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Abstract
Chemical/electrochemical stability at the interfaces greatly affects the performance of solid-state
batteries (SSBs). However, the interfacial behavior in SSBs remains elusive due to the subsurface nature
of interfaces and the lack of proper characterization methods. Herein, ultrasonic imaging technology is
employed to non-destructively investigate the interfacial stability in solid-state pouch cells. Bene�ting
from the high sensitivity of ultrasound to the gas/vacuum, in-situ ultrasonic imaging can effectively
probe the inner gas release and interfacial degradation in pouch cells during long-term cycling. The safety
issue of SSBs is highlighted by the �ammable gas release detected in ultrasonic images. And the
increased interfacial resistance either from contact loss or passivation layer growth is well distinguished.
The gradual oxidation and gassing at the cathode interface are tracked by ultrasonic imaging, which
leads to the capacity fading of SSBs. The ultrasonic imaging technology is demonstrated to be a
powerful tool to evaluate the interfacial stability in SSBs, which can guide the rational design of
interfaces and enhance the performance of SSBs.

Introduction
Li-ion batteries (LIBs) have transformed the lives of people through portable electronics, electric vehicles,
and large-scale energy storage systems 1,2. However, it remains a challenge for LIBs to provide high
energy density as well as infallible safety, particularly when Li metal is contemplated as the anode for
next generation LIBs 3,4. To address the safety concern, a solution is to replace liquid electrolytes by solid-
state electrolytes (SSEs) that are non�ammable and compatible with Li metal anode 5-7. For any
electrolytes, it is the interface between the electrolyte and the electrode that profoundly affects the
performance of the batteries. Infamously, it has taken decades to understand the interfacial properties
between liquid electrolytes and the electrodes, where solid-electrolyte interphase (SEI) forms over cycling
8. For the emerging solid-state batteries (SSBs), it is indispensable to understand the evolving interfacial
properties between SSEs and the electrodes during long-term cycling 9-11. For example, albeit sul�de-
based SSEs show competitive ionic conductivities, it is believed that non-conducive behavior of the
interfaces of this type of SSEs leads to low Coulombic e�ciency, rapid capacity fading, and poor cycling
life 12. Various strategies have been reported to enhance the interfacial stability between SSE and the Li
metal anode such as the intermediate layers introduced 13,14 and the surface impurities removed 15. Yet,
efforts are still in demand to further improve the interfacial stability, particularly by eliminating the loss of
the SSE/Li contacts due to cyclic volumetric changes of Li metal anode. Providing solutions requires the
fundamental understanding on detailed interfacial evolution process in SSBs, which remains elusive due
to the subsurface nature of interfaces.

Current characterization techniques have their limitations when characterizing the interfacial changes in
the SBBs. Electron microscopy techniques such as scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) can only see the side-view of the edge of the solid/solid
interfaces and require careful sample processing 16. Synchrotron-based X-ray techniques, such as X-ray
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absorption near edge structure (XANES) and high-energy X-ray photoelectron spectroscopy (HEXPS), are
employed to investigate the chemical/electrochemical interfacial reactions. However, X-ray techniques are
not sensitive to the evolved gas or nano-scale contact loss due to the low scattering rate of X-ray.
Neutron-based methods is sensitive to the light elements such as Li and H, which is powerful to probe the
structure changes and the gas generation at the interface. Unfortunately, the cost of neutron source is
extremely high. Therefore, it is desirable to develop novel low-cost, non-destructive, high sensitivity in-situ
characterization methods with spatial resolution to probe early stage structural evolution at
SSE/electrode interfaces in fully packaged SSBs 17-19.

Herein, we report for the �rst time to use the ultrasonic imaging technology to study the interfacial
stability in SSBs (Fig. 1). The batteries are transparent to ultrasound that is highly sensitive to gas and
vacuum. Even trace amount of gas generation or contact loss can be re�ected on the ultrasonic
transmission scanning image, which graphically reveals side-reactions and structural evolution at the
interfaces. The method is nondestructive, fast, and applicable to practicable pouch-type cells during
charge-discharge cycling 20,21. As a demonstration, Li/SSE/Li and LiCoO2/SSE/Li pouch-cells are studied
with our method, and their failure mechanisms are discussed. 

