent literatures clearly show, the struc-
tural details of electrodematerials in LIBs can be explored by themethods of
NPD, and the position as well as the occupancy of lithium elements in
lithium-containing compounds can be accurately obtained. Current di-
rections of application include the analysis of the presence of anti-site-
defects and bond distances in the lattice structure of electrode materials,
the analysis of the homogeneous or non-homogeneous distribution of
lithium ions, and the analysis of the lithium ion intercalation selectivity. In
addition, the design of in operandoNPD experiments of LIBs under different
charge and discharge states allows an in-depth analysis of the electro-
chemical reactions occurring in the batteries and the evolution of the
9

structure during the dynamics processes. So far, in operando neutron
diffraction technique has been used to characterize the lattice parameter
changes and phase transition reactions of electrode materials in LIBs, the
macroscopic strain/stress caused by the cell volume collapse, the migration
path of Li ions during charge and discharge, and the degree of proceeding
and reversibility of the reaction of Li-plating. With the development of
neutron diffraction technology, NPD could be employed extensively in
various battery systems and help analyzing complicated structural problems
in LIBs, whichwill certainly provide beneficial guidance in developing new-
generation high performance LIBs.
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