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TOPICAL REVIEW — Advanced calculation & characterization of energy storage materials & devices at multiple scale
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During the past decades, Li-ion batteries have been one of the most important energy storage devices. Large-scale
energy storage requires Li-ion batteries which possess high energy density, low cost, and high safety. Other than advanced
battery materials, in-depth understanding of the intrinsic mechanism correlated with cell reaction is also essential for the de-
velopment of high-performance Li-ion battery. Advanced characterization techniques, especially neutron-based techniques,
have greatly promoted Li-ion battery researches. In this review, the characteristics or capabilities of various neutron-based
characterization techniques, including elastic neutron scattering, quasi-elastic neutron scattering, neutron imaging, and
inelastic neutron scattering, for the related Li-ion-battery researches are summarized. The design of in-situ/operando en-
vironment is also discussed. The comprehensive survey on neutron-based characterizations for mechanism understanding

will provide guidance for the further study of high-performance Li-ion batteries.
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1. Introduction

Energy storage has been one of the major worldwide con-
cerns over the past decades. Due to the advantage of high
energy density, lithium-ion batteries (LIBs) have become the
dominant energy storage devices for micro-electronic prod-
ucts since 1990s.['3! LIBs with higher energy density and
lower cost are needed to further meet the requirement of
large-scale energy storage, such as smart grids and electric
vehicles. The researchers from both industry and scientific
community are paying attention to the optimization and de-
sign of high-performance LIBs.!*! Since LIBs are essen-
tially electrochemical cells which are composed of electrodes
and electrolyte, understanding the physical/chemical nature of
these components as well as the internal electrochemical pro-
cess and degradation mechanism of LIBs is a prerequisite for
breakthroughs on their electrochemical performance.

During the past years, various advanced character-
ization tools, such as synchrotron-based x-ray diffrac-
tion/spectroscopy/microscopy, (scanning) transmission elec-
tron microscopy, etc., have played a critical role in promot-

10-141 Among all

ing the mechanism understanding for LIBs.!
the probes, neutron-based characterization techniques have

unique advantages due to the complementary scattering cross-
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sections of neutron compared to those of x-ray and electron.
Specifically, neutron is more sensitive to light atoms (e.g., H,
Li, O) than x-ray/electron and has the ability in distinguish-
ing the neighboring elements (e.g., Ni, Mn, Co). On the other
hand, neutron has strong penetrability which is favorable for
the nondestructive in-situ/operando measurement of commer-
cial LIBs. Based on these characteristics, neutron-based char-
acterization techniques, including neutron powder diffraction
(NPD), neutron pair distribution function (NPDF), small angle
neutron scattering (SANS), neutron reflection (NR), neutron
imaging (NI), neutron depth profile (NDP), quasi-elastic neu-
tron scattering (QENS), and inelastic neutron scattering (INS),
have made great contribution to the fundamental research and
industrial application of LIBs.

Here, we present a review of recent progress in neutron-
based characterization for Li-ion battery research (Fig. 1).
Special attention is focused on how various neutron-based
characterization techniques are being used and what charac-
teristic or capability they possess. Several case studies are
employed to illustrate how neutron-based characterization has
advanced the Li-ion battery research. We first briefly intro-
duce the fundamental demands and challenges for LIBs. Then,
detailed discussions regarding the recent research discoveries,
such as Li-storage/diffusion mechanism, structure evolution,
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cell degradation mechanism, etc., based on various neutron-
based characterizations are presented. Meanwhile, the design
and significance of the in-situ/operando neutron-based char-
acterization are also discussed. Finally, concluding remarks
and perspectives on how neutron-based characterization tech-
niques can be further applied for the development of high-
energy-density LIBs are presented.

Li-ion

diffusion
ainjanuys
aae;ms

Fig. 1. An overview of various neutron-based characterization techniques
in promoting the development of Li-ion battery researches (NPD: neutron
powder diffraction, NPDF: neutron pair distribution function, SANS: small
angle neutron scattering, NR: neutron reflection, NDP: neutron depth pro-
file, NI: neutron imaging, QENS: quasi-elastic neutron scattering, INS: in-
elastic neutron scattering).

2. Demands and challenges for Li-ion batteries

Superior properties, including higher energy density,
higher power density, longer cycle life, lower cost, higher
safety, better eco-friendly, etc., have become the development
goals for the next-generation LIBs. Achieving all these goals
makes it essential to find better electrode and electrolyte mate-
rials as well as to design a more optimal battery cell. Although
numerous optimization strategies have significantly advanced
the overall performance of LIBs, in-depth insights of their
performance-related mechanisms are needed to further guide
Li-ion battery fundamental research and commercial applica-
tions. The intrinsic characteristics of LIBs determine that the
challenges associated with electrochemical performance are
mainly focused on the following aspects: battery materials,
electrochemical reactions, and cell fabrication design.

The Li-storage capability of LIBs is closely associated
with the structural stability of the electrode materials. For in-
stance, the development of high-capacity cathode materials,
such as high-voltage LiCoO;, Ni-rich ternary transition metal

(TM) oxides, and Co-free Li-rich TM oxides, largely enhances
the energy density of LIBs. However, the unfavorable struc-
ture evolution (e.g., irreversible phase transition) of these cath-
ode materials upon the (de)lithiation process limits their cycle
life.['5-18] The similar scenario could also be found in silicon
or silicon/carbon composite anodes which show much higher
specific capacity than that of traditional graphite materials.[!"]
Specifically, the large structure and volume changes induced
by the alloying reaction of Li with silicon usually lead to the
mechanical failure of the electrodes and make it difficult for
silicon or its composite electrode to achieve both ultrahigh
capacity and good cycle stability. In addition, the thermo-
dynamic and electrochemical/chemical stabilities of the lig-
uid electrolyte with respect to the cathode and anode materials
have important effects on the cycle life and safety of LIBs.
Upon the charging/discharging processes, there are always in-
evitable side reactions, that is the formation of solid electrolyte
interface (SEI) layer, on the interface between the electrodes
and electrolytes. Since the SEI layer is electronically insulat-
ing, a uniform and dense passivating SEI layer would retard
the further oxidation or reduction of the liquid electrolytes,
and thus promote the surface stability of the electrodes. 20?11
Usually, the uncontrolled growth of the SEI layer would also
not only cause constant consumption of the electrolyte but also
lead to large electrode polarization for the electrochemical re-
actions. This meanwhile illustrates why the surface modifica-
tion engineering of the electrodes as well as the optimization
of the liquid electrolytes is always significant.[?0->2-2>]
Rechargeable LIBs with Li metal as the anode, usu-
ally also called Li-metal batteries, can obvious improve their
energy density. However, safety problems caused by the
growth of Li dendritic seriously restrict the practical ap-
plication of Li-metal batteries, though lots of modification
strategies have significantly advance the improvement of their
overall performance.?*?’! 1t is worth noting that the appli-
cation of solid-state electrolytes (i.e., all-solid-state batter-
ies) has been regarded as one of the most effective strate-
gies to enable the application of Li-metal anode.
days, many kinds of solid-state electrolytes, such as glasses

Nowa-

and glass ceramics, LigPSsCl and isostructural compounds,
Li14Zn(GeOy4)4/Lis—_,Ge|_ P,S4 and their analogues, NASI-
CON and garnets-type oxides, have been developed, and their
ionic conductivity was also significantly improved by various
optimization methods.?32%! It has been reported that the inter-
facial instability between Li metal and solid-state electrolytes
is the main challenge to be overcame for all-solid-state bat-
teries. Furthermore, the ionic conductivity of the solid-state
electrolytes is still needed to be further improved to meet the
high-power-density requirement for all-solid-state LIBs. In
addition, although the configuration for LIBs (consist of only
cathodes, anodes, electrolytes, and several electrochemical in-
ert components) is deceptively simple, it is critical to care-
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fully combine these components to achieve the superior over-
all performance mentioned at the beginning. In the process of
solving the above challenges and propelling the development
of high-energy-density Li-ion batteries, neutron-based charac-
terization combined with the state-of-the-art in situ/operando
methods has played an important role.

3. Neutron-based characterization techniques
3.1. Neutron powder diffraction

Powder diffraction is a typical characterization tool to ob-
serve the crystal structure information for polycrystalline ma-
terials. Since most electrode and electrolyte materials in LIBs
are well crystalline, NPD has been widely used for their crys-
tal structure analysis. NPD relies on the coherent-interference
pattern (i.e., Bragg peak) that is scattered from well-defined
lattice planes in polycrystalline materials. The phase compo-
sition, microscopic stress, structure distortion, lattice defect,
atomic occupation, and even modest dynamical information
(e.g., Li-ion diffusion pathways) of materials can be obtained
from the measured NPD patterns. The accuracy of these struc-
ture information is highly dependent on the resolution of the
diffractometer as well as the refinement process. It also should
be noted that the introduction of proper isotopes, such as Li,
in the samples can improve the overall quality of the mea-
sured NPD data. In addition, compared with other neutron-
based characterizations, NPD technique has the advantage of
essential simplicity, which makes it the prime candidate for
in-situ/operando researches of LIBs.

