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Abstract

Lithium (Li)-ion batteries have become one of the main energy sources for electric vehicles and energy storage
systems, which puts forward higher requirements for the detection of battery state of health (SOH). The SOH of
batteries is crucial for areas such as battery management and renewable energy storage. Accurately evaluating the
SOH of batteries can optimize charging and discharging strategies and extend battery life. Therefore, accurately
and effectively monitoring the SOH of Li batteries is of great significance. An ultrasonic testing technology has been
proposed that can non-destructively test the Li battery SOH, enabling accurate judgment of batteries in poor or
damaged conditions. Firstly, the hetero-structured MnO,-Au has been constructed as the anode for Li-ion
batteries. MnO,-Au heterojunction enhances electronic conductivity and ion conductivity. The MnO,-Au has
exhibited high specific capacity and superior rate performances, which can well satisfy the ultrasonic inspection of
the battery. Then, the ultrasonic testing has been conducted on batteries with different ages. The results suggest
that batteries with short circuits have the highest nonlinear coefficient, while batteries with short circuits after long
cycles have the lowest nonlinear coefficient. The nonlinear coefficient of batteries with different charging and
discharging states is in the middle.
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INTRODUCTION

As an important energy storage device, lithium (Li) batteries are widely used in electric vehicles, mobile
devices, energy storage systems, and other fields" .. However, these batteries encounter many problems
during operation, including capacity decay, internal resistance increase, temperature rise, and so on. These
issues may lead to a decrease in their performance and lifespan, as well as potential risks of spontaneous

[5.6

combustion and explosion and even serious damage to human life and property®®. Therefore, the accurate
detection of the state of health (SOH) of Li batteries is extremely important in practical applications. The
SOH of Li batteries can test some key parameters such as capacity, internal resistance, and temperature, so
as to detect the problems within the batteries and provide timely maintenance suggestions for users'”. If
the degree of attenuation in the Li batteries can be accurately known during the recycling process, the
recycling procedure of these batteries can be realized step-by-step, which would reduce the waste of the

[10,11]

social resources .

The traditional health detection method for Li batteries is to calculate and evaluate their SOH through the
battery management system (BMS)">"*. The key factors of these batteries, including temperature, current,
and voltage, are usually monitored, which have been used to control their charging/discharging process to
protect the safety and stability of the Li batteries. However, it is difficult for the BMS estimation system to
detect the Li batteries in the early stage, especially the subtle changes inside them, which makes the
detection conservative and makes it difficult to judge sudden failures"*'. In addition, microscopy
techniques are also widely used in the characterization of the internal microstructure of the Li batteries,
including scanning electron microscopy (SEM), optical microscopy, transmission electron microscopy, and
so on, which can analyze the different health states of the Li batteries"**”. However, the above method
requires the disassembly of these batteries, which may cause damage to the interfacial structure between the
solid electrolyte and the electrode. Additionally, the electrode materials are easily contaminated during the
transfer procedure, leading to inaccurate results. In recent years, various technologies, such as sensors,
magnetic resonance, X-ray scanning imaging, ultrasonic testing, and Raman scattering, have been widely
used in the non-destructive testing and monitoring of the Li batteries by virtue of their ability to deeply
study the real-time data on battery operating status®”*’. As one of the non-destructive testing methods,
ultrasonic testing has the advantage that it can detect changes inside the Li battery accurately in real time
without causing any damage, especially the small changes, including the gas production, electrolyte wetting,
Li distribution, overcharge, short circuit, and so on"*****!. In addition to identifying the structural problems,
the ultrasound wave can also determine whether the SOH of the Li batteries is reliable, thereby reducing
maintenance costs and improving battery life. Therefore, ultrasonic technology will become an important
tool in the field of battery online monitoring and fault diagnosis. The application of ultrasonic testing in
battery health testing falls into two major categories. One is to use the transmission of sound waves inside Li
batteries to obtain the physical information of the electrode material. The other is based on acoustic
emission technology to detect the internal state of these batteries. The electrode material is used as the
source of acoustic emission, which is detected by an ultrasonic probe attached to the sample. After analysis
by the signal processing system, batteries with different health states are obtained™.

This work mainly utilizes ultrasonic testing technology to analyze Li batteries in different states. By
analyzing ultrasound signals and obtaining normalized ultrasound nonlinear coefficients, the battery SOH
can be determined. Firstly, heterogeneous MnO,-Au materials have been constructed as the Li battery
anode for ultrasonic testing. The MnO,-Au anode exhibits high specific capacity and superior rate
performances, satisfying the ultrasonic experiments of the Li battery. Then, the ultrasonic testing has been
conducted on these batteries with different ages. Moreover, the batteries with short circuits have the highest
nonlinear coefficient, while those with short circuits after long cycles have the lowest nonlinear coefficient.
The nonlinear coefficient of the batteries with different charging and discharging states is in the middle.
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EXPERIMENTAL

Preparation

MnO, samples

A certain amount of KMnO, and MnSO, were dissolved in deionized water under thorough stirring,
respectively. Subsequently, the above two solutions were mixed and stirred vigorously for 10 min. The
resulting solution was then poured into an autoclave, which was maintained at 200 °C for 5 h. After cooling
to 25 °C, the initial sample was collected and washed several times. The black sediment was collected after
centrifugation. Finally, after drying and grinding, the MnO, samples were collected.

