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imaging system
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Geng Chen?, Anqi Wang!, Yi Zhang?, Fujun Zhang!, Dongchen Xu!,
Yueqi Liu!, Zhi Zhang?, Zhijun Yan'3, Zhen Li? Hao Li** and
Qizhen Sun'3*

With the rapid development of lithium batteries, it's of great significance to ensure the safe use of it. An ultrasound imag-
ing system based on fiber optic ultrasound sensor has been developed to monitor the internal changes of lithium batter-
ies. Based on Fabry-Perot interferometer (FPI) structure which is made of a glass plate and an optical fiber pigtail, the ul-
trasound imaging system possesses a high sensitivity of 558 mV/kPa at 500 kHz with the noise equivalent pressure
(NEP) of only 63.5 mPa. For the frequency response, the ultrasound sensitivity is higher than 13.1 mV/kPa within the fre-
quency range from 50 kHz to 1 MHz. Meanwhile, the battery imaging system based on the proposed sensor has a supe-
rior resolution as high as 0.5 mm. The performance of battery safety monitoring is verified, in which three commercial
lithium-ion ferrous phosphate/graphite (LFP||Gr) batteries are imaged and the state of health (SOH) for different batter-
ies is obtained. Besides, the wetting process of an anode-free lithium metal batteries (AFLMB) is clearly observed via the
proposed system, in which the formation process of the pouch cell is analyzed and the gas-related "unwetting" condition
is discovered, representing a significant advancement in battery health monitoring field. In the future, the commercial us-
age can be realized when sensor array and artificial intelligence technology are adopted.
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Introduction

Lithium batteries, with their high energy storage density
and high durability, are extensively used as the power
source of many electronic products'. Nowadays, with the
rapid development of electric vehicles, producers tend to
fabricate the batteries with higher energy density and

smaller size. Among them, the anode of the anode-free

lithium metal batteries (AFLMB) is lithium metal in-
stead of traditional graphite, which upgrades its capacity
and energy density’*. Nevertheless, the performance im-
provement is accompanied by potential danger®. Under
the irregular use such as manufacturing issues, physical
damage, electrical abuse and so on, lithium batteries are

prone to suffer from capacity decay, lithium plating, gas
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generation and even explosion®. Therefore, it’s of great
significance to ensure the safety in utilizing lithium
batteries.

Recently, many methods have been applied to battery
health monitoring (BHM) field. Apart from disassem-
bling faulty batteries to check the defects, researchers
have invented some in-operando monitoring methods by
adopting electron’, X-ray*’, and neutron diffraction'*!!,
to acquire the SOH for the pouch cells, but these man-
ners suffer from deficient penetration depth, insensitivi-
ty to gas, high cost and being harmful to human body.
They have also found that the voltage relaxation phe-
nomenon during cycling'? and asymmetries between the
average voltages of charging and discharging process'
may demonstrate great possibility of lithium deposition
on the anode, but this method is not very intuitive. Be-
sides, utilizing thermal imaging to investigate the inner
change of lithium-ion batteries during the charging pro-
cess is also carried out!, but the insufficient resolution
limits its further application. In addition to the tradition-
al means talked above, optical detection methods are al-
so widely used in BHM. The fiber Bragg grating (FBG)
sensors with the advantage of great stability'>!® are uti-
lized to simultaneously decode the inner temperature
and surface strain of the battery, which prevent the bat-
tery from disastrous thermal events and gas-release
events'” 2. And the tilted fiber Bragg grating (TFBG)
sensors with the surface plasmon resonance effect are al-
so used to observe the jons activities*.. But the FBG sen-
sors must be attached or inserted to the battery to ac-
quire the variation of strain and temperature, which
makes it less competitive in the commercial field. In the
meantime, the virtual sensor based on particle filter is
utilized for estimating the state of charge (SOC) and in-
ternal temperature of lithium-ion batteries®, which
shows a new approach in combining BHM with machine
learning technology®. Generally speaking, the methods
mentioned above has the limitation of lack for intuitive-
ness, low resolution and insufficient information.

