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ABSTRACT: All-solid-state lithium-ion batteries (SSLIBs) are promis-
ing candidates to meet the requirement of electric vehicles due to the Film
intrinsic safety characteristics and high theoretical energy density. A

stable cathodic interface is critical for maximizing the performance of . . N 4
SSLIBs. In this study, operando X-ray absorption near-edge spectros- SSE

copy (XANES) combined with transmission electron microscopy (TEM) InFoil 1 ode
and electron energy loss spectroscopy (EELS) is employed to investigate T

the interfacial behavior between the Ni-rich layered cathodes and sulfide :
solid-state electrolyte. The study demonstrates a metastable inter- 12 Surface ||
mediate state of sulfide electrolyte at high voltage and parasitic reactions 31 | reconstruction
with cathodes during the charge/discharge process, which leads to the ‘
surface structural reconstruction of Ni-rich cathodes. Constructing a
uniform interlayer by atomic layer deposition (ALD) is also employed in
this study to further investigate the cathodic interface stability. These
results provide new insight into the cathodic interface reaction mechanism and highlight the importance of advanced
operando characterizations for SSLIBs.
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the portable electronic device market and are the developed SSEs, sulfide-based inorganic SSEs, in particular,

considered promising candidates as energy storage have demonstrated high ionic conductivity (107>—107* S
devices for electric vehicle applications.l_3 However, the
popular organic liquid electrolytes raise senous concerns due
to their flammable and toxic propertles Fortunately, the
replacement of liquid with highly conductlve solid-state o ) ) ) )
electrolytes (SSEs) may address these issues.”™® Therefore, limited cycle life and rapid performance degradation, which are
the development of all-solid-state lithium ion batteries
(SSLIBs) has aroused widespread interests due to their

Li—ion batteries (LIBs) have played an essential role in go beyond the energy density of liquid-based LIBs.'>"" Among

cm™"), which is almost comparable with that of liquid-based
12715 However, the state-of-the-art SSLIBs
with sulfide-based SSEs still suffer from severe issues, such as

Li-ion electrolytes.

largely related to the unstable interface between electrode

intrinsic safety features that circumvent the use of the Received: August 4, 2019
flammable and toxic organic liquid electrolytes.” Furthermore, Accepted: September 16, 2019
SSLIBs are proposed to have the potential to compete or even Published: September 16, 2019
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materials and SSEs that are detrimental to Li-ion transport.'®
Some studies have reported interfacial phenomena between
lithium metal oxide cathode materials and sulfide-based
electrolytes, such as the space charge effect, the diffusion of
transition metals into SSEs, the decomfosition of sulfide SSEs
to form the inactive interlayer, etc.'”~*> To suppress the side
reactions and stabilize the cathode/SSE interface, various
coating materials, such as SSE coatings (Li,S—P,S;), inactive
coatings (Al,0;, Li,CO;), and ionic conductive coatings
(LiNbO,, Li;PO,, LiTa0,), have been developed for Li-ion
cathodes to improve the electrochemical performance of
sulfide-based SSLIBs.”*~*’

Although some reaction mechanisms are proposed, most of
the reported studies employed ex situ characterizations to
analyze the cathode/SSE interface before and after the
electrochemical test.'”'®*®* It should be noted that the
sulfide SSEs are highly moisture- and air-sensitive, and
therefore, postcharacterizations have many challenges to
directly reflect the reaction process. Therefore, the underlying
mechanisms of sulfide SSEs, such as when and how the side
reaction occurs, if there are metastable intermediate phases
that existed, are not fully understood. Furthermore, consider-
ing the employed cathode materials in SSLIBs, many reaction
mechanisms and the structural evolution, such as how the
surface structure reconstruction and inner cracking evolve
during an electrochemical process and how the developed
coating materials work for cathodes to alleviate the side
reactions and stabilize the cathode/SSEs interface, should also
be further investigated. These unrevealed fundamental studies
may impede the design of highly stable and conductive SSE/
cathode interfaces and also hinder the development of high-
performance SSLIBs.