Preparation of MnO,-Au samples

First, a specified volume of MnO, samples was tipped into deionized water, which was stirred to form a
black suspension. Secondly, 1.425 mL HAuCl, aqueous solution was dropped into the above solution under
stirring. Subsequently, a specified volume of NaBH, aqueous solution was slowly tipped to the mixed
solution under stirring. The resulting gray-black product was collected and washed several times. Finally,
The MnO,-Au samples were dried under vacuum.

Characterization

The constitution, micro-morphologies, and valences of the obtained MnO, and MnO,-Au were analyzed
using X-ray diffraction (XRD, Rigaku Ultima IV), SEM (Verios 460l, FEI), and X-ray photoelectron
spectroscopy (XPS, ESCACAB250Xi, Thermo Scientific).

Electrochemical performance test

A 2032 button cell was packaged in a glove box full of Ar to study the Li storage properties of MnO, and
MnO,-Au. Firstly, a certain amount of carboxymethyl cellulose (CMC), conductive carbon black (super P),
and active material was mixed to form a slurry, which was evenly spread on the copper foil. The commercial
lithium salt (LiPF,) (0.1 M) in the mixed solvent of ethylene carbonate (EC) and diethyl carbonate (DEC)
served as the electrolyte. The pure Li Foil and Celgard-2400 were the cathode and the separator,
respectively. The rate performance, long cycle performance, galvanostatic charge/discharge (GCD), and
galvanostatic intermittent titration technique (GITT) tests were conducted on the battery test system
(LAND-CT2001A). The cyclic voltammetry curve (CV) of the battery was collected by the CHI760E
electrochemical workstation. The AC impedance testing (EIS) was conducted at the Electrical workstation
(Princeton ParSTAT MC) with an amplitude of 5 mV.

Ultrasonic detection

The nonlinear ultrasonic testing system used is RAM-5000 SNAP (RITEC Inc., Warwick, RI), which reflects
material seat damage by studying the nonlinear effects of waves. It has the function of measuring ultrasonic
attenuation and wave velocity. Compared with traditional linear ultrasonic testing methods, RAM-5000 has
higher sensitivity. The center frequency of the transducer is 250 kHz, and the incident angle of the wave is
adjusted to ensure that the incident wave is a Lamb wave. Lamb waves can detect small defects, cracks, or
other damages in structures and have unique advantages in structural health monitoring and non-
destructive testing. Therefore, these waves are used for ultrasonic testing here. Glycerin is used as the
ultrasonic coupling agent, and the piezoelectric ceramic plate receives the Lamb wave signal. Five
representative batteries were measured, namely, the newly installed battery with a short circuit, the battery
with a short circuit after a long cycle, the initial state of a normal battery, the fully charged state of a normal
battery, and the fully discharged state of a normal battery named as Sample 1, Sample 2, Sample 3, Sample 4,
and Sample 5, respectively. The ultrasonic coefficient can be obtained from the time domain signals of

different primary frequencies.
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RESULTS AND DISCUSSION

The crystal phase and composition of the MnO,-Au were determined by XRD. The XRD pattern is
composed of the diffraction peaks of tetragonal MnO, (JCPDF No.24-0735) and the cubic Au (JCPDF
No.040784) [Figure 1A]. It can be seen that the diffraction peaks of MnO,-Au and the standard diffraction
peaks can be well matched, indicating that the two materials are formed by self-assembly. There are no
other miscellaneous peaks in the spectrogram, indicating that the product MnO, has a high purity. In
addition, the sharp peaks suggest the crystallinity of the MnO,-Au is very good. The XRD patterns of
MnO,-Au synthesized in water solutions with various concentration ratios of NaBH, and HAuCl, have been
displayed in Figure 1B. The diffraction peak of Au is gradually enhanced with the increased HAuCl,
content. As depicted in low-magnification and high-magnification SEM images [Figure 1C and D], the
synthesized MnQO, has a rod-like structure and presents a porous network distribution. Each nanorod has a
length of 1-2 pm and a diameter of 50 to 100 nm. The Au nanoparticles are stuck on the surface of the rod-
shaped MnO, [Figure 1D]. The XPS spectra of MnO,-Au are displayed in Figure 2. The peaks of Au 4f,, and
Au 4f , in MnO,-Au samples are 87.35 and 83.89 eV, respectively, demonstrating that Au presents in the
form of metal®?". The distance between the Au 4f,, peak and the Au standard binding energy is 0.11 eV,
which is because of the interaction between MnO, nanorods and Au nanoparticles. The XPS spectra for O
1s and Mn 2p of MnO, in the prepared sample are exhibited in Figure 2B and C. The binding energy
difference between the two valence peaks of Mn 2p,, and Mn 2p,,, is 11.8 eV, which represents the unique
spin separation energy in MnO,"””. The XPS spectrum for O 1s is divided into three parts, representing the
Mn-O-H bond, Mn-O bond, and H-O-H bond, respectively. The interior of the sample is rich in oxygen

30,31]

vacancies, which can increase the conductivity of the material*>*".