Due to the advantages of high-penetration-depth,
noncontact, and high sensitivity to the interface between
electrolyte/electrodes and gas, the ultrasound technolo-
gy is quite applicable in the BHM area. Some researchers
have adopted ultrasound method in fixed-point*-2¢ and
scanning tests”’, which demonstrate the feasibility of this
manner in BHM. However, traditional electronic ultra-
sound equipment such as the piezoelectric transducer
(PZT), will be greatly disturbed by electromagnetic inter-

ference (EMI), failing to work under those extreme envi-
ronments, such as electricity substation. Besides, the
electronic hydrophone possesses a poor sensitivity of
about several tens of millivolts per megapascal and a
large size of several centimeters, which makes it hard to
form an array to realize fast-scanning.

Fiber optic sensors, with unique advantages of small
size, high sensitivity and immunity to EMI, are very suit-
able to the ultrasound detection**. Sensors based on
phase modulation with higher sensitivity are widely
used®, including Sagnac, Mach-Zehnder (MZ), Michel-
son and Fabry-Perot (FP) interferometers’ . Among
these, diaphragm-based extrinsic FP interferometric ul-
trasound sensors have the advantages of compactness
and ultra-high sensitivity*’-*. In addition, the frequency
response of the fiber optic extrinsic FP interferometric
sensors can be altered by changing the structure parame-
ters and material of the diaphragm®. With the advan-
tage of high sensitivity and stablitily*"*, the sensor can
pick up the low-intensity ultrasound signal among the
noise to acquire the battery state more precisely. And the
miniaturization enables the sensor to integrate with high
resolution. Consequently, fiber optic ultrasound sensors
based on FP interferometer have great potential in the
field of BHM.

In this paper, a fiber optic ultrasound imaging system
based on FP interferometric sensor has been proposed
and demonstrated. And to our knowledge, this is the first
time to realize the visualization of batteries by adopting
fiber optic FPI ultrasound sensor. With the help of Q
point self-correction technology, high sensitivity and low
NEP have been demonstrated. The high performance of
the sensor enables the imaging system to reach a suffi-
cient resolution in battery health monitoring. Besides,
the gas generation phenomenon of several commercial
LFP||Gr batteries has been successfully discovered. The
electrolyte infiltration process and the first cycle (i.e., for-
mation) process of an AFLMB have been observed, indi-
cating the significant application prospects of the imag-

ing system.
Methods

Fiber optic ultrasound sensor

In order to satisfy the needs for lithium battery monitor-
ing, it is of great importance to detect with high sensitivi-
ty and compactness. An acoustic sensor based on Fabry-
Perot interferometer is proposed to perform acoustic
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detection. The schematic diagram and photograph of the
proposed sensor tip are presented in Fig. 1(a) and 1(b),
respectively. The sensor tip is composed of a glass plate
which is sensitive to the acoustic pressure, a glass capil-
lary, a ceramic ferrule, and the single mode fiber (SMF).
The glass plate and the glass capillary are glued by UV-
curable adhesive. The distance between the glass plate
and the SMF end face is precisely controlled by a transla-
tion stage. Then, the adhesive is applied to the ferrule
and the sensor structure can be fixed under UV light. As
two reflective mirrors of the fiber FPI, the glass plate and
the facet of the SMF are coated with silver by vacuum
evaporation to enhance their reflectivity, and the thick-
ness is 100 nm and 10 nm, resulting in a reflectivity of
around 99% and 50%, respectively. As shown in Fig.
1(b), the sensor tip is about 4.5 mm in diameter, which is
suitable to construct the high-resolution battery imaging
system with the miniaturization.