Results
Evaluating the chemical stability at the SSE/Li interface

Ultrasonic imaging �rst looked at the chemical stability of the interface between the composite SSE and
Li metal. The composite SSE consists of the PEO polymer and Li6.4La3Zr1.4Ta0.6O12 (LLZTO) particles,
which shows the advantages of both polymer electrolytes and ceramic electrolytes for commercialized
applications 22. It was fabricated by a blade-casting process using acetonitrile (ACN) as the solvent
(abbreviated as PLLZ@BC) (Supplementary Fig. 1a). The PLLZ@BC shows higher ionic conductivity than
the single phase PEO electrolyte due to the interfacial percolation effect (Supplementary Fig. 2a) 23.
Focused ultrasound beam with a diameter less than 1 mm is scanned with a position control accuracy of
0.2 mm, which leads to sub-millimeter resolution. The transmitted ultrasonic wave at each point of the
sample is recorded via progressive scanning. The peak-to-peak value (PPV) of the recorded wave is
subsequently transformed into colors from blue to red, creating the ultrasonic images. 

As shown in Fig. 2a, the region of the Al laminate �lm appears red with a PPV of 1.18 V, while the region
of the Li metal appears yellow with a decreased PPV of 0.83 V. In addition, the region of the PLLZ@BC
shows a PPV of 0.58 V, corresponding to a green color (Supplementary Fig. 3). The results show that the
ultrasonic beam does not attenuate much after penetrating Li metal and PLLZ@BC (Fig. 2c). In stark
contrast, the ultrasound intensity decreases signi�cantly when the Li metal is covered with a layer
of PLLZ@BC, resulting in a deep blue ultrasonic image (Fig. 2b and 2d). Such signi�cant attenuation of
the ultrasonic signal usually indicates the existence of gas 24. When the ultrasonic wave passes through
the interface of two different media, the transmission and re�ection ratios can be calculated according to



Page 5/20

the following formulas 25, respectively, where Z1 and Z2 are the acoustic impedances of the two different
media. 

According to these formulas, a high transmission rate is obtained by similar Z1 and Z2, while different Z1

and Z2 can lead to a high re�ection rate. The acoustic impedance of solid and liquid materials ranges
from 1 to 50 MRayl. However, the acoustic impedance of gas is only 0.0004 MRayl. At the solid/gas
interfaces, such a big difference causes more than 99.99% intensity loss of ultrasonic signals. Therefore,
a small amount of gas at the Li/PLLZ@BC interface can dramatically decrease the ultrasonic
transmissivity, thus rendering a blue color. 

To further evaluate the gassing process, Li/PLLZ@BC/Li symmetric pouch cells (30 mm×25 mm) were
assembled (Fig. 2e). Fig. 2f shows the time-dependent ultrasonic images overlapped on the cell
photograph. A deep blue color is obtained at the initial time, indicating the gas release as soon as the
PLLZ@BC contacts with the Li metal. Due to the continuous gas release, the blue area is gradually
expanded. Since gas does not conduct ions, the interfacial resistance increases from 1.2 to 3.4 kΩ after 1
h, further con�rming the deterioration of the contacts between the PLLZ@BC and Li metal (Fig. 3a). The
released gas is analyzed with differential electrochemical mass spectrometry (DEMS), and is found to be
some reductive species including H2, CH4, C2H6, and C2H4 (Fig. 3b). Note that these gases are all highly
�ammable, thus leading to the potential safety issue of SSBs. Therefore, it is crucial to �nd the source of
gassing. 