CV curves of MnO,-Au samples were acquired at 0.1 mV s” [Figure 3A]. Two obvious redox peaks are
located at 0.35 and 1.3 V, respectively. It can be clearly observed that after the first cycle, there is a
significant decrease in reversible capacity. This is due to irreversible reactions occurring on the surface of
the material, forming a solid electrolyte interface and reducing the reversible capacity of MnO,-Au. So,
during the third week of the cycle, there was severe capacity degradation*”. Except for the first cycle, the
CV curves are overlapped, suggesting that the MnO,-Au sample has good reversibility and stability". To
study the influence of self-assembled MnO,-Au on the performances of Li-ion batteries, the electrochemical
performances of MnO, and MnO,-Au anode have been characterized. As shown in Figure 3B, MnO,-Au
exhibits ultra-high specific capacity at different charge-discharge rates, especially at high rates. Additionally,
when the rate is restored to 0.03 C, the capacity of the MnO,-Au anode can be almost completely recovered.
MnO,-Au also plays a prominent role in the long-term cycle performance of Li-ion batteries. After 500
cycles, the specific capacity of MnO,-Au is 428.3 mAh/g, while the specific capacity of MnO, is only
393.6 mAh/g. The battery still maintains a very high-capacity retention rate [Figure 3C]. Nyquist plots of
the two electrode materials are exhibited in Figure 3D. Compared to MnO,, MnO,-Au has a lower charge
transfer resistance, indicating that the MnO,-Au heterojunction facilitates the diffusion of Li* and electrons
at the electrolyte/electrode interface**”. The causes of the accelerated transportation kinetics of the
MnO,-Au anode had been further inquired by GITT [Figure 4].

Through testing these five different types of batteries, it was found that the newly installed short-circuit
battery had the highest normalized ultrasonic nonlinear coefficient. The nonlinear coefficient of the short-
circuit battery after a long cycle decreased to a certain extent, and the nonlinear coefficient of the initial state
battery further decreased. During the charging/discharging process, the nonlinear coefficient in the fully
charged state had a certain degree of improvement compared to the initial state. Moreover, the normalized
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Figure 1. (A) XRD patterns of MnO,-Au under ultrasound for 30 min (red line) and ultrasound for 20 min (black line). (B) XRD patterns
of MnO,-Au under different concentration ratios of NaBH, and HAuCl,. SEM images of MnO,-Au (C and D).
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Figure 2. XPS spectra for Au 4f (A), Mn 2p (B), and O 1s (C) in MnO,-Au materials.
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Figure 3. (A) CV curves of MnO,-Au sample at 0.1 mV s”.Rate performances (B), long cycle performances (C), and Nyquist plots (D)

of MnO, and MnO,-Au anodes.
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Figure 5. Normalized ultrasonic nonlinear coefficient of batteries in different states.

ultrasonic nonlinear coefficient in the fully discharged state further decreased to 381 [Figure 5]. The above
phenomenon may be caused by the following reasons: during the charging/discharging process, the
lithiation and delithiation of the active materials are completed through the following methods, including
intercalation, deintercalation, and phase transition”*”. The lithiation and delithiation of the active materials
are non-equilibrium processes, which can lead to the generation of Li-ion concentration gradients in the
active material. The Li-ion concentration gradients can cause tensile or compressive stress inside the active
material®. Taking spherical particles of the active materials as an example, when Li ions enter the outer
surface of the particles, the concentration of these ions near the particle surface is much higher than that of
near the center, resulting in an obvious difference in Li-ion concentration between the outer surface and the
center particles™. When the Li-ion content near the surface increases, the material will expand. However,
the delithized material near the center will suppress this expansion, causing the surface material to
withstand compressive stress while the center material begins to withstand tensile stress'*”. On the contrary,
when lithiated particles are delithiated, the particle surface undergoes tensile stress (relative to the particle
center of mass), which may lead to cracks on the surface, resulting in the changes in the normalized
ultrasonic nonlinear coefficient™*.

CONCLUSIONS

In summary, the hetero-structured MnO,-Au Li-ion battery anode has been constructed with high
capacities and superior rate performances. The Au nanoparticles are attached to the MnO, nanorods by
epitaxial growth so that they have excellent electrochemical properties. This is attributed to the fact that this
heterostructure can induce the aggregation of charges, enhance the mobility of electrons and ions, and, thus,
achieve higher rate performance. Finally, the ultrasonic testing to determine the battery in different states
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has been conducted. The different ultrasonic nonlinear coefficients of the five different states of batteries
have been obtained. Short-circuited batteries have the highest nonlinear coefficient, while after long cycles,
they have the lowest nonlinear coefficient. The nonlinear coefficient of batteries in different charging and
discharging states is in the middle. Ultrasonic testing of Li batteries has advantages such as non-invasive and
high detection accuracy, which can safely and accurately evaluate the internal structure and condition of the
battery, providing important support for early detection of problems and prediction of lifespan.
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