X-ray absorption near-edge spectroscopy (XANES) has been
widely employed in liquid-based LIBs to provide information
on the chemical state and local electronic structure of battery
materials.” "% In particular, advanced operando XANES
study, which is a well-known powerful analytic technique to
monitor the active intermediate products and reveal the
electrochemical reaction mechanism, is used to probe the
battery materials while the cell is undergoing electrochemical
cycling.’*** In this study, operando XANES combined with
scanning transmission electron microscopy (STEM) with high-
angle annular dark field (HAADF) and electron energy loss
spectroscopy (EELS) is carried out to investigate the interface
evolution between cathodes and sulfide SSEs in SSLIBs during
the charge/discharge process. A commercial Ni-rich layered
oxide LiNiygMn,,Coo,;0, (NMC811) cathode and
Li;oGeP,S;, (LGPS) SSE are employed in this study. To
investigate the coating strategy for cathodes in SSLIBs, atomic
layer deposited (ALD) lithium niobium oxide (LINbO,) with a
controllable and ultrathin thickness is applied as the coating
layer for NMC811, which is proposed to stabilize the interface
and improve the electrochemical performance of SSLIBs. The
comparisons of the bare and coated NMC811 cathodes with
electrochemical testing and physicochemical characterizations
reveal the interfacial chemistry and microstructure evolution
between cathodes and sulfide SSEs during the electrochemical
reactions. The study illustrates the instability of LGPS as well
as the parasitic reactions with bare NMC811 during the
charging process and byproduct Li,S formation afterward.
Furthermore, the surficial structure reconstruction and micro-
structure cracks of the Ni-rich layered cathode in sulfide solid-
state batteries are also investigated. This work highlights that
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the complete operando XANES analysis combined with TEM
provides a detailed scenario of the interface side reactions and,
more importantly, presents the experimental value of operando
characterizations in the study of SSLIBs.

Figure 1 illustrates the morphology and fine structure of the
bare and ALD LiNbO,-coated NMC811 (LNO-NMC811). In

Figure 1. Physical characterizations of bare and LNO-coated
NMC811 composites. (a,b) SEM image of bare NMC811. (c) SEM
image, (d) HRTEM image, and (e,f) SEM-EDX element mapping
of ALD LNO-coated NMC811.

this study, we employ an LNO thin film via ALD as a coating
material for Ni-rich cathodes. In our previous study, the ALD
LNO thin film demonstrated an acceptable ionic conductivity
(6 X 107 S cm™) at room temperature as well as conformal
growth and controllable thickness during deposition, which is
promisin§ as an interfacial engineering material in solid-state
batteries.” To investigate the thickness effect, 2, 5, and 10 nm
of LNO are deposited on NMC811 cathodes by controlling
the ALD reaction cycles (10, 25, and 50 cycles). As shown in
Figure lab, commercial NMC811 cathodes are secondary
sphere particles with a size of approximately 5—10 pm. After
25 cycles of ALD coating, the surface of the cathode particle
appears rougher (Figure 1c), and an amorphous and conformal
coating with the thickness of around 5 nm can be observed at
the surface of NMC811 (Figure 1d). The deposition thickness
corresponds well with the reported linear growth rate at
around 0.2 nm per cycle of ALD LNO thin films.** Elemental
mapping of scanning electron microscopy-energy dispersive X-
ray spectrometry (SEM-EDX) shown in Figure le,f demon-
strates the uniform distribution of Nb element among the
NMCS811 particles, further confirming the success of LNO
coating on cathodes. X-ray diffraction (XRD) and XANES are
conducted to evaluate the crystal and chemical structure of
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bare and LNO-coated NMC811 composites. As shown in
Figure S1, there are no obvious differences of NMC811 before
and after LNO coating, indicating that the material properties
are maintained throughout the ALD process and no new
impurities are introduced.

