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ABSTRACT: Structural evolutions are crucial for determining the
performance of high-voltage lithium, manganese-rich layered
cathodes. Moreover, interface between electrode and electrolyte
plays a critical role in governing ionic transfer in all-solid-state
batteries. Here, we unveil two different types of porous structure in
Li1.2Ni0.2Mn0.6O2 cathode with LiPON solid-state electrolyte.
Nanopores are found near the cathode/electrolyte interface at
pristine state, where cation mixing, phase transformation, oxygen
loss, and Mn reduction are also found. In situ Li+ extraction induces the evolution of nanovoids, initially formed near the interface
then propagated into the bulk. Despite the development of nanovoids, layered structure is conserved, suggesting the nature of
nanopores and nanovoids are different and their impact would be divergent. This work demonstrates the intrinsic interfacial layer, as
well as the dynamic scenario of nanovoid formation inside high-capacity layered cathode, which helps to understand the performance
fading in cathodes and offers insight into the all-solid-state battery design.
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Rechargeable lithium-ion batteries (LIBs) have been
successfully commercialized for more than two decades

but still have bottlenecks for expanding their applications to
emerging markets, such as electric vehicles and transportation
systems. One of the major constraints is insufficient energy
density intrinsically limited by the deliverable capacities of
electrode materials, especially the cathode side.1−3 Among the
reported cathode materials so far, layered lithium- and
manganese-rich oxides (LMROs) have exhibited promising
performances such as high capacities (up to above 300
mAhg−1) and superb cost effectiveness.4,5 While conventional
stoichiometric lithium transition metal oxides (LiTMO2 where
TM is transition metal) operate solely based on TM redox, the
additional oxygen redox activity in LMROs helps to achieve
higher reversible capacity at high-voltage cycling.6−9 The other
limitation of LIBs is safety concerns as liquid electrolytes inside
are combustible. All-solid-state LIBs (ASSLB) have received
tremendous attention from both academia and industry in
recent years as they hold the potential to circumvent the safety
issues by replacing flammable organic liquid electrolytes.
Furthermore, ASSLBs possibly deliver higher energy density
by enabling the use of lithium metal as the anode.10,11 Among
the solid electrolytes, lithium phosphorus oxynitride (LiPON)
shows reasonable compatibility with both Li metal anode and
cathode,12−14 demonstrating excellent performance for
LiPON-based ASSLB.15

Physical and chemical properties of interface between the
electrode and electrolyte have been considered as prime factors
to determine the electrochemical properties of electrodes. For
example, performance degradation of LMRO, such as large

irreversible capacity loss in the first cycle, poor rate capability,
and severe voltage decay under high charged voltages, is
attributed to the aggravating cathode−electrolyte interfacial
reactions, which typically leads to the formation of a Li-ion-
blocking cathode electrolyte interphase layer,16,17 surface
structural reconstruction,18−20 consumption of liquid electro-
lyte,21 surface corrosion and TM dissolution.22 The oxygen
vacancies formed at the surface and migrated toward the inside
lattice are also found to be responsible for the bulk
degradation.23 Compared to the widely studied interfacial
reactions with liquid electrolyte as mentioned above, the
understanding in the interfacial reactions with solid electrolyte
is insufficient even though it is generally accepted that
characters of interface between electrode and electrolyte play
an important role in governing overall performances of
ASSLB.24,25 A previous investigation reported the formation
of disordered LiCoO2 between LiCoO2 cathode and LiPON
electrolyte,26 but a detailed microstructure had not been
identified. Atomic arrangement is of particular importance for
cathode materials with layered structure because their well-
defined atomic structure facilitates two-dimensional lithium
diffusion. Therefore, thorough exploration of phase change
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induced by interfacial reaction is essential to understand the
functioning mechanism of ASSLB. Besides the atomic
arrangement at the interface, structural evolutions of the
cathode material itself undoubtedly impact the electrochemical
performances. Monitoring the structural changes under
operation in real time paves a way toward a thorough
understanding of structure-process-property relationship. The
open-cell setup inside the TEM chamber is an excellent
method to study the dynamic structural changes occurring at
the cathode in ASSLB under electrochemical processes.27−31