When the ultrasound wave is imposed on the sensor
tip, the front glass plate of the sensor will vibrate accord-
ingly, leading to the distance change between the plate
and fiber facet. The sensitivity of the plate vibration can
be written as
_ AL _30-v)-D W

AP 256E8 ’
where v = 0.22 and E = 70 GPa are the Poisson ratio and

the Young's modulus of the glass plate, respectively. AL

S

and AP are the vibration amplitude of the plate and im-
posed ultrasound pressure. D and t are the diameter and
thickness of the glass plate, respectively. Due to the lin-
ear characteristic of the devices, the sensitivity of the sen-
sor can be regarded as the sensitivity of the plate vibra-
tion AL, which is proportional to the fourth power of the
diameter and inversely proportional to the third power
of the thickness. Therefore, although the size of the sen-

sor is larger than the sensor based on the fiber tip, the

Incident beam

Ceramic ferrule l
SMF

Silver film  Glass capillary

sensitivity of the structure is much higher.

As a FPI based structure, the reflected beam from the
sensor is a result of the multi-beam interference. The
change of cavity length in Eq. (1) will further influence
the optical pace difference (OPD), resulting in the reflec-
tivity variation of the FPI. When an interrogation light is
pumped into the SMF, the intensity change of the reflect-
ed beam indicates the arrival of the ultrasound wave. In
the conversion of the vibration amplitude to the laser in-
tensity variation, the derivation of the spectrum is essen-
tial. To acquire a high sensitivity, the spectrum should
possess a high fineness:

g IR @
1-R’

where R is the reflectivity of the reflective mirrors in the
FPI. So as to improve the spectrum fineness, the reflec-
tivity of the two mirrors must be high enough. The re-
flected spectrum of the fabricated sensor is presented in
Fig. 1(c), in which the free spectrum range (FSR) is about
22.3 nm with a full width at half magnitude (FWHM) of
3.74 nm, so the fineness is calculated to be 5.96. To
achieve the optimum sensitivity, the wavelength of the
interrogation laser should be set to the maximum slope
of the interferometer transfer function (ITF). The deriva-
tion of the reflected spectrum is also illustrated in Fig.
1(c), which shows a maximum value of —0.2 nm~! when
the wavelength is 1551.1 nm. Therefore, the wavelength
of the interrogation laser is set as 1551.1 nm to attain the
optimum performance of the sensor.

Besides, the ultrasound frequency we used for battery
detection also need further analysis. As a membrane-vi-
brating based ultrasound probe, the central frequency of
the probe can be written as

f 10.21¢ E 3)
O D\ 3p(1—v?)
10 Jo2 T
3 FWHM=3.74 nm = E
S08f {01 ¢
=)
i | 1 s
3 06+ ] S
"C; | = o
K -0.1 2
D 041 (1551.1 nm, =
@ -0.2nm™) | ©
FSR=22.3nm | 1-02 &
1 1 1 &)

2 | L L L L |
1530 1540 1550 1560 1570
Wavelength (nm)

Fig. 1| (a) Schematic of the fiber optic FPI ultrasound sensor tip. (b) Photograph of the sensor tip. (c) The reflected spectrum and its derivation of

the fiber optic FP ultrasound sensor.
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where p = 2.5x10° kg/m? is the density of the membrane
material. According to the Eq. (3), the resonant frequen-
cy is proportional to the thickness of the plate and in-
versely proportional to the square of the diameter. Since
the pouch cell with aluminum laminated film package
will block the high frequency ultrasound waves, the reso-
nant frequency of the membrane should satisfy both
enough penetrability and appropriate imaging resolu-
tion. Hence, the membrane is a glass plate with 2.5 mm
in diameter and 0.5 mm in thickness, which results in a
resonant frequency of below 1 MHz. As a resonant struc-
ture, the sensitivity becomes the highest when the fre-
quency is around the resonant frequency. While the flat
response occurs when the frequency is higher than the

resonant frequency.