The bare and coated NMC811 composites were then mixed
with LGPS as cathode materials and assembled in SSLIBs.
SEM images of the top view of the pressed NMC811-LGPS
pellet are shown in Figure S2, and the detailed SSLIB assembly
process is listed in the Experimental Section. Electrochemical
impedance spectroscopy (EIS) plots of LGPS at various
temperatures are presented in Figure S3. Fitting the
conductivities derived from the temperature-dependent
impedance with an Arrhenius law results in ionic conductivity
of 207 X 107 S cm™" for the commercial LGPS at room
temperature, which is similar to the reported values,'”*%™**
Electrochemical characterizations of assembled SSLIBs are
shown in Figures 2 and S4. The thickness effect of the LNO
coating layer for the performance of NMC811 cathodes is first
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Figure 2. Electrochemical characterizations of bare and LNO-
coated NMC811 in SSLIBs. (a,b) Charge/discharge profiles, (c)
cycling performance, and (d,e) EIS plots of batteries at a various
resting times and after the charge/discharge test.
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optimized in Figure S4, and 5 nm of LNO-NMCS811 presents
the best electrochemical performance. Comparing the charge/
discharge profiles, the bare NMC811 demonstrates a
significantly irreversible capacity at the first cycle with a low
Coulombic efficiency of 65%. In addition, there is a slight slope
circled in Figure 2a at the initial charging process,
corresponding to the space charge effect reported by previous
studies.'>*? Furthermore, the bare NMC811 shows that severe
voltage plateaus fade in the following cycles and the capacity
drops rapidly. On the other hand, among the coated cathodes,
5 nm of LNO-NMCS811 demonstrates significantly improved
electrochemical performance. The initial charge stage does not
exhibit the same sloping voltage profile as the bare NMC811,
indicating that the LNO coating effectively prevents the
occurrence of space charge behavior. Furthermore, the
irreversible capacity of the first cycle is significantly reduced,
and the Coulombic efficiency exceeds 82%. The cycling
performance of the as-prepared cathodes is shown in Figures
2c¢ and S4. Compared with the bare and LNO-coated
NMCS811 cathodes with the different thicknesses of LNO
coating layers, 5 nm of LNO-NMCS811 demonstrates
significantly improved cycling capacity and stability. After 50
cycles, the discharge capacity remains at 99 mAh g™', while the
discharge capacity of the bare NMC811 is only 20 mAh g™".
The differences of the electrochemical performance are
primarily related to the interface resistance between the
cathode and sulfide electrolyte. The charge transfer resistance,
including both Li-ion transportation and electron conduction
resistance, is one of the factors that affects the electrochemical
performance of SSLIBs.'" More importantly, the side reactions
between sulfide SSEs and cathodes result in the large resistance
at the interface with the decomposition of SSEs during
cycling.">"” Therefore, constructing the coating layer with an
appropriate thickness for cathodes is a necessary step to
suppress the side reactions with sulfide SSEs and achieve the
good electrochemical performance. EIS measurement is
conducted to evaluate the resistance of as-assembled batteries,
as shown in Figure 2d,e. Before electrochemical cycling, the
two batteries after assembly demonstrate small surface charge
transfer resistances, indicating good conductivity at the
cathode/SSE interface. However, after 10 h of rest, the two
batteries appear to have differences in the EIS plots. The
semicircle at the high-frequency region of the bare NMC811-
LGPS battery becomes significantly larger, indicating an
increased resistance during the resting period. Furthermore,
after one charge/discharge cycle and 2 h of rest, the resistance
of the battery with bare NMC811 increases more obviously,
which is indicative of the unstable interface between the bare
Nirich cathode and LGPS during cycling. In order to
investigate the interfacial stability between the In anode and
LGPS SSEs, the EIS plots and CV curves of In-LGPS-In
battery are shown in Figure S5. After several hours of rest, the
EIS plots of the In-LGPS-In battery are almost not changed.
For the CV test, no obvious anodic peak can be observed
during the scanning process, indicating the stable anodic
interface during electrochemical reactions.

The electrochemical characterizations have provided evi-
dence of the side reactions between bare NMC811 and LGPS
and demonstrated the different interfacial behavior between
the bare and coated NMC811 with LGPS. To further reveal
the interface chemistry, ex situ and operando XANES studies
were conducted. Figure S6a,b illustrates the ex situ XANES of
cathodes and SSEs before battery assembly. Interestingly, just
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Figure 3. Operando XANES study of SSLIBs with bare and LNO-coated NMC811 cathodes during cycling: (a) schematic figure of the
operando cell and obtained Bruker spectrum in a large photon energy region. Operando S K-edge spectra with first derivative mapping, Ni
K-edge spectra, and charge/discharge profiles of (b—d) bare NMC811-LGPS and (e—g) LNO NMC811-LGPS SSLIBs.