Here, we investigate the surface of Li1.2Ni0.2Mn0.6O2

(LNMO) cathode facing the LiPON electrolyte, as well as
dynamic microstructural evolutions in LNMO upon delithia-
tion by in situ biasing on a cross-sectional solid-state cell. We
find an inherent surface reaction between LNMO and LiPON,
featuring the formation of surface reconstruction layer with
oxygen loss, Mn reduction, phase transformation, and the
formation of nanopores. While applying voltage, nanovoids

start appearing initially near the interface with LiPON by the
Li+ extraction. Further lithium removal promotes the growth of
nanovoids toward the inside of the LNMO particle. It is
noteworthy that there is no obvious phase transformation near
the biasing-induced nanovoids in the bulk, which is different
from the inherent nanopores in surface region adjoined to the
electrolyte. Our results demonstrate the LiPON solid electro-
lyte-induced surface reconstruction layer and dynamic scenario
of biasing-induced nanovoid formation during delithiation,
which help unveil the origin of performance fading in Li- and
Mn-rich layered cathode inside ASSLB.
The LNMO primary particles were pressed to form a pellet,

then 250 nm of LiPON solid electrolyte was deposited on the
surface of a cathode electrode by RF-magnetron sputtering.
The cross-section TEM specimen was prepared by focused ion
beam (FIB) to characterize pristine LNMO and the interface
between LNMO and LiPON. The Au and Pt layers were
deposited on the surface of LiPON to protect the materials of

Figure 1. (a) Low-magnification HAADF-STEM image of the all-solid-state LIB sample for in situ experiment and the corresponding EELS
element mapping of the inset area. (b) The BF-TEM image of the interface between LiPON solid electrolyte and LNMO cathode. The insert is the
SAED pattern of the LNMO particle. (c−e) Atomic scale HAADF-STEM images of the LNMO cathode along the [010], [110], and [100] zone
axis with small domains.

Figure 2. (a) HAADF-STEM image and the corresponding EELS line scan spectra along the green arrow. The S denotes the surface layer of
LNMO particle. (b) The EELS O K-edge and Mn L-edge from the surface and bulk region in (a). (c) Atomic scale HAADF-STEM images of the
surface region of LNMO cathode along the [010] zone axis. The white arrows indicate areas having nanopores.
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interest during the ion milling. Metal layers also served as the
top electrode for the subsequent in situ biasing, which were cut
out from two sides to avoid a possible short circuit. The
detailed FIB milling process is described in Experimental
Details section in Supporting Information.
Figure 1a shows a low-magnification high-angle annular

dark-field scanning TEM (HAADF-STEM) image of the whole
specimen and corresponding elemental distributions obtained
with electron energy loss spectroscopy (EELS). The Pt, Au,
and LiPON layers can be easily distinguished by Z-contrasts in
the HAADF-STEM, which has positive correlation with atomic
number as indicated in the inset. The Mn and P elemental
maps represent the LNMO particles and LiPON layer,
respectively, which confirm the successful deposition of
LiPON on LNMO. Figure 1b presents a bright-field TEM
image of the interface between electrolyte and cathode,
showing the well-preserved interface without physical damages
from the specimen preparation. The inset of Figure 1b, a
selected area electron diffraction (SAED) pattern from the
LNMO particle, indicates LNMO particle is well crystallized
with a layered monoclinic structure (space group of C2/m).
The atomic-resolution HAADF-STEM images in Figure 1c−e
also demonstrate the layered monoclinic structure with evident
Li ordering in the TM layer. Figure 1c shows the [010] zone
axis projection with well-arranged layered structure. Atomic
arrangement with defects is also found: LNMO in Figure 1d is
mainly oriented along [110] but small domains oriented along
[100] and [11̅0] also exist, and Figure 1e exhibits the [100]
axis projection dominating with small domains oriented along
[110] and [11̅0]. Similar microstructure with multiple
orientations (also called variants of monoclinic structures)
have been reported in previous studies.19,32−35 The presence of

small domains with different orientations implies the high
density of stacking fault.
Because the interface between electrode and electrolyte is

important in governing the transport of lithium ions, we first
diagnose the structure and chemistry at the interface. Figure 2a
displays a HAADF-STEM image and an intensity profile from
an EELS line scan acquired from the interface to the interior of
LNMO. The obvious differences in oxygen K-edge and Mn L-
edge are observed at the surface of LNMO facing with LiPON,
marked by S compared to the bulk LNMO. To explore the
changes in the chemistry of the surface layer in detail, the
EELS spectra (Figure 2b) are extracted both at the surface
(from the interface to 40 nm toward inside of particle) and at
bulk particle. According to the previous theoretical calculations
and experimental results,26,36,37 the O K-pre-edge located at
∼530 eV is attributed to hybridized bonding between TM-3d
and oxygen-2p orbitals. The significantly decreased intensity of
O K-pre-edge in the surface layer thereby could be induced by
various reasons, such as formation of oxygen vacancies,21,23

TM migration accompanied by structural changes,18 and
reduction of TM.21,38 The reduction of TM in the surface layer
is also confirmed by the Mn L2,3-edge, which features a
chemical shift to lower energy loss and a higher L3/L2 intensity
ratio. The formation of oxygen vacancies is expected based on
the charge neutrality, which also contributes to the lower
intensity of O K-pre-edge.39 In addition to the chemical
evolution, noticeable structural changes are found at the
surface of LNMO in contact with LiPON, such as spinel-like
and rock-salt structures and nanopores with a size of ∼2 nm
(areas having darker contrast in Figure 2c). Those indicate the
significant chemical and microstructural modifications occur at
the surface of LNMO. The changes in the surface layer are