The electrochemical performance of cathode materials is
closely correlated with their crystal structure. NPD plays a
critical role in deciphering their structure—property relation.
Take commercialized LiFePOy4 electrode material as an exam-
ple, the intriguing correlation between its crystal chemistry
and rate capability is clearly revealed by NPD. Using NPD,
Delacourt et al. for the first time provided the experimental ev-
idence of a solid solution Li,FePO4 (0 < x < 1) at high temper-
ature (450 °C), and two new metastable phases with compo-
sitions Lig 75FePO, and Lig sFePOy at room temperature. 34!
They also demonstrated that these metastable phases pass
through another metastable phase, that is Li.g g7FePO4, dur-
ing the cooling process.’3! NPD results indicated that the
Li—O bond in Li.g7FePOy is longer than that in LiFePOy,
the discrepant bond length results in the metastability of the
intermediate phase as well as the two-phase mechanism in
the LiFePO, system.[3*33] Since the rate capability of the
LiFePQy electrode is associated with this metastable phase,
the understanding of its transition mechanism is favorable for
improving the power density of LiFePO4 material. In addi-
tion, NPD characterization also made a breakthrough in vi-
sualize the Li-ion diffusion path in LiFePO4. By combining
high-temperature NPD with the maximum entropy analysis

method, Nishimura et al. presented experimental evidence
for a curved one-dimensional path for Li-ion migration. 6]
This important experiment result not only verifies the previous
computational predictions, but also highlights the effect of Li-
Fe anti-site defect on the one-dimensional migration channels.
Based on the advanced NPD technique, numerous researches
regarding the impact of synthesis method, heteroatom dop-
ing, composition, and particle size on the anti-site defect, were
conducted, which is of great importance for the development
of high-performance LiFePOy electrode. 3337381 Lots of new
polyanion-based cathode materials, such as LiM,Fe;_POq4
(M = Mn, Co), fluoride-phosphates (Li,MPO4F, M = Fe, Mn,
Co, Ni), etc., were developed in the meantime thanks to the
NPD characterization.!?°! Besides the high-safety olive posi-
tive electrodes, NPD also made vital contribution to the de-
velopment of high-voltage spinel electrodes and high-energy
density layered cathode oxides. Using NPD, Liu ef al. sug-
gested that the occurrence and degree of Ni/Mn disorder-
ing are closely related with the formation of oxygen vacan-
cies in LiNipsMn; 504 samples, and researchers found that
the transition-metal ordering in LiNiy sMnj 504 is determined
by the synthesis process.*” For the reaction mechanisms in
spinel LiMn;04, by employing operando NPD, Song et al.
proposed that there are solid-solution regions within both cu-
bic and tetragonal spinel phases other than a continuous phase
transition between them.*!l Similar to that in olivine-type
cathode materials, cation mixing is the most recognizable in-
trinsic defect type in the layered cathode oxides, especially
in Ni-rich layered oxides, the existence of which has tremen-
dously hindered the cycle stability and rate capability of the
electrode materials. Using NPD, Zhao et al. systematically
studied the impact of synthesis method and elements doping
on the Li/Ni mixing in layered cathode oxides.*>*! Also,
a research work conducted by Li et al. suggested that the
halogen substitution could facilitate the neighboring Li and Ni
atoms to exchange their sites and form the stable local octa-
hedron of halide, thus enhancing the electrochemical perfor-
mance of the Ni-rich layered cathode.*! For elucidating the
structure evolution and reaction mechanism of layered cath-
odes upon the de-/lithiation process, operando NPD is a pow-
erful tool. For instance, using operando NPD, Goonetilleke et
al. indicated that a higher Ni content in Li(Ni,Mn,Co,)O,
(x+y+z=1) will lead to greater structure change upon

[46] while Chen et al. revealed the underlying phase

cycling,
transformations mechanism which is responsible for the initi-
ation and intensification of particle cracking in the Li-rich lay-
ered oxides.*” In addition, NPD advanced the structure and
mechanism revelations of many new positive electrode mate-
rials for LIBs.3%48491 Zhao et al.
oxygen framework structure of cation-disordered Li-rich cath-

ode oxides upon the de-lithiation process (Fig. 2(a)),*") while

demonstrated the robust

Liu et al. revealed the ion exchange synthesis mechanism of
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Li;Mg>P309N cathode material.[*°! Meanwhile, for the nega-
tive electrode materials, such as graphite, carbon, LisTisO>,
NPD has been employed to detect their crystal structure, struc-
ture evolution, redox reaction mechanisms, etc., making great
progress in promoting their practical application. ?%-5!

As a powerful tool, NPD largely favors the fundamental
study of solid-state electrolytes. The intrinsic crystal struc-
ture of solid-state electrolytes as well as their Li-ion conduc-
tivity and dynamic can both be reliably evaluated via NPD.
Due to the excellent chemical/thermal stability and good elec-
trochemical inertness against Li metal, Li oxide garnets with
cubic structure have been considered as the promising candi-
dates for solid-state electrolytes in Li-ion and Li metal batter-
ies. To study the phase-formation process of LizLazZr,O1;
(LLZO) and provide an in-depth understanding for its fabrica-
tion procedures, in situ NPD was applied in the research work
conducted by Rao and co-workers (Figs. 2(b) and 2(c)).131
The in situ NPD indicated that there is an effect of the partial
melting of precursors on the formation of the fast-ion conduct-
ing phase, which suggested that the formation of LLZO origi-
nates from the decomposition of a partial carbonate melt dur-
ing the heating process (Figs. 2(b) and 2(c)).*!! The lithium
ordering and ionic conductivity of LLZO are easily affected by
the cooling rate. Since the ion conductivity of LLZO at room
temperature is still lower than that of the other superionic con-
ductors (e.g., LijoGeP2Sy2, Lij Al Ti;—(POy4)3), strategies,
such as elements doping, are being used to modify its Li-ion
conductivity. NPD played an important role in illustrating how
elements doping influences the crystal structure, thus improv-
ing the ion conductivity of LLZO.">3 Using NPD, Meesala et
al. found that the optimized ion conductivity in ternary-doped
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garnet structure Lig 65Gag gsLas 9sBag gsZry 75Tag 25012 is as-
cribed to the dense microstructure and increased Li-ion oc-
cupancy in the tetrahedral-24dy ;; site.[>*! Wagner et al. pro-
posed that the introduction of Bi>* into LLZO can result in the
increase of the unit-cell parameters, which is associated with
the observed fast Li ion dynamics in Li;_,La3Zr,_Bi,O1,.1>!
Meanwhile, Orera et al. studied the effect of H content on
the crystal structure of LLZO by employing NPD, which is
significant for the optimization of their chemical stability. %%
Apart from the oxide electrolytes with d’-valence-states tran-
sition metal, including La, /3,xLi3xTi03, LiyLa3Zr,O5, and
LiyLa(;_,)3NbO3, Takami e al. developed a new lithium-
intercalated oxide La-Li-Co-O with a lithium-ion conduc-
tivity of 7 x 107> S-em~! at 140 °C. By combing NPD
with maximum entropy method, they found a quasi-one-
dimensional pathway for lithium diffusion which should be
responsible for the realization of lithium-ion conduction in
La-Li-Co-O oxides.’” In addition to the garnet-type oxide
superionic, NPD also advanced the development of other clas-
sic solid-state electrolytes (e.g., Lij Al Tip—x(POy)s3, lithium
thiophosphates).[’8! For instance, Dietrich ef al. revealed the
origin of the low ionic conductivity in LiyP,Sg via NPD. ]
Specifically, Li;P>S¢ has PZS§_ polyhedral units with edge-
sharing PS4 tetrahedra and only one-dimensional diffusion
pathways with localized distributed Li—Li atomic pairs, which
is not favorable for the migration of Li-ion.’*! In the re-
search work regarding other new superionic, such as LisPS4I,
LigCuB401y, and lithium-rich anti-perovskites, NPD has cer-

tainly been an essential characterization for understanding
[60-62]

their structure—property relation.
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Fig. 2. (a) Rietveld refinement of the NPD patterns and calculated cations/anions diffraction patterns for the pristine and Li extracted cation-
disordered Li-rich cathode oxide structure. Reproduced with permission.*%) Copyright 2019, Elsevier. (b) Two-dimensional intensity contour
map of diffraction patterns during the formation of Li;La3Zr,Oj, material, (c) Weight fractions of the phases present in the Li;LazZr,Oqo
sample during the heating determined using Rietveld analysis of the data shown in panel (b). Reproduced with permission.*!] Copyright
2015, American Chemical Society. (d) In operando NPD patterns for the calendar aged battery. Reproduced with permission.!32! Copyright
2017, Elsevier. (e) A contour plot of in operando NPD data for the phase evolution of LiFePO, in a commercial battery. Reproduced with

permission. 331 Copyright 2017, Elsevier.

018201-4



Chin. Phys. B Vol. 29, No. 1 (2020) 018201

Understanding the aging behavior, such as the thermal
stability, fatigue processes, storage degradation, etc., of com-
mercial LIBs is significant for the optimization of the cell man-
ufacturing technology. NPD combined with in-situ/operando
experiment method has been the typical characterization tool
for the aging mechanism study of commercial LIBs. [32-63-66]
Paul et al. studied the aging behavior of commercial 18650-
type Li-ion battery which consists a LiFePO,4 cathode and
a graphite anode based on either meso-carbon microbeads
(MCMB) or needle coke (NC).[%3] Different from the inferior
cycle stability and storage capability of the NC-based battery,
the cell based on MCMB anode showed only 8% relative ca-
pacity loss after 4750 cycles and no capacity loss on storage
for two years. The in siru NPD results suggested that the loss
of active lithium should be responsible for the capacity loss
in both cells and no other aging evidence such as the struc-
ture degradation of the electrode materials was detected. (%3]
The similar fatigue mechanism was also found by NPD in a
commercial 18650-type cell based on LiCoO, cathode in the
research work conducted by Dolotko et al.!%! Interestingly,
Lee et al. found that the loss of active lithium is also the main
reason that results in the inferior energy storage capability of
the commercial battery.!%! For the thermal stability of com-
mercial battery, Baran et al. probed the structure response of
the electrode materials in a broad temperature range 4-360 K
via high-resolution NPD.[%*! They suggested that there is an
obvious effect of the temperature on the equilibrium states of
electrode materials during de-/lithiation process. Meanwhile,
Goonetilleke and co-workers studied the relation between cy-
cling history and structural evolution in a commercial 26650-
type battery using operando NPD (Fig. 2(d)).*?! It was in-
dicated that the battery cycling history has a determining ef-
fect on the graphite/lithiated graphite (Li,Cg or Li,C) reflec-
tions as well as the electrode response to the applied current.
As is well known, electrode materials usually show a differ-
ent electrochemical behavior in a full-cell configuration com-
pared with that in a half-cell system. Thus, it is of great im-
portance to understand the structure evolution of electrodes
under real conditions.33¢7-%1 The in situ NPD was used to
probe the structural evolution of the electrode materials in an
ICR 10440 commercial cylindrical cell based on a three-phase
mixture of Li(Ni, Mn, Co0)0O,, LiCoO,, and LiMn,Oy4 as the
cathode and graphite as the anode. Nazer et al. found that
there is a underwent structural change for the graphite an-
ode, and the partial lithium depletion upon the charging pro-
cess will lead to the volume shrinkage for Li(Ni, Mn, Co)O,
compared with (Ni, Mn)-free LiCoO, electrode.[%”) In another

research work conducted by Bobrikov er al., the structure

and phase composition in a commercial lithium-ion battery
with LiNig gCoy.15Alg 9502 cathode was studied using in situ
NPD. 8] Tt was shown that the anode composition evolution
is highly dependent on the charge rate and no phase separation
of the cathode materials was obtained in the whole voltage
range. For the typical two-phase reaction material LiFePOy,
operando NPD revealed its unusual phase evolution after the
application of a thermal step and a high charge/discharge cur-
rent density (Fig. 2(e)).133! The two-phase reaction (LiFePOy4
to FePOy,) appeared later during the charging process with the
increase of the current density and temperature, and the same
scenario was observed for the FePOy4 to LiFePOy4 transition
during the discharging process, suggesting that the electrode
transformation is dependent on the battery’s history, current,
or temperature. >3 Since graphite is a frequently-used anode
material for commercial batteries, probing the lithium concen-
tration in it is of importance for the improvement of the cell

70.71] Zinth and co-workers explored the

overall performance. !
formation of lithium gradients in the graphite anode of a com-
mercial 18650-type cell upon cycling via in situ NPD.!%! The
NPD data indicated that there is a formation of inhomogeneity
in the graphite anode, which will become more pronounced at
higher discharging rates.!”’! However, the observed inhomo-
geneity would appear at very low current density (C/10) at the

relative low temperature.