It is generally believed that both the LLZTO and PEO are chemically stable with the Li metal 3,26. We then
looked into ACN, which was used during the blade-casting process. Thermogravimetric analysis (TGA)
shows a weight loss of 2.8% at 300 oC, which corresponds to the residual ACN in the PLLZ@BC
electrolyte (Fig. 3c). Along this line, we further analyze the gassing reaction between ACN and Li metal
with DEMS analysis and density functional theory (DFT) calculations. Based on the detected gas
molecules, the possible reactions between ACN and Li metal are proposed, and the reaction energy is
calculated accordingly. Fig. 3d shows that the reaction energy is all negative, indicating the
thermodynamic feasibility for the gas release. Moreover, the introduction of LiTFSI can promote a higher
reactivity of ACN toward gas generation. LiTFSI as a common Li salt is added into the PLLZ@BC
electrolyte (EO/Li+ = 12:1 by mol) to conduct Li+. To investigate the relative stability of ACN and
ACN@LiTFSI, their highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) were calculated. In general, the stability window between anodic and cathodic potentials
can be re�ected by the energy difference between HOMO and LUMO 27. The energy difference for ACN is
9.89 eV, while the energy difference for ACN@LiTFSI is 7.39 eV (Fig. 3e). The decreased energy difference
indicates the enhanced reaction reactivity when LiTFSI is introduced into the ACN to react with the Li
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metal. DEMS results also show the longer time of gas generation, further con�rming our hypothesis that
LiTFSI improved the reactivity between the ACN and the Li metal (Fig. 3f-3h).

To eliminate the negative effects of residual ACN, a solvent-free hot-pressing method is employed to
fabricate the composite electrolyte (Supplementary Fig. 1b). PEO polymer is mixed with LLZTO and
LiTFSI, and then directly pressed into the SSE �lm at 100 oC (Supplementary Fig. 2) 28. The obtained �lm
is abbreviated as the PLLZ@HP. The physical and electrochemical properties of PLLZ@HP and PLLZ@BC
are compared in Fig. S2. PLLZ@HP exhibits a slightly lower ionic conductivity (3.4×10-5 S cm-1) than
PLLZ@BC (1.1×10-4 S cm-1) at 25 oC, but much improved interfacial chemical stability. According to the
ultrasonic transmission image, most of the battery core region exhibits green color with a PPV of 0.51,
indicating modest ultrasonic transmissivity and good interfacial contact (Fig. 4a and 4b). Some uneven-
distributed blue areas with a low PPV are also seen, indicating uneven contacts. Unlike PLLZ@BC, the
ultrasonic transmission images of the Li/PLLZ@HP/Li cell remain unchanged during resting for 1.5 h,
indicative of negligible gas release (Fig. 4a). The interfacial resistance measured by the EIS remains
stable after 1.5 h (Supplementary Fig. 4). And no gas is detected by DEMS, which con�rms the interfacial
stability (Supplementary Fig. 5). The contact quality of the Li/PLLZ@HP/Li cell can be improved by the
hot-pressing at 60 oC. As shown in Fig. 4c, most area of the cell becomes green in ultrasonic images after
extending heating time to 1.5 h, and the interfacial resistance decreases from 0.72 to 0.17 kΩ (Fig. 4d). 

Long-term electrochemical stability at the PLLZ@HP/Li interface

To further investigate the long-term interfacial evolution process, ultrasonic imaging is carried out during
the galvanostatic cycling of the Li/PLLZ@HP/Li pouch cell. The applied current density is set to 0.1 mA
cm-2 and the operation temperature is �xed at 45 oC. The pouch cell shows no gas release and can be
continuously cycled for 500 h without short circuit (Supplementary Fig. 6 and Fig. 5a). However, the
overpotential decreases �rst then gradually increases, indicating the dynamic interfacial evolving during
the cycling. Fig. 5b shows that the overpotential of the Li/PLLZ@HP/Li cell decreases from 0.33 to 0.19 V
after the �rst 40 cycles. Previous studies attributed it to the interfacial activation process, where the
interfacial contacts are improved during the initial cycling (Fig. 5e) 29,30. The ultrasonic images can
further vividly con�rm this interfacial activation process. The green region of the ultrasonic image before
cycling corresponds to the wetted part at the PLLZ@HP/Li interface, while the blue region corresponds to
the unwetted part with interfacial voids. As shown in Fig. 5d, the blue region gradually disappears after 40
cycles, con�rming the enhancement of interfacial contacts. During the following cycling to 500 cycles,
the Li/PLLZ@HP/Li cell shows a gradual increase in overpotential from 0.19 to 0.24 V (Fig. 5c). Previous
studies proposed two possible mechanism for the increased overpotential (Fig. 5g). One is the newly
generated loss of contacts induced by the dramatic volumetric change of Li anode 31. The other is the
growth of the passivation layer at the interface, which leads to the sluggish Li+ transport 32. Ultrasonic
images show that no blue area corresponding to the interfacial voids is generated from 100 cycles to 500
cycles, indicating that the physical contacts are well-maintained after the activation process (Fig. 5f).
This could be attributed to the excellent �exibility of the PLLZ@HP �lm, which can e�ciently relieve the