after the bare NMC811 and LGPS composites mixed and
rested over 72 h, the feature at 2470.7 eV of the S K-edge
presented a shift in the edge jump from 2469.9 to 2470.2 eV,
while the feature at 8353 eV of the Ni K-edge shifted to lower
energy (8352.2 eV), which is indicative of some interaction
between LGPS and NMC811. When the sulfide SSEs and
cathodes contact each other, the Li elements from sulfide SSEs
prefer to be attracted by lithium metal oxide cathodes, leading
to reduced Li concentration in the SSEs and new interlayer
formation. This phenomenon is called space charge effect,
corresponding to the slope at the initial charging proc-
ess.'?** Burthermore, the interdiffusion of transition metals
from cathodes and sulfur from SSEs leads to the decom-
position of battery materials and formation of insulated
interphases.””*"*> All of these side reactions result in the
changes of the chemical state and local environments of LGPS
and NMC811, corresponding to the energy shift of the features
in the S and Ni K-edge spectra. On the other hand, with the
protection of the coating layer, the NMC811 and LGPS
mixture at the same conditions is very stable without obvious
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changes from the XANES results, indicating that the coating
layer enhances the chemical stability of the interface between
the cathode and sulfide SSEs. After the charge/discharge
cycling test, as shown in Figure S6¢,d, the feature at 2470.7 eV
in the S K-edge spectrum of bare the NMC-LGPS system
becomes very broad and shifts to higher energy, indicating the
decomposition of LGPS with bare NMC811 during cycling.
Furthermore, the Ni K-edge spectra of both bare and coated
NMCS811 are shifted to higher energy after a long time cycling,
indicating the irreversible chemical state change of the Ni
element of NMCS811 in SSLIBs. However, due to the inherent
feature of ex situ characterization, the detailed reaction
manner, such as when, where, and how the interfacial side
reactions proceed, is still unknown.

To overcome the limitation of ex situ characterizations,
operando XANES was conducted with real-time measurements
of the batteries during electrochemical cycling. A modified coin
cell configuration was utilized as the operando cell with an
opened window that allowed the incident X-rays to penetrate
through, as shown in Figure 3a. It should be noticed that the
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Figure 4. Operando XANES spectra of transition metals of bare and LNO-coated NMC811 cathodes. (a,c) Mn and Co K-edge spectra of bare

NMC; (b,d) Mn and Co K-edge spectra of LNO-NMCS811.

structure of the operando cell is different from that of the
model cell, which is adopted for electrochemical tests (Figure
S7). The operando XANES proceeded in a full and half cycle
(charge/discharge/charge) of batteries during electrochemical
cycling. The obtained results of the bare NMCB811-LGPS
battery are listed in Figure 3b—d, consisting of the S K-edge
spectra with first derivative mapping (Figure 3b), Ni K-edge
spectra (Figure 3c), and charge/discharge/charge profiles
(Figure 3d). The corresponding results of LNO-NMC811-
LGPS SSLIB are listed in Figure 3e—g. First, Ni K-edge spectra
of both bare and coated cathodes demonstrate similar
evolution during the cycling process. As shown in Figure
3c,g, the spectrum presents a white line at 8353 eV,
corresponding to the Is to 4p transition.*”** During the
charge/discharge process, the feature at 8353 eV initially shifts
to higher energy and then returns back, indicating the Ni**/
Ni** and Ni**/Ni** electrochemical redox reaction in the
delithiation/lithiation process of NMC811.">* The corre-
sponding Ni K-edge first derivation spectra in Figure S8 further
substantiate the evolution. Second, the interpretation of the S
K-edge spectral features in this system is much more
complicated. The S K-edge white line of LGPS with bare
NMCS811 is at 2470.7 eV (Figure 3b). During the first charging
process, this feature gradually shifts to lower energy. When
charging at the high-voltage stage (>3.5 V), the feature shifts
from 2470.7 to 2470.4 eV, indicating the instability of LGPS.