Demodulation system setup for ultrasound sensor

To obtain the high-precision ultrasound waves, the de-
modulation system based on a tunable laser is set up,
whose system configuration is illustrated in Fig. 2(a).
The interrogation light emitted from the tunable laser
(Santec, TSL-710, the linewidth is 100 kHz) will enter the
sensor through the circulator, and be reflected by the
sensor tip into the circulator. Then the photodetector
(PD, Guangshi, the bandwidth is 100 MHz) receives the
reflected beam and converts it into electrical signal, in
which the direct current (DC) component is received by
the DAQ 2 (USB-6002, NI) and analyzed on the PC,
while the alternative current (AC) component is re-
ceived by the DAQ 1 (PCIE 8586) and output as the ul-

trasound signal. When the ultrasound wave is applied to

Central office

Sensor

«
Ultrasound
transducer
DC
DAQ2|<—| PD
] Signal |
AC generator

Intensity extraction

<o

Ultrasound
signal

Ultrasound detection

the sensor, the intensity of the reflected beam fluctuates
accordingly.

In order to obtain the optimum sensitivity, the Q
point self-correction method has been proposed. Before
detecting the ultrasound, the tunable laser will change its
wavelength from 1530 nm to 1570 nm with an interval of
0.002 nm. The DC components at different wavelength is
stored and plotted, which forms the reflected spectrum.
In our experiment, the reflected spectrum will have
slightly drift, while the shape and intensity of it won't
easily change. Therefore, we calculate the derivation of
the reflected spectrum, find out the maximum slope of it
and record the amplitude of the DC component as Q
point. In the meantime, whether the slope is positive or
negative is also found out.

When the amplitude of the DC component is chang-
ing, the system will analyze the situation and change the
wavelength of the tunable laser to make the DC compo-
nent stabilized at Q point. In this way, the ultrasound
sensing system can continually acquire the optimum
sensitivity along with the imaging process. In the mean-
time, the medium that we used in the battery test is sili-
cone oil, which is quite suitable to keep the spectrum stable
and unchanged. The stability of the sensor by using this
interrogation system is further demonstrated in Fig. S2.

Frequency response and noise equivalent pressure
To calibrate the detecting performance of this sensor, a
water immersed PZT (Olympus, V318) is used in the ex-
periment. The sensor is placed 30 mm away against the
PZT, as shown in Fig. S1(a) and S1(b). The PZT is driv-

_ 16t Vip=15.69 mV &
> -
E 8 e
S 0 E
e =
S 8 =
_16 1 1 1 1 1 1
0 5 10 20 25 0 025 050 075 1.00
n Time (us) ﬂ Frequency (MHz)
= 6 0.2, 5.392)
= V=0.558P+0.005 g
L < 4L
2 025 me=0.907 s
g > 218 kHz
o] S L
2 04} 2 2
> @ (0.8, 0.013)
o 0l
0 (7]

0 0.25 0.50 0.75 1.00
Frequency (MHz)

0 01 02 03 04
Pressure (kPa)

Fig. 2 | (a) The schematic diagram of the ultrasound sensing demodulation system. Detected signals when the voltage frequency is 500 kHz in

(b) time domain and (c) frequency domain. (d) The output voltages of the sensor when ultrasound with different pressure is applied. (e) The fre-

quency response of the sensor.
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en by a sinusoidal voltage signal generator (RIGOL,
DG1032z). The signal in Fig. 2(b) is detected by the sen-
sor when the ultrasound frequency is 500 kHz. The am-
plitude of the signal is 15.69 mV, and it has a smooth
curve and low noise without filtering operation. As pre-
sented in Fig. 2(c) and Fig. S1(c), since the signal-to-
noise ratio (SNR) is 52.8 dB and the ultrasound pressure
applied to the sensor is 27.73 Pa, the NEP is calculated to
be 63.5 mPa at 500 kHz. Compared with conventional
PZT, the sensor has an excellent performance in ultra-
sound detection, which can be seen in Table S1. The low
NEP of around 63.5 mPa enables the system to detect ul-
trasound signals with low noise and high SNR.