3.2. Neutron total scattering

Local (or short-range) structure of electrode materials
usually has significant effect on their performance. As men-
tioned above, NPD, in which only Bragg peaks are considered,
is applied to analyze the average (or long-range) structure of
materials. Neutron total scattering, including both Bragg and
diffuse scatterings, combined with pair distribution function
(PDF) analysis method is a powerful tool to detect the struc-
ture of materials on a local scale. In this regard, NPDF is
of great importance for the structure studies of nano materi-
als, amorphous materials, or polycrystalline materials with-
out good crystallinity. Different from NPD technique, NPDF,
which is Fourier transformed from the neutron total scattering
data, directly detects the structure information of materials in
the real space. The real-space structure information, such as
the interatomic distances, atomic coordination numbers, etc.,
of materials can be observed from the NPDF spectra. Specifi-
cally, the PDF peak position, intensity, width, and attenuation
represent the average separation of atomic pairs, the coordina-
tion number, dynamic disorder, and structural coherence, re-
spectively. Similar to NPD data, NPDF data can also be re-

fined using a “small box” (unit cell) or “big-box” (supercell)
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model to obtain more detailed and accurate structure informa-
tion.

Based on the advantage of NPDF in exploring the lo-
cal structure of electrode materials, numerous significant re-
searches regarding local structure of LIBs have been con-
ducted. For typical layered transition metal cathode mate-
rials, such as LiNipsMng 50, and LiNi,Mn,Co,0;, a local
ordered structure easily forms in the transition metal layer
due to the difference of cationic radius and their valence
states. By employing NPDF, Grey’s group systematically
studied the cation ordering structure in layered cathode ox-
ides and their correlation with electrochemical properties.?!
NPDF analysis indicated that there are differences in the lo-
cal transition metal arrangements between Li(NigsMng 5)O>
and Na(NigsMng 5)O;, suggesting the effect of alkali metal
ions on the arrangement of the transition metal layer in lay-

72-74] 1t was also found that Mn atoms tend to

ered oxides.!
be surrounded by Ni atoms in the first coordination shell,
and Ni/Mn cations show a clear preference for ordering
in zigzags rather than in chains in the second coordina-
tion shell in Li(NigsMng 5)O; (no Li atoms in the transition
metal layer).[””] Furthermore, by selecting ®Li(NiMn) 505,
"Li(NiMn)o 505, and "Li(NiMn)o 505 enriched with ®*Ni as
the model compounds (10% Li/Ni disordering), NPDF analy-
sis revealed that the different M—O bond lengths (1.93 A for
Mn-O and 2.07 A for Ni/Li-O) are ascribed to the consid-
erable local distortions in the layers. Reverse Monte Carlo
(RMC) calculations of the NPDF patterns indicated that there
is a short-range ordered structure (so-called “flower structure”
or “honeycomb-like structure”) in the transition metal layer
which is comprised of LiMng and LiMnsNi clusters.!”3! For
ternary layered cathode oxides, by employing NPDF, RMC
calculations, and °Li MAS NMR, Grey and co-workers sug-
gested that their local environment and short-range ordering
are easily influenced by the composition of the materials.!”#!
NPDF data displayed that there is a nonrandom distribution
of Ni and Mn cations in the transition metal layers, where
Mn atoms tend to be surrounded by Ni atoms while Co
atoms tend to randomly distribute in the first coordination
shell. Also, it should be noted that this local ordered struc-
ture is directly correlated with the electrochemical reaction
mechanisms.”* In addition, using NPDF tool, Idemoto et
al. reported that doping or preparation process will affect
the local structure, thus determine the electrochemical perfor-
mance, of ternary layered cathodes.[>:7%1 For instance, com-
pared with Li(Mn; ;3Ni; 3C0;/3)O;, the worse cycle stability
of Li(Mny ;3Ni; 3C05/9Al; /9)O7 is associated with the varied
stacking of the transition metal layers which is induced by the

partial substitution of Al for Co.[”>! Meanwhile, they found
that there is also a difference, such as the precise locations of
Li and O, between the average and local structures of high-
capacity Li-rich layered cathode oxides.[””! It was reported
that the substitution of Al in the spinel LiMn;O4 will obvi-
ously increase its structure stability and cycle performance. 8]
To reveal the mechanism, NPDF was performed for the struc-
ture study of LiMn,O4 and LiMn; gAlp204. It was observed
that the distortion parameter of AlOg was smaller than that of
MnOg, highlighting the role of Al substitution in mitigating
the distortion of the metal-oxygen octahedra. 8]

In addition, NPDF played a critical role in promoting the
understanding of lattice oxygen redox (I-OR) mechanism in
Li-rich cathode oxides. Since I-OR is essential for achieving
the ultrahigh capacity in Li-rich cathode oxides, understand-
ing the oxygen lattice evolution upon oxygen redox is of sig-
nificant importance. Neutron total scattering, which can de-
tect both local and average structures and is sensitive to light
oxygen atoms, is undoubtedly a suitable tool for the research
mentioned above. Using ex situ NPDF, Zhao et al. studied
the oxygen lattice evolution of Lij ,Mng 54Nig.13Co00.130; at
different electrochemical states.!””) NPDF and NPD data indi-
cated that, during the 1-OR process in Li-rich layered oxides,
no obvious average structure change was detected but a signif-
icant local oxygen lattice distortion was observed (Fig. 3).1""]
It was also found that the oxygen lattice distortion is highly de-
pendent on the cation species. These findings not only deepen
the understanding of 1-OR mechanisms, but also highlight the
importance of the local structure and multi cations in stabiliz-
ing the 1-OR in Li-rich layered cathode oxides. NPDF was fur-
ther performed to detect the evolution of O—O atomic pairs in
cation-disordered Li-rich cathode oxides upon electrochemi-
cal cycling. 81 Compared with Li-rich layered cathode oxides,
a relative stable oxygen lattice structure was obtained in Li-
rich cathode oxides which has a three-dimensional disordered
cation framework. 3% The research suggested that the different
structure dimensionality in Li-rich cathode oxides should be
responsible for their diverse oxygen lattice structure response
to I-OR. For some nano anode materials, such as metal oxides,
NPDF was employed to study their structure—property rela-
tion. For instance, Liu ef al. demonstrated that powder x-ray
diffraction and NPDF can be used to obtain accurate atomistic
structure and morphology of anatase TiO, nanocrystals based
on differential evolution refinements using Debye scattering
equation calculations.®!! In the meantime, they also quantita-
tively analyzed the stacking disorder and interlayered structure
of §-MnO, via NPDF.#%!
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3.3. Small angel neutron scattering

As a complementary scattering technique to NPD and
NPDF, SANS detects the structure of materials at larger length
scales, from 1 nm to micron sizes. The SANS tool is usually
used to provide the size and shape information of materials on
the nanometer scale. Within the approximation of SANS, Q
simplifies to Q = 270 /A. Usually, the SANS Q range is typ-
ically from 0.001 A~! to 0.3 A~!, below this range is often
called ultra-small-angle scattering and above this range is well
known as wide-angle scattering. Of course, no hard boundary
is defined between them. A suitable model is critical to ob-
tain the accurate structure information during fitting the SANS
spectra. Although the particle shape and size (or size distribu-
tion) are often the desired structural information, they are not
easily solely extracted from the polydisperse systems. Since
the spherical object model has the simplest analytical formula
for the form factor among all the geometry objects, such as
cylinder model, disk model, etc., it has been widely used in
SANS data analysis.

The characteristics of SANS make it a powerful method

to understand the complicated electrochemical processes, in-
cluding the formation of SEI, microstructure evolution, etc.,
occurring in rechargeable LIBs. The SEI in Li-ion battery
system has a great importance effect on the electrochemical
performance and safety. Based on the advanced SANS tech-
nique, several researches have been conducted to explore the
formation mechanism, chemical nature as well as the morphol-
ogy and size evolution process of SEI in LIBs. By employing
the time-resolved in situ SANS tool, Bridges et al. reported
a work aiming at presenting a better understand for the elec-
trochemical processes occurring on ordered mesoporous hard
carbon anode upon the electrochemical cycling (Fig. 4(a)). %3]
They observed the formation and evolution of SEI via intro-
ducing electrolytes which contain mixtures of deuterated (*H)
and nondeuterated ('H) carbonates. More specifically, SANS
detected the formation of an SEI layer in the pores of the car-
bon framework and the change in the chemical composition
of the SEI layer during the discharging process (Fig. 4(a)). 83
Considering that the SEI is a complicated system, Sacci and
coworkers simplified it by chemically lithiating graphite (C),
increasing its surface area, and then exposing it into organic

018201-7



Chin. Phys. B Vol. 29, No. 1 (2020) 018201

solvent to construct the SEI layer.[®7l SANS data indicated
that the SEI fills the 20-30 nm sized pores and the SEI is
larger on LiCg than on LiCiy. A rough Li—graphite surface,
which is ascribed to the 1-2 nm sized domains SEI structure,
was observed by further analyzing the SANS data. 7! The re-
search also revealed that the formed SEI would hinder solvent
molecules from diffusing into the pore surfaces because of the
existence of unfilled nanoscale spaces in the reacted model
compound. The silicon/graphite (Si/C) compound, which pos-
sesses a high specific capacity, has been considered as the
candidate anode for high-energy-density LIBs. Unfortunately,
upon the de-/lithiation process, there is always a large vol-
ume and structure change in the Si/C anode, which is closely
associated with the formation of porous silicon structure and
detrimental side reactions at the Si/electrolyte interface. Paul
et al. used ex situ SANS measurements to quantify these
morphological and structure changes. They suggested that
the formed SEI products could fill the porous nanostructures
and there is a nano-porous microstructure with a prominent
mean size of 8 nm and a broad size distribution ranging up
to 30 nm in the silicon nanoparticles within the aged Si/C
electrodes.!®8! Recently, in the research work conducted by
Jafta et al., they used operando SANS to evaluate the dynamic
chemistry in LIBs.[®*] An interesting phenomenon was re-
vealed that both the viscosity of the electrolyte and size of the
surface pores have obvious influence on the formation mech-
anism of SEI layer upon cycling (Fig. 4(b).% The Li-rich
salts formed at much higher potentials in the micropores of
high-viscosity electrolyte, while the Li-rich reduction products
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formed quickly before giving way to carbonaceous products
on the mesopore surface.