Page 7/20

interfacial stress and retains the stable interface upon cycling 33,34. Therefore, we posit that the increase
of overpotential results from the later one, i.e., the growth of a passivation layer. 

XPS is then used to analyze the components of the interfacial passivation layer. Fig. 5h and 5i shows the
XPS C 1s and O 1s spectra of the PLLZ@HP SSE before and after cycling. The peaks at 284.6 and 286.5
eV in the C 1s spectrum correspond to the C-C and C-O group, respectively 15. An additional peak of O-C=O
at 288.8 eV is obtained after cycling, indicative of the oxidized decomposition of the PEO polymer chains
35. O 1s spectrum shows the decomposition of the LiTFSI in the passivation layer, where the peaks of O-
Fx and Li2O are observed. FT-IR spectrum further con�rms the electrochemical decomposition of the PEO

polymer (Fig. 5j) 36. The chemical components in the passivation layer were recently studied by the cryo-
TEM and DFT-based modeling, which agrees with our XPS, FT-IR, and ultrasonic results 37,38.  

In addition, both the applied current density and capacity of galvanostatic cycling are doubled to 0.2 mA
cm-2 and 0.1 mAh cm-2, respectively. The cell shows the similar processes of the interfacial activation and
the interfacial aging compared with the cell cycled at a low current density (Supplementary Fig. 7). A
strong ultrasonic transmission signal is obtained even after the short circuit, further con�rming excellent
interfacial contacts without formation of interfacial voids. Similar to the SEI in the liquid-electrolyte-based
batteries, the passivation layer tends to be broken and continuously reacts with the fresh Li metal, thus
leading to the Li dendrite growth 39. SEM images show a smooth Li metal surface before cycling, while a
roughened Li surface with many mossy Li dendrites is observed after cycling (Supplementary Fig. 8). 

Evaluating the electrochemical window of SSE by ultrasonic imaging

Ultrasonic imaging was also applied to study the interfacial stability at the cathode side. The
electrochemical stability window is a critical parameter for SSEs 32. High anodic stability of SSE enables
the use of high-voltage cathode, and thus raises the energy density. In previous studies, linear sweep
voltammetry (LSV) was commonly used to estimate the electrochemical window of the SSEs 40. However,
LSV cannot re�ect the relationship between the anodic current and the decomposition mechanism of
SSEs. Herein, ultrasonic imaging is carried out to evaluate the decomposition and gas release of the
PLLZ@HP during the LSV scan. The in�ection point is de�ned as the onset oxidation voltage. As shown
in Fig. 6a, the onset oxidation voltage of the PLLZ@HP is ~4.6 V. However, the anodic current of the LSV
scan gradually increases from 3.8 to 4.6 V, indicating the initial oxidation below the stability voltage of
4.6 V. The ultrasonic image at 3.8 V shows a relatively homogenous area with green color, which
corresponds to the excellent seal and interfacial contacts. The following ultrasonic images at 4.0, 4.2,
and 4.4 V exhibit no obvious changes compared with the image taken at 3.8 V. Therefore, the slightly
increased anodic current can be attributed to the decomposition of the polymer segments of PLLZ@HP.
Interestingly, there is still no gas release at this stage. FT-IR spectrum shows enhanced intensity of the C-
H group when the scan voltage increases from 3.8 to 4.4 V, further con�rming the decomposition of
polymer chains (Supplementary Fig. 9). Subsequently, beyond 4.6 V, anodic current goes up rapidly.
Correspondingly, the ultrasonic image shows a small blue area at 4.6 V, indicative of gasi�cation. Then,
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the enlarging blue areas in the ultrasonic images suggest that gasi�cation progressively intensi�es as the
scan voltage increases from 4.6 to 5 V. FT-IR spectrum at 5 V shows an additional peak of the O-C=O
group compared with the FT-IR spectrum at 4.4 V (Supplementary Fig. 9), which indicates that the gas
observed in ultrasonic image is due to the further oxidation of polymer segments. 