We further utilize the generator to simulate the PZT
which produces ultrasound waves at 500 kHz with differ-
ent pressure. The amplitude of the excitation voltages
can change from 1 V to 15 V with an interval of 1 V, and
at each amplitude level, a commercial hydrophone (Pre-
cision Acoustics, ML4X50) is used to calibrate the ultra-
sound pressure emitted by the PZT. As illustrated in Fig.
2(d), the sensor response has a good linearity with a high
sensitivity of about 558 mV/kPa. Besides, the sensor's
frequency response is calibrated by measuring the sensi-
tivity at different frequency. The measuring frequency
range is set below 1 MHz with a step length of 50 kHz,
and the system sampling rate is 5 MHz. As demonstrat-
ed in Fig. 2(e), the sensor possesses a relatively high sen-
sitivity at around 200 kHz, and the sensitivity is larger

“ 0.2

than 13.1 mV/kPa within the measured frequency range
from 50 kHz to 1 MHz. With the low resonant frequen-
cy and high spectrum fineness, the sensor possesses a
high sensitivity in the bandwidth, which makes it greatly
competitive in BHM field.

Results and discussion

Fixed-point ultrasound monitoring of the battery

In order to test the feasibility of the sensor for BHM, a
fixed-point ultrasound detection test on three LFP||Gr
batteries is carried out. The batteries are respectively la-
beled with faulty battery, circulated battery and healthy
battery according to their charging-discharging perfor-
mance. As described in Fig. 3(a), the batteries are placed
between the sensor and the PZT. The ultrasound wave
emitted by the PZT ultrasound transducer will pass
through the battery and be received by the sensor. The
time of flight (ToF) in the experiment can be calculated
as follows:

Loi Laer
TOF:J_;’_ﬁ,

Voil Vbatlery

(4)

where Lo and Lpattery is the length of the ultrasound
transmitting in silicone oil and battery, respectively. And
Voil and Vpattery are respectively the average speed of the
ultrasound transmitting in silicone oil and battery.
Hence, the average speed of the ultrasound transmitting
in the battery is the key factor that results in the great
difference of ToF between the healthy and faulty battery.

0.2

| —— Healthy battery —— Faulty battery
Ultrasound N
transducer < 01 Vep=191 mV < 01r Vep=45.5 mV
(0]
g 0 o
s | 5
> \ L %
- K A X _ L el
0.1 [t s }_« oAb S 5
r t=23.7 ps t=34.9 ps
-0.2 1 | i 1 L -0.2 i 1 H 1 i I L
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Time (us) Time (us)
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——— Circulated battery | ——— Circulated battery
0.1 01F . =
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[0] (0]
Sensor g g 0
b s TR v
2
-0.2 L : ! -0.2 . i
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Fig. 3 | (a) The simplified experiment setup of the fixed-point detection. Signals from the LFP||Gr batteries which are (b) healthy and (c) faulty. (d,

e) Signals from different parts of the battery which cycles for 2000 times, respectively.
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Since the speed of ultrasound in gas is far slower than it
in the oil and battery, the ToF for faulty battery is much
longer than the ToF in the healthy battery.

As illustrated in Fig. 3(b—e), the signal of healthy bat-
tery possesses a higher intensity and shorter ToF com-
pared with the other two batteries. The faulty battery,
which cannot be charged or discharged anymore, has the
smallest intensity and longest ToF. The signals in Fig.
3(d) and 3(e) are from the same battery, while their in-
tensity and ToF are quite different, which indicates that
this battery is deteriorating and a small amount of gas
generates while some part of the battery remain "wetted".