Owing to the mechanical flexibility and thermal stabil-
ity, high-molecular-weight polymers combined with Li salts
have attracted much attention as the solid-state electrolytes.
However, their relatively low ionic conductivity at room tem-
perature and low lithium ion transport number limit the perfor-
mance of the cell containing high power density. Thus, the rev-
elation of their structure—property relation is significant for im-
proving their performance. Bergfelt ef al. reported a series of
deuterated tri-block copolymers and used SANS to study their
bulk morphology at various temperatures, confirming the lack
of microphase separation in the electrolytes.®”] SANS data
showed that the peak evolution, in intensity and g-position,
was fully reversible with temperature, which excluded any re-
ordering of the copolymer toward any more thermodynami-

(891 In the meantime, operando SANS

cally stable morphology.
was used to investigate the suitability of Li-metal batteries
based on solid single-ion diblock copolymer electrolyte as
safe batteries using lithium metal anodes.°°! In addition to the
polymer electrolytes, SANS also advanced the structure un-
derstanding of NASICON glass-ceramics and aqueous elec-
trolytes. Specifically, based on the SANS data, Vizgalov et
al. demonstrated that the improved ionic conductivity of Y-
doped glasses originated from its sudden crystalline upon heat
treatment and formation of uniform Li;;,Al,Ge,_(POy4)3 ce-
ramics (Fig. 4(c)),®! while Borodin et al. evaluated the ion
solvation and transport behaviors in aqueous electrolytes con-
taining bis(trifluoromethanesulfonyl)imide. !
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Fig. 4. (a) The in situ SANS data for cycling of half-cells containing ordered mesoporous hard carbon cathodes,!”\Li anodes, and 1.0 M
LiPFs/EC/DMC electrolyte. Reproduced with permission.[83! Copyright 2012, American Chemical Society. (b) The SANS intensity as a
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SANS has also been widely used for the nanostructure
as well as surface structure research of electrode materials.
Chung et al. directly demonstrated that the antisite exchange
defects are distributed in a highly anisotropic manner near the
surfaces of LiFePOy crystals by combing SANS and scanning
transmission electron microscopy (Fig. 4(d)).®®! The research
provided guidance for retarding the degradation of lithium mo-
bility through the surface in olivine phosphates.®¢! For Li-rich
cathode materials, He et al. designed a carbonaceous com-
pound on their surface to improve the overall electrochemical
performance and, using SANS data, confirmed the presence
of carbonaceous compounds in the surface composition.*?!
In addition, by employing the SANS technique, Ferguson et
al. cleared the reason why Sn—Co—C alloys only prepared
by the sputter deposited method can achieve the expected
capacity.[”3] It was found that there are small grain sizes,
on the order of 10 A, in the sputtered samples, while much
larger grain sizes were obtained for samples prepared by other
methods. %3] The results highlighted the importance of nanos-
tructure in achieving the high capacity for alloy—C compos-
ite electrodes. Self-organized nanotube arrays, as an effective
strategy, are usually used to modify the performance of nano
anode materials like TiO;. In the research work conducted by
Paul et al., a time-of-flight grazing-incidence SANS technique
was used to determine the morphology of the nanotube arrays
because of the large probed volume.”*! The data showed the
different signatures of a prominent lateral correlation of the
TiO, nanotubes of about 94 nm with a nanotube radius of

194] This accurate and effective characterization

about 46 nm.
of SANS is significant for the further development of more

useful electrode morphologies.

3.4. Neutron reflection

NR, as a powerful tool, is widely used to probe the struc-
ture and kinetics at and close to the interfaces of materials.
Within certain constraints, the NR measurement can obtain
the scattering characteristics beneath a surface by detecting the
reflected intensity as a function of angle. The total reflection
would occur above a critical angle (representing (), and be-
low which, each layer interface would produce an oscillating
reflected amplitude with period AQ = 27/T, where T is the
thickness of the layer. Usually, in a NR experiment, the vari-
ation of sample composition within the depth of the sample
is the desired information, which can be extracted from the
scattering-length density profile. The scattering-length den-
sity is the sum over the number density of each isotope at
a certain depth, times its bound coherent neutron scattering
length. Similar to the SANS data analysis, establishing a suit-
able fitting model for the measured NR signal is also of great
significance to obtain the accurate results.

As a complementary and similar technique to SANS, NR

has also been demonstrated highly effective for investigating
the in situ growth and evolution of SEI layer in LIBs. Specifi-
cally, NR not only can detect the porosity, structure, and chem-
ical composition of the SEI, but also is sensitive to its struc-
ture and composition gradients as well as the thickness.[*>%]
Owejan et al. designed an in situ NR measurement of the SEI
layer as a function of the potential in a working lithium half-
cell.l>] NR data indicated that, after a series of potentiostatic
holds, the SEI thickness of 4.0-4.5 nm for 10-20 CV cycles
grew to 8.9 nm (Fig. 5(a)). It was found that, after a rapid in-
crease of the SEI thickness, its growth will become slow even
at the lowest potentials examined due to the passivating na-
ture. It should be noted that there are no obvious gradients
of the SEI layer based on the scattering-length density profile
in this research, which is contrary to the proposed structures
in the literature. Meanwhile, NR combined with in situ ex-
periment method was performed to study the SEI formation
on other electrode materials, such as crystalline carbon,[100]
silicon, 101 etc. 11021 For instance, in the research work con-
ducted by Steinhauer et al., a lithium-rich adsorption layer was
found to be already present on the carbon sample surface at
the open circuit voltage and the first decomposition products
started to deposit close to this potential.['%! Based on the NR
data, a maximum SEI thickness of 192 A at the lower cutoff
potential was observed, which slightly decreased during the
positive potential scan. In addition, NR played an important
role in understanding the new solid-liquid electrolyte inter-
phase in the hybrid battery system which combines both solid
and liquid electrolytes. Using in situ NR technique, Weiss et
al. studied the formation of interphase between the solid elec-
trolyte lithium phosphorous oxide nitride (Li,POyN_, LiPON)
and various liquid electrolytes. '3 They demonstrated that the
interphase is composed by two layers, one is a nonconduct-
ing layer directly in contact with LiPON and the other is a
lithium-rich outer layer. The eventual thickness of the inter-
phase is about 20 nm after an initially fast growth and slow

1031 Overall, the above research work

growth in the late stage. !
highlights the ability of in situ/operando NR method in ex-
ploring the “live” composition/decomposition process of SEI
layer under cell operation.

Another important application of NR technique is to
study the electrochemical reaction mechanisms, such as
the Li permeation,!!%-19] Jithium storage,!'°”-1%8 [ithium
transport,[%] etc., of LIBs. Considering the characteristic of
NR measurements, a special ultrathin/film electrode or cell
setup is usually essential. Amorphous silicon has been con-
sidered as the most promising candidate anode due to its ul-
trahigh theoretical specific capacity of almost 4000 mA-h/g.
Pre-lithiation of silicon is an effective strategy to modify the
cycle performance of the silicon anode. Understanding the
Li permeation behavior through amorphous Li,Si layers is
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Fig. 5. (a) Neutron reflectivity (expressed as R x Q%) vs. Q for the sample measured during holds at the corresponding potentials. Reproduced
with permission.[®! Copyright 2012, American Chemical Society. (b) NR patterns of the multilayer system at various states. Reproduced with
permission.[°®! Copyright 2013, American Chemical Society. (c) SLD profiles of the second lithiation and the second delithiation as a function
of time and distance from the interface. Reproduced with permission.*”] Copyright 2016, American Chemical Society. (d) Neutron reflectivity
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layers formed from the silicon substrate out. Reproduced with permission.[®8! Copyright 2014, American Chemical Society.

significant for the pre-lithiation engineering. For the mea-
surements of Li permeation, a multilayer structure consist-
ing of five [Si/"LiNbO3/Si/°LiNbO3] units which was pro-
duced by ion beam sputtering was designed in the research
conducted by Erwin and co-workers (Fig. 5(b)).11%4 Based
on the variation of the Bragg peaks detected in the NR pat-
terns under different conditions, the Li permeability (solubil-
ity x diffusivity) can be derived.!'®* In the meantime, they
also used (operando) NR technique to study the lithium trans-
port through nanosized amorphous silicon layers as well as the
volume expansion during lithiation of amorphous silicon thin
film electrodes.°®1%°! For example, a lithium permeability of
P = (1.28£0.25) x 107'% cm?/s was observed based on the
decrease of the °Li/’Li Bragg peak as a function of anneal-
ing time at 225 °C. NR can also be used to study the kinetics
of lithiation and de-lithiation of silicon because of the strong
scattering contrast between silicon and lithium.[*71971 By em-
ploying operando NR, Seidlhofer et al. revealed that, during
the first charge step, the lithiation of silicon starts with the

.’ 1t was also found

formation of a lithium enrichment zon
that there is no difference of the high lithiation zone thick-
ness between the first two cycles, whereas the thickness of the
less lithiated zone is larger for the second lithiation (Fig. 5(c)).
Jerliu et al. using in situ NR experiments studied the capacity
loss mechanism of amorphous silicon thin film electrodes dur-

108

ing the first ten cycles.!!%®! By analyzing the neutron scattering

length density and film thickness, it was reported that the ca-

pacity loss of the silicon anode is due to irreversible storage of
lithium in the electrode.