Analyzing failure mechanism at the LCO/SSE cathode interface by ultrasonic imaging

The ultrasonic study of the anodic behavior of the SSE at the cathode interface helps understand the
failure mechanism of SSB full cells. Ultrasonic imaging is conducted on a LiCoO2 (LCO)/PLLZ@HP/Li

pouch cell during cycling at 45 oC. The potential range of the galvanostatic stage is set between 2.4 and
4.2 V, and the subsequent constant voltage stage is set at 4.2 V for 1 h. Ultrasonic image at 3.8 V shows
relatively uniform green color, indicating the stable interface (Fig. 6b). A small blue area appears, which is
enclaved in the overall green region when the LCO/PLLZ@HP/Li cell is charged to 4.2 V (Fig. 6b). The
blue area corresponds to the gas-�lled region inside the pouch cell and is slightly enlarged during the
potentiostatic process at 4.2 V. Such gassing process is clearer in differential ultrasonic
images (Supplementary Fig. 10). DEMS analysis shows that the majority of gas released is CO2 (Fig. 6c).
XPS results further indicate that the SSE is �rstly oxidized to segments with O-C=O groups and then
oxidized to CO2 (Supplementary Fig. 11). 

The LCO/PLLZ@HP/Li cell delivers a speci�c discharge capacity of 105.2 mAh g-1 after the �rst cycle at
0.1 C. The capacity retention is 52.6% after 10 cycles (Fig. 6d). Such a poor cycling performance is also
reported in recent reports 41,42. Although LCO cathode shows excellent electrochemical stability in liquid-
based electrolytes, Co element can catalyze the decomposition and gassing of the PLLZ@HP electrolyte
at a relative low voltage of 4.2 V 41,42. The blue region in the ultrasonic images gradually increases during
cycling, indicating the gas accumulation inside the cell (Fig. 6f). Such gas accumulation not only hinders
ionic transfer, but also brings uneven current distribution in following cycles, which deteriorates of the
interface. As shown in Fig.6e, the total resistance of the LCO/PLLZ@HP/Li cell increases from 0.92 to
3.05 kΩ after 10 cycles. Accordingly, surface coating of LCO particles and antioxidative SSEs are
potentially helpful to prevent interfacial decomposition and improve the performance of LCO-based
SSBs. 

Conclusions
Ultrasonic imaging technology is demonstrated as a powerful tool to investigate the interfacial stability in
solid-state pouch cells. Ultrasound attenuates signi�cantly when it passes through gasses or voids, and
thus is highly sensitive to the quality of interfacial contacts and side reactions. With this method, the
stability between the Li metal and PLLZ �lms with different preparation processes is compared.
PLLZ@BC is found to be unstable with the Li metal, due to gas releasing resulted from side-reactions
between residual ACN and Li. In contrast, solvent-free PLLZ@HP is stable with Li metal. According to
ultrasonic images, no gassing is detected, and the interfacial contacts are even improved during the �rst
few cycles of a Li/PLLZ@HP/Li symmetric cell, which vividly con�rms the activation process surmised in

mailto:LCO/PLLZ@HP/Li%20cell%20increases%20from%200.92
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previous researches. The slow increase of the overpotential in the subsequent long-term cycling is due to
the passivation layer growth, rather than the interfacial voids induced by the contact loss. On the other
hand, oxidation at the cathode side in SSB is also detected with ultrasonic imaging. The SSE/LCO
interface is found to be unstable at 4.2 V vs Li+/Li. Trace amount of gas is detected in ultrasonic images,
which explains the internal resistance raising and rapid capacity decaying in the solid-state LCO/Li pouch
cells. Overall, ultrasonic imaging unites the advantage of intactness, high-sensitivity, fast scanning rate,
and excellent compatibility with electrochemical measurements. It is an illustrative method for
constructing next-generation SSBs with high energy density and safety.