Figure 3. (a,b) Low-magnification TEM image and schematic of the in situ experimental setup. (c) The HAADF-STEM image of the observed
particle near the cathode/electrolyte interface. (d) Time-lapsed HRTEM images of the LNMO particle obtained from the region near the surface
(marked by white arrow in (c)), showing the delithiation-induced nanovoid formation. The yellow dash lines indicate the nanovoids.
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suspected to come from the inherent chemical instability
between LiPON and LNMO because the nanopores and
phase-transformed cubic phases only exist at the surface of
LNMO adjacent to the LiPON electrolyte as shown in Figure
S1a. It is noteworthy that the uniform layered structure is seen
at LNMO particles far from the electrolyte (Figure S1b,c).
Chemical instability of LiPON with a LiCoO2 was also
reported with the formation of disordered LiCoO2 at the
interface,26,40 which is in line with our observation.
The electrochemical open cell was built based on a

nanofactory biasing sample holder inside TEM chamber to
track the charge (delithiation) reaction in real time as shown in
Figure 3a,b. The tungsten tip was contacted to the top
electrode layers (Pt/Au) with a negative bias to extract lithium
ions out of the LNMO cathode. Despite the disordered nature
of the surface of LNMO, lithium ionic conduction is still
successful with percolating channels.41 The monitored current
shows positive correlation with the biasing voltage (Figure
S2a) and decreases gradually during the delithiation (Figure
S2b), which also substantiate the occurrence of lithium
extraction. However, it is not straightforward to correlate the
current with the state of charge of the cathode because we
cannot correctly estimate the weight of the FIB sample; ionic
and electronic transport may be hampered by porous cathode
structure, and there might be side reactions at the material
deposited during FIB process. For real time observation, we
chose a particle in contact with LiPON, where the charge
reaction is supposed to start immediately (Figure 3c). The
video recorded during in situ delithiation at LNMO particle is
available in SI Video 1 and corresponding time-lapsed
HRTEM images are presented at Figure 3d and Figure S3.
Electron dose was kept ∼30 pA/cm2 during observation.
Initially, the area of interest looks well crystallized with

uniform thickness (82 s of biasing). Interfacial reaction-
induced nanopores may exist here, but they are barely
recognized as the contrast from tiny pores in an HRTEM
image is not as straightforward as that in a HAADF-STEM
image (Figure S4). At 263 s, the voids start to appear near the
surface or the area close to the electrolyte. The emergence of
nanovoids was determined by the changes in image contrasts
in SI Video 1. It is noteworthy that biasing-induced nanovoids
are much bigger than the inherent nanopores at the interface
with LiPON. We define nanopores as the holes formed by the
interfacial reaction with LiPON while nanovoids are the empty
spaces induced by in situ biasing in this work. Further biasing
(or delithiation) promotes the growth of each nanovoid and
the coalescence of several voids (at 576 s). As more lithium
ions are being extracted, the nanovoids gradually propagate
toward the bulk with increasing size and volume ratio (Figure
S5). We additionally performed a control experiment to see
whether the electron beam affects the evolution of the
nanovoids. Another video (SI Video 2 and time lapsed images
in Figure S6) was obtained under the same electron dose at
which SI Video 1 was acquired but without applying bias. The
image becomes a little hazy after long-time exposure because of
possible carbon contamination, but no nanovoid is found in
the viewing region. In other words, electron beam is not
responsible for the formation of nanovoids but the lithium
extraction is.
Figure 4a−c exhibits the HAADF-STEM images and EELS

analyses of the particle in Figure 3 after in situ delithiation.
Compared to the HAADF-STEM image before biasing (Figure
3c), only the upper part of the active material that faces the
solid electrolyte becomes distinctly porous with a high density
of nanovoids (Figure 4a). The HAADF-STEM image and
corresponding EELS elemental maps (Figure 4b,c) show O