As is well known, the interaction between the electrode
and electrolyte has a significant effect on the electrochemi-
cal performance of LIBs. Thus, it is important to investigate
their surface/interface structure evolution. By employing in
situ NR, Browning et al. probed the thickness and scatter-
ing length density profile of the electrode—electrolyte inter-
face for the high-voltage cathode LiMn; 5Nig 504 at the open
circuit voltage and fully delithiated states (Fig. 5(d)).[°®) NR
data indicated that there is a formation of thin 3.3 nm Li-
rich interface because of the ordering of the electrolyte on
the cathode surface. Furthermore, they found an increase in
the scattering length density of the new layer which indicated
that the composition of the interface changes with charging
process. For the dynamic behavior of the interface between
LiCoO; and organic electrolyte, using in situ NR tool, Mi-
nato et al. found that the composition and thickness of the
interface would change during the Li-ion extraction/insertion
process. 1101 Specifically, the thickness of the interface layer
would increase and decrease upon the Li-ion extraction and

1101 T addition, NR was employed to

insertion, respectively. !
investigate the surface structure evolution of LisTisO1, elec-
trode upon the electrochemical reaction process and the sur-
face modification mechanism of lithium-rich layered rock-salt

oxide cathodes. 111121
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3.5. Neutron imaging

Neutron imaging, usually also called neutron radiogra-
phy, is a nondestructive technique which can visually reveal
the bulk structure information of materials. The basic princi-
ple of NI technique is to use the attenuation change of neu-
tron beam in the intensity when it passes through the sam-
ple, observing the perspective image of the measured object.
With the improvement of the spatial and temporal resolution of
the detectors as well as the development of various computa-
tional methods, some advanced NI techniques, such as Bragg-
edge imaging, three-dimensional tomography, phase-contrast
imaging, etc., are allowed. Take Bragg-edge imaging as an
example, its spatial resolution is higher than the traditional
NI method though there are some challenges for its experi-
ment measurements and data analysis. As a complementary
technique to NPD, NPDF, SANS, and NR, NI is often widely
performed to detect the macroscopic dynamic and chemical
information within LIBs. In addition, similar to NPD, NI, es-
pecially for its in situ measurements, is also usually used for
the research of commercial batteries.

Understanding the electrochemical behavior of lithium
ions, including the Li-ion transport, Li-ion spatial distribution,
and Li-ion concentration evolution, upon the cycling process
is of great significance for the optimization of the overall bat-
tery performance. Due to the strong neutron attenuation of °Li
as compared to "Li, NI has been considered as a powerful and
direct tool to study the above fundamental scientific questions
correlated with lithium. Using NI, Owejan conducted a contin-
uous measurement of through-plane Li-ion distribution in an
electrochemical cell with the composite graphite as the nega-
tive electrode.!'!”) The measured NI results indicated that the
lithium distribution within the graphite electrode is presented
as a function of the state of charge. Zhang et al. studied the Li-
ion spatial distribution within V,0s electrode in a small coin
cell by neutron computed tomography.!''8! They found that
the Li-ion spatial distribution is inhomogeneous in the elec-
trode, and a relatively higher current rate would result in a
more non-uniform Li distribution after the insertion process of
lithium ions. This phenomenon indicated that the Li-ion dif-
fusion in the electrode is usually dependent on the cycling rate
upon the lithiation process.!'!8 In the meantime, Zhang and
co-workers probed the spatial distributions of Li ions in elec-
trochemically delithiated Li—-Mg alloy electrodes and observed
the Li concentration profiles along the thickness direction.!!"]
For the Li-ion concentration evolution, Siegel et al., using the
in situ NI technique, quantified it at various states of charge in
a LiFePOy pouch cell battery (Fig. 6(a)).[''3! In addition, NI
combined with in situ experiment method was used to track
the lithiation and delithiation processes in the electrode dur-
ing cycling. For instance, by employing in situ NI, Nie et al.

found that the lithiation/delithiation processes are qualitatively
consistent with calculations of the Lit concentration and dis-
charge profiles of the cell.['>"1 More specifically, a uniform
lithiation of the LiCoO, electrode upon the discharging pro-
cess as well as the delithiation that started near the LisTisOq,
current collector in the thicker Lis TisO;2/LiCoO; battery was
observed.

NI also played an important role in understanding the
manufacturing process, such as the filling of liquid electrolyte,
of Li-ion battery cells.[!'#! Since the electrolyte filling during
the cell production process will directly determine the elec-
trochemical properties as well as the safety performance of
the cell, providing an insight into the filling process is sig-
nificant. Using NI, Knoche and co-workers visualized the
soaking behavior of electrolyte liquid within the battery dur-
ing the filling and wetting process (Fig. 6(b)).!''*l According
to their research, to prevent the gas entrapments, it is criti-
cal to ensure a directional flow of electrolyte liquid within the
electrode assembly. During the filling process, another im-
portant aspect that should be ensured is that the gas trapped
between or within the porous media is not hindered in leav-
ing the electrode-separator-assembly (Fig. 6(b)). The findings
in this work indicated that a well-engineered filling process
can reduce the wetting time, thus leading to cost saving in
cell manufacturing and high-performance batteries.!'!'4l The
gas release upon cycling in LIBs can not only degrade the cell
performance but also cause potential safety hazard. There-
fore, understanding the gas evolution mechanism and its origin
is also of great importance. Early research work has demon-
strated that NI is a very suitable tool to operando observe the

1211 By comparing the evolved

gas evolution in battery cells.!
gas volume of different anode/cathode, it was found that
LiNig sMn; 504/graphite batteries contain the highest amount
of gas possibly due to the dissolution of Mn ions.!'?!] The
similar conclusion was also obtained in the research work con-
ducted by Starke er al.!'?*) Specifically, NI results showed that
in LiFe,Mn;_,PQO4/graphite cells, approximately 30% more
gas is generated compared with that in LiFePOg4/graphite and
the stronger gas evolution is closely correlated with the pres-

122] The important results obtained from NI

ence of Mn ions. !
data highlight the necessity of hindering the dissolution of Mn
ions in active materials to reduce the gas evolution.

As mentioned at the start of this section, Bragg-edge
imaging, due to its high resolution, has attracted wide atten-
tion in the battery research. The Bragg edges originated from
the diffraction of the neutrons by crystals are usually obtained
in the transmission spectra as a function of neutron wave-
length by the pulsed neutron transmission method.!'!>) The
lattice spacing and the surface density of the corresponding
crystalline material can be reflected from the position of the
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Bragg edge and the depth of the edge, respectively.[!!>] In
this imaging method, the results of surface density are not in-
fluenced by neutron absorption as well as neutron scattering.
Through the Bragg edges analysis, Kino et al. gained the two-
dimensional imaging of electrodes during the charging and
discharging process (Fig. 6(c)).[!!3] Meanwhile, Kamiyama et
al., using Bragg-edge imaging, studied the structural change of
carbon anode upon the charging process in a LiFePO4/graphite
lamination-type full cell.'?3] During this measurement, the
graphite (002) Bragg-edge was focused, and recognized on the
neutron transmission spectra. It was revealed that the Bragg-
edge shifted and broadened continuously during the overall

charging process, and the edge was consistent with the ex-
At different

charging levels, the distributed layer spacing images were ob-

istence of multiple graphite structural stages.

served, indicating the inhomogeneous fluctuation on the lat-
tice plane of LIBs.!123] Also, in the research work conducted
by Senyshyn and co-workers, the spatial evolution of selected
Bragg reflections for LiCoO; cathode, graphite, and lithium
intercalated graphite was observed to evaluate the lithium dis-
tribution in 18650-type LIBs (Fig. 6(d)).!''®! By employing
the computed neutron tomography, a homogeneous lithium

distribution in the battery cell was confirmed.!!!6]
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Fig. 6. (a) Images from the cycling profile corresponding to time frf, 5, and ts. Reproduced with permission.!!3] Copyright 2011, The
Electrochemical Society. (b) Calibrated images of one cell immediately, 75 s, and 585 s after injection of the liquid, the position of the cell

stack is shown by the broken lines, and the brightness and contrast are adjusted for ease of viewing. Reproduced with permission.

(1141 Copyright

2016, Elsevier. (c) Transmission images of the four charge states in the neutron wavelength range from 0.1 nm to 0.8 nm. Reproduced with

permission. 1

I Copyright 2016, Elsevier. (d) 3D visualization of the commercial 18650 Li-ion cell (discharged state), reconstructed from

neutron radiography based on data acquired using a “white” neutron beam (left) and monochromatic neutrons (right). Reproduced with

permission.!'1) Copyright 2016, Elsevier.

3.6. Neutron depth profile

Differ from the above neutron-based characterization
techniques, NDP is a quantitative analytical tool which is com-
monly used to detect the elements that exhibit a high probabil-
ity of absorbing neutrons as a function of depth. Based on

this characteristic, NDP technique is allowed to directly probe

the lithium nuclei by the capture reaction of neutrons with the
®Li isotope to form an ¢ -particle (*He) and a triton (°*H) ac-
cording to °Li + n —3H (2727.9 keV) +*He (2055.5 keV). In
this capture reaction, the produced particles, i.e., “He and *H
, would lose part of their kinetic energy when passing through
the sample before reaching the detector that is housed in a
high-vacuum chamber. Thus, the depth of the capture reaction
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can be reconstructed by measuring the residual energies of the
emitted “He and *H particles. Meanwhile, through compar-
ing the number and residual energies of the particles against
a standard sample, the concentration distribution versus depth
from the surface can also be calculated. Normally, for a well-
defined homogeneous layer, the spatial resolution of NDP is
on the order of tens of nano-meters.