Methods
Fabrication of the PLLZ@BC 

PEO (Mv = 6×105 g mol-1, Aladdin) was dried at 60 oC overnight under vacuum prior to the electrolyte
fabrication. Li6.4La3Zr1.4Ta0.6O12 (LLZTO) ceramic powders were prepared by the solid-state reaction and

crushed by planetary high-energy ball-milling to decrease the particle size from 5 μm to 200 nm 43. 20
wt% LLZTO particles were added into ACN (15 mL) and dispersed by sonication to improve the
dispersion. After that, PEO and LiTFSI (EO/Li+ = 12:1 by mol) were added into the solution and stirred
continuously for 8 h. Then, the homogenized colloidal solution was cast onto a glass plate with a
controlled thickness. The ACN solvent was evaporated in a vacuum oven at 60 oC for 12 h. The thickness
of the PLLZ@BC was approximately 100 μm.

Fabrication of the PLLZ@HP

LLZTO powders, PEO, and LiTFSI were homogenously mixed and ground in a mortar to obtain a small
ball. The EO to Li molar ratio was 12:1 and the content of LLZTO powders was 20 wt%. Subsequently, the
small ball was sandwiched between two pieces of polytetra�uoroethylene (PTFE) plates and transferred
into a vacuum oven. By pressing for 2 h at 100 °C under 20 MPa, a uniform composite electrolyte
membrane with the thickness of approximately 100 μm was successfully fabricated.

Characterizations of material properties

Surface and cross-section morphologies of composite electrolytes were investigated by scanning electron
microscopy (SEM, S3400). Thermogravimetric analysis (TGA) was tested from 30 to 500 °C at 10 °C
min−1 under Ar atmosphere. Fourier transform infrared (FTIR) spectroscopy was conducted using a
Bruker Alpha system with a Diamond attenuated total re�ection (ATR) window in the range of 4000 to
400 cm−1 at a resolution of 4 cm−1. X-ray photoelectron spectroscopy (XPS, ESCALAB-250)
measurements was performed to characterize composition of composite electrolytes before and after
cycling.

Electrochemical Performance Tests 
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The ionic conductivities of the composite electrolytes were measured by the NOVOCONTROL
spectrometer �tted with a temperature control system with the frequency range from 0.01 Hz to 40 MHz.
The electrolytes were sandwiched between two stainless steels (SS), which were used as the block
electrodes. The ionic conductivity  was calculated based on the following equation:

Where t represents the thickness of the electrolyte membrane, R is the bulk resistance of electrolytes, and
A refers to the contact area between electrolytes and electrodes. Electrochemical impedance
spectroscopy (EIS) measurements were performed in a frequency range from 1 MHz to 0.1 Hz with an
amplitude of 10 mV by an Autolab instrument. Galvanostatic cycling tests were conducted using a
NEWARE battery cycler (CT-4000) using different current densities at 45 oC. The electrochemical window
was examined by SS/electrolyte/Li cells, using linear sweep voltammetry (LSV), which was conducted
from 2 V to 5.5 V at a scan rate of 10 mV s-1 by Arbin BT-2000.

Differential electrochemical mass spectrometry (DEMS) was used to test the gas produced by the
chemical decomposition of the composite electrolytes, the gas produced of Li/Li symmetric cells and
LiCoO2/Li cells using a customized Swagelok battery mold for testing. Mass signals m/z 2, 4, 16, 28, 30
correspond to H2, He, CH4, C2H4, C2H6.