When undesired side reactions happen, the gas gener-
ates accordingly and the battery fails. The incident ultra-
sound can be greatly reflected by the electrodes/elec-
trolyte-gas interface and slowed down. Therefore, the
signal from the flaw area appears to be low-intensity and
long-time-of-flight compared to that from the normal
part. Hence, the signal from the healthy battery in Fig.
3(b) indicates that it has a good SOH, while the faulty
battery has a terrible SOH. SOH of the battery cycled for
2000 times is not well but it's better than the faulty one.
In summary, the results of the ultrasound test are highly
consistent with their charging and discharging perfor-
mance. Therefore, the fixed-point ultrasound detection
can prejudge the SOH of battery, providing information
for further failure recognition.

The imaging resolution of the BHM system
The BHM system setup is described in Fig. 4(a). the

Translation

Translation
stage
controller

Signal
_~~ _ generator
0% £

. NS 7

translation stage can move the fiber optic probe and PZT
together in x- and z- direction, realizing the multipoint
detection of the object. To acquire the ultrasound image,
the peak-to-peak values of every ultrasound signal in the
imaging region is collected and normalized. The normal-
ized values are converted to color scale and the ultra-
sound transmission image can be formed.

To simulate the condition that may happen in the bat-
teries, a 5 mm thick acrylic plate is manufactured with
four air slits, which is shown in Fig. 4(b). The air slits
have the width of 3 mm, 2 mm, 1 mm and 0.5 mm, re-
spectively. In Fig. 4(c), the green parts in the middle of
the picture represent the four air slits, indicating that the
air slits can be clearly detected and distinguished. There-
fore, the resolution of the system is less than 0.5 mm,
which is appropriate for BHM. The blue parts are the
imaging result of two grippers that can almost block the
transmission of the ultrasound wave. The green parts on
the edge of the acrylic plate are caused by the acoustic
impedance mismatch between the plate and water.

Commercial battery testing

Furthermore, the LFP||Gr batteries with different cy-
cling conditions are imaged through this BHM system.
As shown in Fig. 5(a), the LFP||Gr battery has a size of 76
mmx47 mmx5.6 mm and the scanning time is about 50
min, which can be further improved by using fiber optic
ultrasound sensor array. The edge of the battery has a
small ultrasound transmission while the majority of the
central part is green which is illustrated in Fig. 5(b),

3 mm

2 mm

1 mm

0.5 mm

22

Longitudinal (mm)
w
w

0.4
44
0.2
55 4
il 0

10 20 30 40
Horizontal (mm)

Fig. 4 | (a) The schematic diagram of the fiber optic ultrasound BHM system setup. (b) The photograph of the acrylic plate. (¢) The imaging re-

sult of the acrylic plate.
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indicating a higher ultrasound transmission. The blue the insufficient wetting and uneven distribution will lead
edge area in the imaging result of the battery cycling for to lithium plating or other side reactions if the cycling
2000 times is larger than that of the healthy battery, and starts under bad wetting quality. Hence, the experiment
the low-transmission part even exists in the middle of the of using the proposed imaging system to monitor the
battery, as described in Fig. 5(c). What's worse is that it's wetting process of an AFLMB is carried out.
almost entirely blue in Fig. 5(d). The green part on the Figure 5(e) is the photograph of the AFLMB, which
outermost region is the package of the battery, which can has a small size of 25 mmx18 mmx2.8 mm. The wetting
be seen in the three figures discussed above. The un- process is monitored and presented in Fig. 5(f-h). Be-
healthy battery can be determined by comparing the fore filling the electrolyte, the central part of the battery
transmission of ultrasound at the inner part with that at is entirely blue, showing pretty low transmission of ultra-
the edge area. sound wave. After injecting the electrolyte for 24 hours,
The signal in Fig. 5(b) indicates that the healthy bat- the central part turns green as the edge part shows.
tery which is newly injected with electrolyte exhibits a When another 24 hours pass, the central part even trans-
good SOH, while the faulty one in Fig. 5(d) is nearly mits more ultrasound wave than the edge part. There-
dried out. SOH of the battery cycled for 2000 times de- fore, the wetting process of a small battery like AFLMB
grades and a small amount of gas generates. Since the could be less than 24 hours for commercial usage.
electrodes are on the left and right of the battery as Fig. In Fig. 5(d) and Fig. 5(f), the images are both blue in
5(a) presents, the gas generated from the side reactions the inner part, while the mechanisms can be very differ-
will gather around at the edge of the battery. But the cy- ent. In Fig. 5(d), the gas in the battery greatly blocks and
cling conditions demonstrate that it still behaves better reflects the ultrasound, resulting in the low transmission.
than the faulty one, which also can be seen in the imag- However, the reason that low transmission appears in
ing results. A battery with the thickness of around 26 Fig. 5(f) is the transmission path limitation. In the dry
mm is imaged in Fig. S3, showing a great advancement battery, the ultrasound only transmits in the solid parti-
of combining fiber optic sensor and ultrasound detec- cle with small number of paths, while in the "wetted" bat-
tion method for BHM. tery, the number of paths increases exponentially which