The above working principle of NDP determined that it
is a perfect tool for the analysis of the lithium-ion diffusion,
concentration distribution, and reaction rates as a function of
depth, which opens a large range of opportunities including the
research of alloying reactions, Li metal plating/stripping, and

124,125,128-133] For in-

(de) intercalation mechanisms in LIBs.!
stance, by employing operando NDP, Zhang et al. directly ob-
served the Li-ion concentration profiles in the LiFePOj, elec-
trode and revealed that the rate-limiting step is dependent not
only on the morphology of the electrodes but also on the cy-
cling rate itself.!'?8] Liu et al., using in situ NDP, studied the
onset of lithiation in a high-capacity Sn anode, specifically, Li
atoms first enriched on the surface and then propagated into
the bulk of the Sn anode.['>*! The decreased coulombic effi-
ciency upon delithiation process was ascribed to the removal
of Li near the surface which originated from the trapped Li
within the intermetallic material (Fig. 7(a)). Meanwhile, Lv
and co-workers investigated the lithium plating and stripping
mechanism in detail through operando NDP.I'>! It was re-
vealed that the evolution of the lithium-metal-density-profile
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is closely correlated with the current density, electrolyte com-
position, and cycling history (Fig. 7(b)). Operando NDP also
indicated that the majority of the Li uptake in Cu is reversible,
almost penetrating the 10 pm thick Cu current collector.['231 In
addition, NDP provided insights into the lithium concentration
in other negative electrode materials. Specifically, through
NDP technique, Ceccio et al. obtained the diffusion coeffi-
cient of Li into the porous carbon and evaluated the porosity
parameters of the porous carbon, 2! while Wetjen ez al. mon-
itored the evolution of lithium concentration profiles across the
thickness of porous silicon-graphite electrodes during the first
cycle, observing the depth- and quantity-resolved SEI forma-
tion, and changes of the total lithium content as a function of
the (de)lithiation states. 130!

For the degradation or aging mechanism research of LIBs,
NDP also played an important role. In the research work con-
ducted by Nagpure et al., NDP was applied to study the aging
mechanisms of LiFePOy4-based lithium-ion batteries that are
designed to be aged at different rates to different states of
charge.!'3* The cycling rate as well as the state of charge has
an obvious effect on the Li concentration profile. It was also
found that although the Li concentration profile changed along
the length of the electrode from the outer edge to the core of
the cylindrical cell, it remained constant along the height of
the electrode. Other than the above data, lots of quantita-
tive parameters correlated with the lithium concentration pro-

files for anode and cathode were also provided by NDP.[!34]

03
s g — |
g
04_ E 01
4
) 0
S 12 14 16 18 20
z Depth (pm)
0 g
£ 03
02 0.2
-0.4 0.1
800 1000 1200 1400 1600 4 é 0
Energy / keV 12 Elbepth }ﬁm) 1 20
LisPOs | si —— 3
- 06 em 0.2
i re—
04_ . |01
A 0 a——
& 022 10 12 14 16 18 20
P 2 Depth (um)
7]
- ¢ 0§ (h)o — 03
= 1
= | ——
i 02 g, 02
- P
¥ * 04 F3 0.1
it 4 4 | —— 0
1000 1200 1400 1600 10 12 14 16 18 20
Energy / keV Depth (um)

Fig. 7. (a) Lithium concentration at various regions of the battery as a function of lithiation and removal of the applied potential, delithiation and
removal of the applied potential. Reproduced with permission.!!2# Copyright 2014, Wiley-VCH Verlag GmbH & Co. KGaA. (b) The Li density vs.
time from operando NDP during the first plating and stripping cycle. Reproduced with permission.[!>3] Copyright 2018, Nature Publishing Group.
Development of the measured NDP spectra as a function of energy for (c) a fully charged and (d) discharged battery upon cycling up to 250 cycles.
Reproduced with permission.[1%%! Copyright 2018, Wiley. Li distribution from operando NDP of the (e) Cu/LE/Li batteries and (f) Cu/LE-LNO/Li
batteries for five plating/stripping cycles at 1 mA/cm?, Li distribution from operando NDP of the (g) Cu/LE/Li batteries and (h) Cu/LE/Li batteries
for five plating/stripping cycles at 0.2 mA/cm?. Reproduced with permission.!'>”) Copyright 2019, American Chemical Society.
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Due to the essential difference of electrolyte between the clas-
sical liquid electrolyte cells and all-solid-state batteries, the
aging or degradation mechanisms in all-solid-state batteries
are also different. For further understanding of the aging
behavior in all-solid-state batteries, by introducing operando
NDP, Chen et al. conducted a research regarding the degrada-
tion mechanism of all-solid-state thin film Si—LizPO4-LiCoO,
batteries (Figs. 7(c) and 7(d)).!"? They indicated that the ca-
pacity loss in these thin film batteries mainly originated from
the lithium immobilization in the solid-state electrolyte, which
started to grow at the anode/electrolyte interface during the ini-
tial charging. It was concluded that the immobilized Li layer in
the electrolyte is induced by silicon penetration from the anode
into the solid-state electrolyte and continues to grow at a lower
current density upon the subsequent cycling process.!'2¢ In
addition, as an effective post mortem analysis tool, in the re-
search work conducted by Wetjen et al., NDP was employed
to quantify the amount of lithium-containing electrolyte de-
composition products (e.g., SEI), determine their distribution
across the electrode thickness, and monitor the active material
utilization across the electrode over long cycles.[!3]

Solid state electrolytes are promising to replace the tra-
ditional liquid electrolytes and work with Li metal safely be-
cause of their nonflammable and well mechanical properties.
However, the poor contact between the electrodes and solid-
state electrolytes as well as the uncontrolled interface dendrite
growth limit their practical application. Thus, understanding
of the solid-state electrolyte interface mechanism is of great
importance for the development of all-solid-state LIBs. In this
regard, NDP combined with the in situ experiment method
shows its ability in studying the interface behaviors and Li
dendrite growth phenomenon of solid-state electrolytes. For
example, Wang and co-workers, utilizing in situ NDP, in-
vestigated the interfacial behavior of garnet solid-state elec-
trolyte in contact with metallic Li upon the Li plating/stripping
processes. 1301 Specifically, in their research work, two types
of all-solid-state batteries, one is symmetric Li/garnet/Li cells,
the other is asymmetric Li/garnet/carbon-nanotubes cells, are
designed to emulate the behaviors of Li metal and Li-free Li
metal anodes, respectively. NDP data indicated that there is a
limitation for Li-free Li metal anode to form a reliable interfa-
cial contact.!!3®! In the meantime, by employing time-resolved
operando NDP, Han et al. revealed the origin of the dendrite
formation in three types of solid-state electrolytes according to
the dynamic evolution of Li concentration profiles.!'3”] Their
research results indicated that there are no apparent changes in
the lithium concentration in LiPON, while a direct deposition
of Li inside the bulk of Li;La3Zr,O1, and amorphous Liz PS4
was observed. The diverse Li deposition behaviors suggested

the effect of electronic conductivity of different solid-state

n.[1371 For the carbon-

electrolytes on the Li dendrite formatio
ate electrolyte gel polymer with LiNO3 addictive, Liu et al.,
using operando NDP, demonstrated its positive role in stabi-
lizing the Li-metal plating.!'”) NDP data revealed that when
LiNOs electrolyte additive and the gel polymer approach are
used in conjunction, their effects are complementary in in-
creasing the density of the plated Li, reducing the inactive Li

species, and reducing the overpotential (Figs. 7(e)=7(h)).1127]

3.7. Quasi-elastic neutron scattering and inelastic neutron
scattering

As a direct way to study ion dynamics with neutrons,
QENS method is based on the small energy exchanges be-
tween the diffusing particles and the scattered neutrons, which
usually cause a broadening of the elastic peak. The QENS
technique can provide dynamic information on the 0.1-100 nm
length scale with characteristic time on the order of 10~°—
10~12 s, which corresponds to energy transfers on the order
of 1 neV to 1 meV. Differ from the quasi-elastic broaden-
ing, INS peaks usually arise at higher energy. Specifically,
inelastic peaks are associated with a periodic motion, and
the forces controlling this motion are stronger than those that
would define a more diffusive motion. Generally, INS tech-
nique amounts to “vibrational spectroscopy with neutrons”,
which is usually employed to study the local structure and vi-
brational dynamics of materials.

QENS, as a powerful tool, has been widely used to
study the Li-ion conductivity behavior and ion dynamics
Using QENS, Maranas and co-
workers studied the polymer dynamics in PEO-based single

in solid-state electrolytes.

ion conductors.!"38! In this conductor, anions are covalently
bonded to a PEO spacer through a comonomer unit and only
cations contribute to the conductivity. They conducted the
experiment by comparing the effects of changing ion con-
tent on the dynamics of the polymer spacer in two cases.
Specifically, according to the observed two dynamic classes
of spacer atoms, they proposed that the fast [bridge] and slow
[anchor] regions in the conductor are spatially segregated.
QENS further determined the fraction of bridge and anchor
atoms, and estimated their ionic compositions (Figs. 8(a) and
8(b)).[138] Meanwhile, Maranas ef al. also studied the influ-
ence of nanofiller surface chemistry and ion content on the
conductivity of nanofilled PEO + LiClOy solid polymer elec-
trolytes via QENS and other characterization techniques.[!*!]
QENS, which probes mobility as a function of spatial scale,
indicated that there are no significant changes in PEO seg-
mental dynamics as a function of surface chemistry. Further-
more, it was found that, in the absence of salt, acidic particles
slow PEO dynamics more than neutral particles, which sug-
gested that the PEO chains and the acidic surface sites share
a favorable interaction.['*!l Other than polymer electrolyte,
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QENS was employed to investigate the Li-ion diffusive behav-
ior of garnet-type oxide electrolyte (Lis4LazZr,Nb,_,O12) in
the research work conducted by Nozaki and co-workers. [!4%]
Combined with u"SR results, QENS data shed light on the
relationship between op; and the number density of mobile
Li-ions (ny;) in garnet-type electrolytes.!'*?! For the Li* and
BH, dynamics in LiBH4/SiO, aerogel composite solid-state
electrolytes, QENS measurements found that only a small
fraction (~ 10%) of the ions have high mobilities, whereas
most of the LiBH,4 shows behavior similar to macrocrystalline
material.'43] Tt was revealed that the modified LiBHs was
formed from interaction with the SiO, surface and most prob-
ably from reaction with the surface silanol groups. 43!

QENS was applied to study the Li transport in the highly
defective amorphous Li,Si anode materials (Fig. 8(c)).['*]
QENS results indicated that the energy of activation of Li
self-diffusion in amorphous lithium silicide is 0.20 eV, which
is in excellent agreement with the results observed via other
methods. "3 Since amorphous Li-Si structures usually have
superior Li diffusion than that of their crystalline counterparts,
the isolation and stabilization of defective Li-Si structures
may improve the utility of Si anodes for Li-ion batteries. In
addition, using QENS, Wagemaker et al. studied the Li ion

position in anatase TiO,.!'**1%3] As is well known, the inter-
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calation of Li in TiO, anatase will result in a phase separation
in a Li-poor and a Li-rich phase. According to the NPD data,
they firstly found that there are two distinct positions with a
temperature-dependent occupancy within the octahedral inter-
stices in each of the phases. By combining QNES and force
field molecular dynamics simulations, they further found that
Li is hopping on a picosecond time scale between the two sites
in the octahedral interstices.!!**! These findings also showed
that there is a specific Li arrangement along the crystallo-
graphic a direction, though without long range order.!'#4!