2484

Furthermore, during the subsequent discharge process, the
shifted feature reverses back to 2470.7 eV gradually, while a
new feature at 2472.5 eV becomes more prominent. Compared
to the standard reference samples (Figure S9), the appearance
of the new peak can be assigned to the S Is to Li,S o*
transition, *° indicating that LGPS is first decomposed to Li,S
rather than metal sulfides or polysulfide. The whole process is
repeatable that the feature at 2470.7 eV in the second charging
process shifts to lower energy again. The first derivative
mapping of the S K-edge spectra gives more direct observation
of the evolution, in which the bright red and blue regions
present a consistent shift and skew in the image. On the other
hand, the S K-edge spectra of LGPS with LNO-NMC811 are
very stable during the whole electrochemical reaction and do
not show the obvious shift in features during the electro-
chemical reaction processes. When comparing the first
derivative mappings of the two S K-edge spectra, the bright
red and blue regions of the LNO-NMC811-LGPS battery are
very straight, which is indicative of the stabilized interface
between LGPS and the protected cathode during the first
charge/discharge/charge process. It should be noted that the
developed coin-cell configuration with an open window
induces potential polarization of SSLIBs. The discharge voltage
plateaus measured in operando study are lower than regular
charge/discharge characterizations, which needs further
advancements in solid-state cell configuration for operando
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XANES studies. Apart from the S and Ni K-edge spectra,
studies of transition metal Mn and Co K-edge spectra are also
conducted in the operando XANES characterization, as shown
in Figure 4. The Mn K-edge spectrum exhibits the pre-edge at
around 6541 eV and the white line at 6559 eV. During the
charge/discharge process, the peaks at 6559 eV of both bare
and coated NMC (Figure 4ab) slightly shift to higher
energy.”*’ These shifts are indicative of local environment
changes of Mn during the delithiation/lithiation process and
related to the structural degradation of the cathode during
cycling with LGPS SSE.'~>**” Compared to the Mn K-edge
spectra, the spectra of Co K-edge in both bare and coated
NMC811 (Figure 4c,d) do not display obvious shifts,
indicating that the Co element from NMC is relatively stable
during electrochemical reaction in SSLIBs.

To further understand the microstructure and chemical
evolution of cathode materials after cycling, XRD and electron
microscopy techniques are utilized to investigate the NMC811
cathodes after charge/discharge cycling. The XRD patterns of
bare NMC811 before and after cycling are shown in Figure
S10. The evolution of peaks after cycling indicates the
structural change of MNC811 during the charge/discharge
process. Figures 5 shows the SEM images and corresponding
EDX elemental mapping of bare and coated NMC811 after 40
cycles. The cross-sectional SEM specimens were prepared via a
focused ion beam (FIB) technique. Interestingly, the intensive
intergranular cracks can be detected at the surface of the bare
NMCS811 spherical secondary particle, as shown in Figure Sa,b.
With the continued FIB thinning process, the distinct cracks
can be observed at the surface and extend to the interior of the
particle, as shown in Figure Slla, suggesting that the cracks
originate from the surface and then propagate to the bulk
structure of NMC811 during the cycling. SEM-EDX mapping
and linear scan spectra in Figures Sc and S12a demonstrate
that the sulfur element shows enrichment within the bare
NMC811 particle, indicating that the sulfur element is very
easy to diffuse into the NMC811 particles and forms an
unstable interface during battery operation, inducing the
structural evolution and cracks of NMC811 cathodes. On
the contrary, the phenomena of both surficial cracks and sulfur
element diffusion significantly decline in the LNO-coated
NMC811 particle, indicating that the coating layer effectively
constructs a protective interface between the cathode and SSEs
to maintain the integrity of the cathode particle and suppress
the occurrence of side reactions. Figures 6 and S13 are the
atomic-level structural images and EELS of cycled bare and
LNO-coated NMCS811 cathodes, respectively. As shown in
Figure 6a, the bare NMC811 after cycling presents obvious
differences in the lattice patterns between the surface and bulk
region. As confirmed by the inset fast Fourier transformation
(FFT) in Figure 6a, the lattice pattern at the near-surface
within 12 nm can be indexed as the rock-salt phase with a
space group of Fm3m, while the inner region still maintains the
layered structure phase with a space group of R3m, which is
clear evidence that the surface structure of bare NMC811 has
been changed and reconstructed during cycling due to the side
reactions with sulfide SSEs. EELS spectra further substantiate
the significant features of the structural lattice reconstruction.
As shown in Figure 6b,c, the O K-edge spectra present
suppression of the pre-edge feature from the bulk to surface.
The oxygen pre-edge is associated with the transition of
electrons from the 1s core state to unoccupied 2p states
hybridized with 3d states in transition metals.”*” Therefore, a
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Figure 5. Microstructure evolution of NMC811 cathodes after
cycling in SSLIBs identified by SEM images and EDX mapping.
(a,b) Cross-sectional FIB-SEM images and (c,d) corresponding S
(yellow) and Ni (cyan) maps of the red region in (a) of a bare
NMCS811 cathode particle. (e,f) Cross-sectional FIB-SEM images
and (g,h) corresponding S (yellow) and Ni (cyan) maps of the red
region in (e) of an LNO-coated NMC811 cathode particle. Scale
bars in the figures are (a,e) 2 pm and (b—d,f—h) 1 pgm.