The composite cathode was prepared as follows: LiCoO2 was mixed with PEO, PVDF, super P conductive
carbon (SP) and LiTFSI in 1-methyl-2-pyrrolidinone (NMP, anhydrous, 99.5%) under vigorous agitation.
The homogenized suspension was then casted on a carbon-coated Al foil with a doctor blade, followed
by drying at 55 °C for 6 h in air and in vacuum condition at 100 °C for 6 h. The mass ratio of LiCoO2: SP:
PEO: PVDF was 75: 10: 10: 5 by weight and the amount of LiTFSI was based on the content of PEO
(EO/Li = 12: 1). The LCO loading is approximately 2 mg cm-2.

Ultrasonic imaging 

To capture the ultrasonic image, ultrasonic battery scanner (USBC-LD50, from Jiangsu Jitri-Hust
Intelligent Equipment Technology Co., Ltd) was applied to accomplish the test. USBC-LD50 main consists
of acoustic medium module, motion module and data acquisition module. Pouch cell was �xed in the
low-viscosity silicone oil (PMX-200, 10 cSt, Dow Corning Co., Ltd) bath, which connect to the battery test
equipment (CT-4008T, Neware Technology Co., Ltd). Two focusing transducers (2 MHz frequency, 40 mm
focal distance, focusing diameter <1 mm, customized from Shantou Institute of Ultrasonic Instruments
Co., Ltd.) were put on both sides of cell to transmit and receive ultrasonic waves. The motion module
could provide an exquisite scanning in horizontal and vertical directions with an optimal precision of 0.1
mm. In this work, 0.2 mm precision was chosen to perform the experiment which takes about 180 s to
�nish a 25 mm × 30 mm scale scanning. For matching the 2 MHz frequency transducers, a 200 V
impulse with 250 ns width as the driving signal. Each transmitted signal during scanning could be
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gathered by data acquisition card and transform into a waveform with a peak-to-peak value (PPV)
eigenvalue. Further, PPV was converted into a color scale to make the pseudo color image. To evaluate
the sensitivity of the ultrasonic imaging, 3 μL gas was generated in the pouch cell by the thermal
decomposition of Azobisisobutyronitrile (AIBN) at 85 oC. Such small amount of gas can be well re�ected
in the ultrasonic image (Supplementary Fig. 12). It is estimated that 6 μm void/gap is detectable
according to the gas area, thus showing a good sensitivity. 

DFT calculations 

DFT calculations were carried out by the modules DMol3 44,45 and CASTEP 46 in Materials Studio 2017.
B3LYP functional in Dmol3 module was used to calculate the geometry optimization, energies of the
highest and lowest occupied molecular orbitals (HOMO and LUMO). Geometry optimizations were
obtained until the maximum force values are less than 0.002 Ha/A and the maximal atomic
displacement is less than 5.0e-3 Å. Core treatment is all-electron using a �ne integration grid. Stable self‐
consistent �eld (SCF) solutions were obtained, and all structures were optimized. The basis set was DNP
(double numerical plus polarization) and the basis �le was 3.5. 

In CASTEP module calculation, the reaction energies of reactions (2-4) were obtained from the
subtraction of total energy of reactants from that of resultants. Total energies of each reactant and
resultant were calculated through periodic boundary conditions (PBC) after each single molecule is put
into a 20.0 Å cubic unit cell. The generalized gradient approximation (GGA) within Perdew, Burke and
Ernzerhof (PBE) is used for exchange-correlation energy. We choose ultrasoft pseudopotential as the core
electrons treatment and Broyden–Fletcher–Goldfarb–Shanno (BFGS) scheme as the minimization
algorithm respectively. And the valence electron functions were expanded into a set of numerical atomic
orbitals using DNP. Geometry optimizations were employed until the maximal energy change per atom is
less than 1.0e-5 eV. The maximal force on the atoms was less than 0.03 eV Å-1. The maximal stress was
less than 0.05 and the maximal atomic displacement was less than 1.0e-3 Å. The energy cutoff was set to
as 500 eV and Monkhorst-Pack k-point mesh was 1 × 1 × 1.