The ion mobility and stability of lithium solid conductors
play an important role in the electrochemical performance and
life time of solid-state LIBs. Accordingly, providing guidance
for the performance optimization of solid-state Li-ion conduc-
tors is essential. In the research work conducted by Muy et
al., INS was used to study the correlation between the lithium
ion mobility and lattice dynamics (Fig. 8(d)).[!4°! By employ-
ing a series of lithium ion conductors in the LISICON family
derived from Li3POy4 as the model compounds, they proposed
that the lattice dynamics of the solid-state electrolyte can
greatly influence the lithium ion mobility and stability.[!40]
Specifically, INS data indicated that the lithium vibration
frequency or center of lithium phonon density of states for
fast lithium conductors is relatively low, and lowering anion
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Fig. 8. Frequency domain data from (a) disk chopper spectrometer and (b) high flux backscattering spectrometer for PEO with different ion
content at Q = 1.04 A~ and T = 348 K. Reproduced with permission.'38] Copyright 2012, American Chemical Society. (c) Observed QENS
data for Li;5Siy at 370 K and 300 K, and at momentum transfer 0.9 A~!. Reproduced with permission. 13! Copyright 2017, American Chemical
Society. (d) Comparison between computed and measured total phonon band centers of 7 stoichiometric LISICONS, one substituted LISICON
Liz 25Gep25P0.75 S4 (chemically similar to LijgGeP,S12) and LiyGeO4 (Cmcm) at 100 K. Reproduced with permission.[l40] Copyright 2018,

Royal Society of Chemistry.
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phonon densities of states would reduce their stability against
electrochemical oxidation. In addition, it was also revealed
that olivine-type solid-state electrolytes with low lithium band
centers but high anion band centers are promising lithium
ion conductors which can achieve both high ion conduc-
tivity and good stability against electrochemical oxidation
(Fig. 8(d)). For the glass-type superionic, INS was performed
to investigate the evolution of Boson peak with the Li-salt
concentration.! 4! In the xLi; SOy - (1 —x)LiPO3 (x = 0.05 and
0.3) superionic glasses, it was found that the Boson peak asso-
ciated with the x = 0.3 sample would be enhanced and broad-
ened to the high energy side of the peak compared with that
of the x = 0.05 sample, which suggested that the amount of
the Li-salt has an obvious effect on the dynamics of the un-

146] Using INS measurements

derlying structural framework.!
and molecular dynamics simulations, Singh et al. studied the
phonon dynamics of B-eucryptite.!'4’! The Li diffusion in f3-
eucryptite can be observed according to the disappearance of
Li-related peaks in the experimental and calculated phonon
spectra. They proposed that the presence of defects can en-
hance Li-ion diffusion as well as lower the temperature for

1471 The above research work based on INS

Li-ion diffusion.
technique highlights the new strategies in controlling lattice
dynamics to improve the ion conductivity of lithium ion con-
ductors.

Furthermore, INS was used to study the surface phonons
of electrode materials. For instance, by combining INS and
first-principles ab initio simulations, Benedek and co-workers
demonstrated that the structure of the surface of active mate-
rials differs from the interior of the particles.!'*®! In this re-
search, LiFePO4 with/without carbon coating were selected as
the model system, they found that the carbon coating would af-
fect the Li—O bonding on the (010) LiFePOy, surface relative to
the bulk.!'*8! These findings shed light on the relationship be-
tween the vibrations of atoms at the surface and electrochem-
ical behaviors, such as lithium ion transport, charge trans-
fer, and surface reactivity, of the active materials. Xie et al.,
using theoretical calculations and INS experiments, revealed
the relation between the surface structure and Li-ion storage
capacities of the functionalized two-dimensional transition-
metal carbides or MXenes.[!4”] They suggested that the Li-ion
storage capacities are strongly dependent on the nature of the
surface functional groups, with oxygen groups exhibiting the
highest theoretical Li-ion storage capacities.!'*°! For the Li-
storage mechanism in carbon-based anodes, Papanek and co-
workers using incoherent INS measurements and other char-
acterization techniques found that the structural motif of dis-
ordered carbons is a planar graphene fragment, with edge car-
bons terminated by single hydrogen atoms, and random stack-
ing between fragments.[>°] Their research results are consis-

tent with two reported mechanisms for Li capacity, one is par-
tial charge transfer from Li to the carbons, the other is corre-
lated with the C—Li bonding.!">"!

4. Design of the in-situ/operando neutron-based
characterization

Understanding the electrochemical reaction mechanisms,
the atomic structure evolution as well as the structure-
/dynamic-function relations of LIBs is of great importance for
making breakthroughs in their overall electrochemical perfor-
mance, and fundamental to these is the study of battery mate-
rials during operation. Thus, in situ and even operando studies
are commonplace and also essential in Li-ion battery research.
As mentioned above, due to the high penetrability, neutron-
based techniques are ideal for in situ/operando researches.
Usually, the commercial cells or pouch cells cannot be directly
applied in the in situ neutron-based characterization, and the
battery component isotopic composition as well as the geom-
etry of the cells needs to be specially designed to obtain the
satisfactory results. For instance, due to the large incoherent
neutron scattering cross section of hydrogen, deuterated elec-
trolytes and special fluorinated separators are commonly used
to reduce the incoherent background. In addition, limited by
the difficulty of data analysis or the time-resolution of charac-
terization tools, at present, the reported in situ/operando neu-
tron scattering methods mainly focused on NPD, SANS, NR,
NI, and NDP techniques.

4.1. The in situ NPD

Since the early research of a custom-made cell for in situ
NPD was reported,!3%! several cell designs, including coin-
type cells, cylindrical-type cells, and pouch-type cells, have
been developed to meet the requirements of in situ/operando
NPD measurements. In the research works conducted by Ros-
ciano et al. and Godbole et al., polyetheretherketone polymer
and aluminum/titanium were used, respectively, to manufac-
ture the compartment, where active electrode materials were
encased, of in situ coin-type cells.!'3*15* Due to the strong
background and overlap of the diffraction peaks of the com-
partment with those of electrochemical active materials, it is
not easy to observe the accurate refinement structure infor-
mation during cell operation. To solve this problem, Bian-
chini et al. introduced the Ti—Zr alloy, which is transparent to
neutron, in the in situ coin-type cell, and achieved the struc-
tural refinements of diffraction patterns upon the cell opera-
tion process.!'>>) Commonly, a large amount of active mate-
rials is essential to obtain a diffraction pattern with sufficient
intensity in a reasonable measurement time in NPD experi-
ment. Unfortunately, the large amount of loose powder in the
in situ coin-type cell is not favorable for the electrochemical
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performance, such as cycle life, rate capability, etc., which
directly restricts the in situ/operando battery research upon
long cycles or at high operation rates. Cylindrical-type cells
and pouch-type cells are suitable design strategies to over-
come these challenges. Specifically, Sharma et al. designed
an in situ 18650-type cell by rolling the positive electrode,
separators, and lithium foil inside a vanadium tube, 150! while
Roberts et al. and Brant et al. modified the design by closing
a cylindrical cell (quartz or aluminum casing) with Swagelok-
type metallic current collectors achieving high-rate cycling
of the cell.['37-138] Fyrthermore, as shown in Fig. 9(a), Vi-
toux et al. optimized the in sifu cylindrical cell to achieve
the long-life cycling and low absorption from the inactive
components, including electrolyte, separator, and casing, lo-
cated in the beam path.['>!] Also, for the in situ pouch-type
cell, it has been attracted wide attention because of its sim-
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their commercial products, the cathode, anode, and separa-
tor are stacked and wrapped in a propylene-coated aluminum
pouch, and then the electrolyte is injected in it, followed by
a heat-sealed step. In this system design, the anisotropic ab-
sorption of neutron induced by the non-radial geometry of the
pouch cell could affect the observation of the final structural
information. It has been demonstrated that the special geom-
etry design of the sample or cell could effectively minimize

(1591 In addition, other type elec-

such detrimental influence.
trochemical cells for in situ NPD were also reported. For ex-
ample, Vadlamani et al. designed a special in situ cell using
single crystal (100) Si sheets as the casing material as well as
the planar cell configuration, providing an improved signal-to-

noise ratio compared with other casing materials.[!6!]
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Fig. 9. (a) Cylindrical cell design for operando NPD experiments. Reproduced under the terms of the CC-BY 4.0 Creative Commons At-
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2018, American Chemical Society. (c) Schematic illustration of the electrochemical cell and cross-section of the model battery system for
in situ NR measurements. Reproduced with permission.[”®) Copyright 2016, American Chemical Society. (d) Schematic for the NI setup as
well as the sample arrangement during characterization. Reproduced with permission.[!'8] Copyright 2018, Elsevier. (e) Schematic of the
experimental setup for operando NDP. Reproduced with permission.!!2#! Copyright 2014, Wiley-VCH Verlag GmbH & Co. KGaA.