gradual suppression of the oxygen pre-edge indicates the
formation of an oxygen vacancy and the reduction of transition
metals.”” Furthermore, the Mn L-edge spectra show that the
ratio of the Mn L;/L, feature is increased from the bulk to
surface, indicating that Mn reduction is more significant in the
rock-salt region.* 9 The chemical shift of the Ni L-edge is also
notable, which indicates the reduction of Ni at the surface
region. The surface lattice evolution of NMC cathodes
associated with transition metal reduction is widely observed
in the liquid-based LIBs, which is mainly derived from the side
reactions with electrolyte during the cycling.”’ The atomic-
level structural images and EELS spectra in this study confirm
that the severe side reaction-induced surface lattice evolution
of NMC cathodes also can be observed in the sulfide-based
SSBs. Compared to the bare NMCB811, the surface phase
change of LNO-coated NMC811 is not obvious, as shown in
Figure S13. The lattice pattern of the bulk region (black)
presents a clear layered structure feature, and the surface
region (green) is slightly different from the bulk region,
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Figure 6. Microstructure evolution of NMC811 cathodes after cycling in SSLIBs identified by STEM-HAADF images and corresponding
EELS spectra. (a) Atomic-level STEM-HAADF image of a bare NMC811 cathode after cycling with corresponding FFT patterns inset. (b,c)
STEM-HAADF image and corresponding EELS spectra acquired from the regions. Scale bars in the figures are (a,b) 5 nm.

illustrating the change of the layered structure to a disordered
structure at the surface region of NMC811 after cycling. The
Mn L-edge and O K-edge also present a similar tendency that
transition metals are slightly reduced at the surface, which
indicates that coating can slow down but still cannot stop the
occurrence of side reactions. Therefore, combined with SEM,
STEM, and EELS results, it strongly indicated the structural
degradation of bare NMC811 cathodes after cycling. The
results demonstrate that the severe side reactions with sulfide
SSEs not only induce the diffusion of sulfur into the NMC811
particles but also accelerate the formation of microstructural
cracks on the surface of NMC811 cathodes. As a result, the
transition metal reduction and surface structure reconstruction
of NMC811 are undeniable in sulfide-based SSLIBs, leading to
poor electrochemical performance of batteries.

Combing operando XANES, STEM, and EELS results, we
propose the following interfacial reaction mechanism: the
contact of bare NMC811 and LGPS induces parasitic reactions
at their interface, which leads to chemical state changes of the
cathode and sulfide. During the initial charging process,
especially at high voltage, LGPS presents a metastable
intermediate state. During the following discharge process,
the intermediate state cannot fully reverse back. As a result,
some of the LGPSs are first decomposed to form a Li,S
impurity phase. At the same time, the parasitic reactions
accelerate the microstructure degradation of NMC811 from
the surface to bulk during cycling, leading to the micro-
structural cracks at the surface of cathode particles, surficial
transition metal reduction of cathodes, and phase evolution
from the layered to rock-salt structure. The parasitic reactions
that occurred at both sulfide SSE and cathode sides are
accumulated at the interface gradually and cut off the ionic
conductivity, resulting in a large irreversible capacity and fast
performance degradation. Coating, on the contrary, helps to
protect the integrity of the NMC811 cathode and stabilize the
interface between the cathode and sulfide SSEs, leading to
promising cycling performance of the cathode in SSLIBs.
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In summary, we investigated the chemistry and micro-
structure evolution at the interface between layered NMC811
cathodes and LGPS sulfide SSEs in SSLIBs via operando
XANES and electron microscopy studies. Our results expand
the understanding of the interface mechanism of inorganic-
based SSLIBs and demonstrate the potential of operando
characterization studies to probe the highly reactive
intermediate states and unravel the complex reaction
mechanisms of energy materials.
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