2Li + 2CH3CN → 2LiCN + C2H6                                                                              (2)

2Li + 2CH3CN → 2LiCN + C2H4                                                                              (3)

2Li + 4CH3CN → 2LiCN + 2CH4 + NC(CH2)2CN                                                   (4)

The reaction energy (△E) was calculated using the equation:

△E = Eresultants – Ereactants 

△E < 0 indicates that the reaction is an exothermic process and thermodynamically feasible.
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Figure 1

Schematic of the ultrasonic imaging. A schematic diagram of the ultrasonic imaging technique to study
the interfaces in SSBs.

Figure 2
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Gassing detection in the Li/PLLZ@BC/Li pouch cell. (a) The ultrasonic transmission image of the Li
metal and the ultrasonic waves at the position marked by the arrows. (b) The ultrasonic transmission
image of the PLLZ@BC/Li and the ultrasonic wave at the position marked by the arrow. Schematic
images of ultrasonic signal passing through (c) the Li metal and (d) the PLLZ@BC/Li. (e, f) A photograph
of a Li/PLLZ@BC/Li pouch cell and corresponding ultrasonic transmission images of the cell overlapped
on its optical photo after storing for 0, 0.5, and 1 h, respectively.

Figure 3

Gas species and source in the Li/PLLZ@BC/Li pouch cell. (a) EIS spectra of the Li/PLLZ@BC/Li cell right
after assembling, after 30 min, and 60 min. (b) DEMS results for the Li/PLLZ@BC/Li cell at open circuit.
(c) TGA curve of the PLLZ@BC electrolyte. (d) Calculated reaction energy of gases by the reactions
between the ACN and the Li metal. (e) Calculated HOMO and LUMO of ACN, and ACN@LiTFSI with the
molecular structure, respectively. DEMS results of (f) CH4, (g) C2H6, and (h) C2H4 in the
Li/ACN@LiTFSI/Li and Li/ACN/Li cells.
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Figure 4

Chemical stability and wetting behavior at the PLLZ@HP/Li interface. (a) The ultrasonic transmission
images of the Li/PLLZ@HP/Li cell after different time. (b) The ultrasonic waves at the positions marked
by the arrows. (c) The interfacial wetting process of the Li/PLLZ@HP/Li cell during the hot-pressing at 60
oC. (d) EIS spectra of the Li/PLLZ@HP/Li cell after assembling, and after hot-pressing at 60 oC for 0.5
and 1.5 h.

Figure 5

Electrochemical stability at the PLLZ@HP/Li interface. (a) Galvanostatic cycling pro�les of the
Li/PLLZ@HP/Li cell at 0.1 mA cm-2 with a capacity of 0.05 mAh cm-2 at 45 oC. (b, c) Magni�ed pro�les
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for the duration of 0-50 h and 100-500 h. (d) The corresponding ultrasonic transmission images of the
Li/PLLZ@HP/Li cell during the �rst 40 cycles. (e) Schematic illustration of the interfacial activation
process. (f) The corresponding ultrasonic transmission images of the Li/PLLZ@HP/Li cell during 100-
500 cycles. (g) Schematic illustration of a possible mechanism for the increased overpotential. XPS
spectra of (h) C 1s and (i) O 1s for the PLLZ@HP before and after cycling. (j) FT-IR spectrum of the
PLLZ@HP before and after cycling.

Figure 6

Interfacial degradation at the LCO/SSE interface evaluated by the ultrasonic imaging. (a) Ultrasonic
transmission images of the Li/PLLZ@HP/Stainless steel (SS) cell during the LSV scanning. (b) Ultrasonic
transmission images of the LCO/PLLZ@HP/Li cell during the cycling at 0.1 C. (c) Voltage pro�les and the
corresponding DEMS results of the LCO/PLLZ@HP/Li cell cycled at 0.1 C. (d) Charge/discharge pro�les
of the LCO/PLLZ@HP/Li cell at 0.1 C. (e) EIS spectra of the LCO/PLLZ@HP/Li cell before and after
cycling. (f) Ultrasonic transmission images of the LCO/PLLZ@HP/Li cell after different cycles.
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