Figure 4. (a,b) The HAADF-STEM images of the observed LNMO particle in Figure 3 after delithiation. (c) The corresponding EELS element
and the 2D relative thickness mapping of the void region marked by a green rectangle. (d) The HAADF-STEM images of other LNMO particle
before and after delithiation. (e) Atomic scale HAADF-STEM images of the nanovoid region in (b). The yellow dashed line indicates the nanovoid.
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and Mn are lacking within the nanovoid, indicating the mass
loss. Ni L2,3 edge is too weak to notice the local deficiency,
which may be due to the short collection time for EELS to
protect the sample from the possible beam damage. The 2D
relative thickness extracted from low-loss EELS also confirms
the mass loss in the nanovoid with the reduced sample
thickness. HAADF-STEM images obtained from other LNMO
particles (Figure 4d and Figure S7), which were not exposed to
the electron beam under biasing, also show a high density of
nanovoids which also substantiate that the evolution of a
nanovoid is induced by the lithium extraction instead of the
electron beam. The degree of porosity development is not
consistent among the particles (Figure S7), indicating the
degree of lithium removal may be inhomogeneous. This
inhomogeneity may result from the kinetic effects, nonuniform
contact with electrolytes, and nonuniform electronic/ionic
transport. Figure 4e presents the atomic scale HAADF-STEM
image focusing on the nanovoid in (b), which demonstrates no
obvious cation mixing or phase transformation near the
nanovoid. The atomic-resolution HAADF-STEM images are
also acquired at the different zone axes ([010] and [110])
(Figure S8), which all show that no aggravating cation mixing
occurs around the nanovoid. Similar oxygen vacancy diffusion
without phase transition has been recently reported.42

To understand how the nanovoid is formed, another in situ
video (SI Video 3) and corresponding time-lapsed HRTEM
images (Figure 5) were trimmed from SI Video 1 after the drift
correction, showing the dynamic formation process of a single
nanovoid. The region contained one small stacking fault (SF)
segment at 813 s, then two SF segments and one pair of
dislocations appeared at 1213 s during lithium removal. Later,
only one SF segment was left at 1487 s. Finally, a nanovoid
formed with two SF segments and one dislocation at 2345 s.
These formations, movement, and disappearance of stacking
faults and dislocations are observed around the region where
the nanovoid is formed, which indicates that the nanovoid
formation is strongly related to the defect activities. At a highly
delithiated state, oxygen vacancies can be formed to
compensate the charge imbalance in lithium-rich cathode
materials. They will increase the density of crystalline defects
inside the cathode particles, which may accelerate the diffusion

of vacancies and/or ions,29−31 leading the formation and
growth of nanovoids without phase transformation (the phase
transformation was not observed in our experiment).
It is interesting to note that there are some differences in

nanopores and nanovoids. The nanopores are found at the
surface of LNMO facing the solid electrolyte with severe cation
mixing and structural reconstruction; thus, the spinel-like and
rock-salt phase can be easily observed near nanopores. The
reduction of Mn and changes in oxygen K-edge EELS further
demonstrate drastic chemical evolution at the surface of
LNMO with LiPON. Therefore, the surface nanopores are
closely related to the strain concentration and oxygen loss
induced by phase transformations during the spontaneous
reaction between the solid electrolyte and cathode.26 However,
the biasing-induced nanovoids are developed inside LNMO
with lithium extraction and become bigger by growing and
merging with others when more lithium ions are removed.
Despite the buildup of nanovoids, the intrinsic layered
structure is intact, suggesting that the initial charge process
occurs with local mass loss but without phase transformations
in the bulk region. This observation may not agree with the
widely accepted mechanism of oxygen evolution, which is
associated with the phase transformations from the layered
structure to the spinel and the rock-salt structures.21,38,43 The
contradiction may have originated from the following factors:
(i) our observations focus on the initial lithium extraction
occurring at localized areas; (ii) lithium extraction happens
unidirectionally here while it takes place more omnidirection-
ally in a common battery setup, where the active material is
immersed in liquid electrolyte; (iii) in situ open cell was
established in high vacuum TEM chamber. However, Chueh et
al. reported the evolution of bulk oxygen vacancy within native
layered phase after cycling lithium- manganese-rich cathode
material with carbonate-based liquid electrolyte,42 indicating
that the porosity development without cation mixing can be a
possible degradation mechanism in lithium- and manganese-
rich cathode materials.
In this work, we demonstrate two sources of porous

structure in a solid-state battery with the LNMO cathode
and LiPON electrolyte. Nanopores are inborn at the surface of
LNMO facing with LiPON because of the chemical instability

Figure 5. (a,b) Time-lapsed HRTEM images and corresponding filtered images of an enlarged region in LNMO particle in Figure 3 during in situ
delithiation after image drift correction. The white arrows and red lines indicate the small segment of stacking faults. The yellow symbols indicate
dislocations.
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between the electrode and electrolyte. Spontaneous chemical
reaction also engenders severe cation mixing, phase transition,
oxygen loss, and TM reduction. The inherent chemical
reactions may be responsible for the interfacial impedance at
the cathode surface before applying external electric bias. In
the other type of cavity, nanovoids emerged during the charge
process or in situ lithium-ion extraction. The formation and
growth of the nanovoids under in situ biasing take place with
the formation, movement, and disappearance of defects but
without obvious phase evolutions. Our results corroborate the
interfacial layer and dynamic evolution of the nanovoids in
lithium-, manganese-rich cathode materials with LiPON solid
electrolyte, which sheds light on the understanding of
performance decay in all-solid-state lithium ion battery.
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