4.2. The in situ SANS

To conduct the in situ SANS experiment, Mohl et al. de-
veloped a special in situ cell setup.[®®! As shown in Fig. 9(b),
the in situ cell was assembled by laminating the lithium an-
ode, deuterated solid polymer electrolyte, and composite cath-
ode. A disc of 1 cm? working battery area was confined by a
polyethylene spacer before the cell was sealed in an aluminum
bag under dry Ar gas atmosphere. In the meantime, the cell

was placed in an aluminum-made heating system, allowing

for controlling the temperature of the cell. Based on this de-
sign, the researchers obtained the high-quality in situ SANS
data, and demonstrated the role of single-ion diblock copoly-
mer electrolytes in developing safer Li-metal batteries. ]
Also, for the exploration of SEI evolution, Bridges et al
and Sacci et al. designed a coin-type cell for in situ SANS
measurements. 83871 The overall assemble process of the in

1.[87

situ cell was similar to that of the lab coin cell.[®”! Specially

constructed holders were employed to locate the coin cells in
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the neutron beam and provide electrical contact for the electro-
chemical cycling.!®3! A neutron aperture was meanwhile used
to locate the beam at the center of the in situ cell setup. In addi-
tion, pouch bag type cells with stacked electrodes and separa-
tors were also used for in situ SANS measurements.[!%% Other
optimization strategies, such as Ti—Zr alloy windows, deuter-
ated electrolyte, to improve the quality of the SANS data were

commonly used in the in situ SANS experiments. (34

4.3. The in situ NR

A thin film electrode or thin film cell is usually needed
to be constructed for in situ NR measurements. As shown in
Fig. 9(c), to study the SEI formation during battery operation,
a carbon/titanium multilayer thin film on a 3 mm thick silicon
substrate with an area of 30 x 30 mm was used as the working

e. [99

electrode.®”! A magnetron sputtering method was applied to

deposit a 20 nm titanium adhesion layer and a 70 nm carbon
layer on the flat silicon wafer to construct the in situ cell.[”]
In addition, a three-electrode design for in situ NR measure-
ments was reported in several research works. 1061071631 For
instance, in the research work conducted by Jerliu et al., a
closed three-electrode electrochemical cell setup was assem-
bled by using a ~ 40 nm thick amorphous silicon layer de-
posited on a 1 cm thick quartz substrate as the working elec-
trode and lithium metal as the counter electrode and reference
electrode.'%7! Owejan et al. designed a lithium half-cell, in
which lithium acted as both counter and reference electrode,

1951 Considering that the specular

for in situ NR experiments.
neutron reflectivity averages over in-plane characteristic, they
used copper, which was deposited onto a Ti adhesion layer on
a single-crystal Si substrate, rather than graphite with a rough
surface, as the working electrode.!®>! Furthermore, to reduce
the dominating effects of the electrode—substrate contrast and
improve the sensitivity of NR to the SEI, Lee et al. modified
the in situ cell based on their prior work by using a tungsten as

the working electrode. [°3102]

4.4. The in situ NI

As an important NI method, neutron computed to-
mography and 3D volume visualization have been widely
reported,''®!11% and figure 9(d) shows the typical NI setup
as well as the cross-sectional view of sample arrangement in-

[18] To achieve the volume reconstruction,

side Al canister.
the sample was mounted on a stage which rotated through
180° to collect hundreds of or even thousands of projections.
To achieve the in situ Bragg-edge imaging, Kamiyama et al.
employed a lamination-type product, which consisted of a
set of four layers: the negative electrode (110 wm thickness
graphite), a separator (20 pm thickness microporous polyethy-
lene), the positive electrode (116 pm thickness LiFePOy),
and a second separator.['?*] For other in situ NI measure-

ments, coin-type cells or pouch-type cells were commonly

used.[113:1141201 For instance, Knoche et al. designed a pouch
bag cell consisted of four cathode sheets, five anode sheets,

(114

and a z-folded polyethylene separator,!!'#! while the pouch

cell used in the research conducted by Siegel ef al. con-
sisted of alternating double-sided current collectors.!!3] Usu-
ally, a coin-type cell is not optimal for through-plane NI be-
cause that the circular geometry would complicate the data
analysis and stainless-steel casing would affect the neutron
transmission.'17! In order to overcome these problems, Owe-
jan et al. designed a special in situ cell which possessed a
rectangular active geometry and a neutron transparent polyte-
traflouroethylene (PTFE) casing.!!!”]

4.5. The in situ NDP

For in situ NDP measurements, a microcell or thin film
battery is often fabricated by sputtering and e-beam evapora-

[124.126,133] The prepared cell is usually placed

tion methods.
inside the NDP vacuum chamber and connected to a com-
bined potentiostat/galvanostat.['?0:1351 A typical in situ NDP
setup and battery configuration are shown in Fig. 9(e).!'3”]
For the specific manufacture process of the in situ cell, the re-
search work conducted by Chen ef al. can be viewed as an

126] They designed an all-solid-state thin film cell

example.!
which included the following configuration: 200 nm sput-
tered Pt current collector, 550 nm sputtered LiCoO; cathode,
2.0 pm sputtered Liz POy solid-state electrolyte, 50 nm e-beam
evaporated Si anode, 150 nm e-beam evaporated copper cur-
rent collector, and the cell was finally sealed using packag-
ing coatings.!1?%! In addition, similar to other in sifu neutron-
based characterization methods mentioned above, pouch-type
cells or coin-type cells can also be used for the in situ NDP
experiment.!!?7135] Generally, the NDP measurements are op-
erated under high vacuum conditions, which would have no
effect on the in situ all-solid-state cell, but is not suitable
for the battery containing liquid electrolytes. For the latter
case, the NDP measurements were successfully designed to
be performed under reduced air pressure, though which would
lead to additional but marginal energy loss of the tritons and

1271 Also, other sample envi-

straggling on the air molecules. !
ronments, such as temperature-controlled aluminum plate and
disc, etc., can be attached to the in situ cell in the NDP vacuum

chamber.[136€]

5. Concluding remarks and perspectives

In summary, various neutron-based characterization tech-
niques and the related progress regrading Li-ion battery re-
search have been reviewed. The basic working principles,
characteristics, and capabilities of these neutron scattering
methods, as well as their in situ experiment design pro-
cesses are summarized and discussed (Table 1). These ad-
vanced neutron-based characterization tools largely promoted
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the fundamental research and commercial application of LIBs.
Specifically, numerous breakthroughs, including the electro-
chemical reaction mechanisms, surface/interface/bulk struc-
ture evolution of electrode materials, Li-ion conductivity be-

haviors, aging mechanisms of cells, etc., have been made (Ta-
ble 1). These findings based on the neutron scattering exper-
iments are able to further guide the overall-performance opti-
mization of LIBs.

Table 1. The characteristics or capabilities of various neutron-based characterization techniques, and the obtained main research

results based on these techniques.

Neutron-based techniques

Characteristics or capabilities

Main results for Li-ion battery research

NPD

NPDF

SANS

NR

NI

NDP

QENS

INS

(a) Explore average crystal structure for powder
battery materials

(b) Combine with MEM, can visualize Li-ion dif-
fusion path in electrode/electrolyte materials

(c) Easy to design in situ experiment relatively

(a) Sensitive to both local and long-range struc-
tures for powder battery materials

(b) Determine structure for amorphous battery
materials

(c) Detect the atomic pairs variation in the real
space

(a) Study the microstructure evolution of battery
materials

(b) Detect the formation and composition of SEI
layer

(c) Evaluate the surface structure of electrode
materials

(a) Study the structure of SEI layer

(b) Reveal the electrochemical reaction mecha-
nisms

(c) Sensitive to the surface/interface structure of
electrode materials

(a) Detect the macroscopic dynamic and chemi-
cal information

(b) Study the electrochemical behavior of Li-ions
(c) Reveal the degradation mechanisms of com-
mercial cells

(d) Understand the manufacturing process of bat-
tery

(a) Study the Li-ion diffusion and concentration
distribution

(b) Reveal the aging mechanisms of battery

(c) Detect the Li plating and stripping processes

(a) Study the Li-ion conductivity behaviors of
battery materials
(b) Reveal the ionic dynamics within batteries

(a) Study the lattice dynamics of battery materials
(b) Detect the ionic mobility
(c) Probe the surface phonon of battery materials

Determination of the accurate pristine struc-
ture of electrode/electrolyte materials and
evaluation of their structure evolution upon
(de)lithiation processes

Revelation of the local ordered structure of
electrode materials, and the observation of
local oxygen lattice evolution accompanying
the oxygen redox in Li-rich cathode oxides

Evaluation of the formation, composition,
structure evolution of SEI layer, as well as
the identification of surface structure and
nanostructure of electrode materials

Revelation of the structure evolution of SEI
layer and Li penetration behaviors, and iden-
tification of the interface structure between
electrodes and electrolytes

Observation of the spatial distribution and
concentration evolution of Li-ions upon cy-
cling processes, revelation of the liquid elec-
trolyte filling process, and revelation of the
aging mechanisms in commercial batteries

Determination of the Li-ion diffusion, con-
centration distribution, and reaction rates as
a function of depth, observation of the ag-
ing behaviors of cell, and revelation of the Li
plating/stripping behaviors in all-solid-state
batteries

Revelation of the Li-ion transport behavior
and ion dynamics in solid-state electrolytes,
and determination of the multiple position of
Li-ions in electrode materials

Revelation of the relationship between ionic
mobility and lattice dynamics in solid-state
electrolytes

In addition, it was observed that each neutron scattering
technique has its unique advantages and disadvantages for the
Li-ion battery research. For instance, NPD can precisely pro-
vide 3D atomic level structure information, but limited only
for the battery materials with good crystallinity and long-range
structural order. NPDF method complements the disadvan-
tage of NPD and can analyze the local structure of battery
materials, whereas it shows limited real-space resolution and
is hard to distinguish multiple components. For SANS, al-
though it can work for the structure analysis of either crys-
talline materials or amorphous materials, its low-resolution
data are usually difficult to be interpreted. It should be noted
that SANS is a powerful tool for the SEI layer structure anal-

ysis. NR is sensitive to the surface/interface structure of ma-
terials, but the required comparatively large and atomically-
flat surface is the main constraint for its measurements. As
a powerful imaging tool, NI can present the visualized spa-
tial structure information for battery materials, but its spatial
resolution is only on the order of micron at present. NDP
with the spatial resolution of nano-scale is very sensitive to
the Li-ion concentration evolution with respect to the depth
of battery materials, but its working principle limits its wide
application for structure analysis. Compared with elastic neu-
tron scattering techniques, QENS and INS can provide ionic
dynamic and lattice dynamic information for battery materi-
als. However, the lower time-resolution of QENS and INS
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restricts their in situ measurement development. Thus, it is

necessary to know the limitations of each neutron-based tech-

nique and pay much attention to selecting proper methods to

gain true insight in the active materials and battery cell. Fur-

thermore, various neutron scattering methods provide charac-

terization information at different length scales, ranging from

atomic level, single crystal level, poly-crystal level, particle

level to even cell level. A combination of multi neutron-based

techniques can provide more comprehensive mechanism un-

derstanding for LIBs. Although there are still some intractable

challenges for LIBs needed to be solved for the achievement

of high-performance LIBs, it is worth believed that, with the

development of advanced neutron-based characterization tech-

niques and their continued improved resolution, more break-

throughs will be made for the Li-ion battery research.
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