allows more ultrasound to pass through.
The wetting process of AFLMB

For a commercial pouch cell, monitoring the wetting The formation process of the AFLMB
condition is of great importance in safe usage. When in- After the AFLMB is entirely wetting with the electrolyte,
jecting a dry battery with the electrolyte, it will slowly the charging and discharging test is further carried out
flow into the cell until the battery is filled up. However, with a current of 30 mA. The blue curve in Fig. 6 shows
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Fig. 5| (a) Photograph of the LFP||Gr battery. The ultrasound image of the (b) healthy battery, (c) battery cycled for 2000 times and (d) faulty
battery. (e) The photo of the AFLMB. (f) The ultrasound image of the dry AFLMB. The ultrasound images of the AFLMB when it is injected with
electrolyte after (g) 24 hours and (h) 48 hours.
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the voltage variation during the test. During the charg-
ing process, the battery voltage rises rapidly to 3.75 V at
the beginning. Then the voltage increases slowly until it
reaches 4.3 V. While in the discharging process, the volt-
age decreases not too fast until it reaches 3.5 V. Mean-
while, the process is suspended once an hour for imag-
ing, which results in the stagnation phenomenon in the
voltage curve in Fig. 6. During the charging process, a
sudden pause will reduce the voltage, while in the dis-
charging process, it will lead to a voltage rise.

0.4

Gas ratio

0 5 10 15 20 25
Time (h)
Fig. 6 | The galvanostatic curves and gas ratio variation of the pouch

cell in the formation process.

The imaging results are analyzed and plotted as the
red curve in Fig. 6. The gas ratio is obtained by dividing
the gas area by the pouch cell area of every imaging re-
sult in Fig. S4 and Fig. S5, and the details are given in Fig.
S6. As we can see that the gas generates at the beginning
of the charging process and it almost fills up the battery.
However, in the following process, the gas becomes un-
evenly distributed in the battery and gradually disap-
pears. This is ascribed to the formation of the solid elec-
trolyte interphase (SEI) in the first cycle. After the SEI
basically forms in the charging process, gas generation
reduces significantly. In the meantime, gas can flow into
the gasbag above the battery. As a result, the gas amount
reaches the peak before the charging process is finished.

While in the discharging process, gas continuously in-
creases in the first four hours. Since the SEI is formed,
the gas mainly comes from side reactions in the dis-
charging process. In the following process, the accumula-
tion of gas gradually reduces in the cell since some part
of the gas escaped into the gasbag, which makes the sig-
nals of gasbag in the last picture at 25 h lower. Mean-
while, the gas is unevenly distributed in the gasbags.
Hence, the proposed imaging system is capable of moni-

toring the internal changes during the formation process.

Conclusions

In summary, an ultrasound imaging system based on
fiber optic ultrasound sensor is proposed and demon-
strated for BHM. The proposed sensor tip owns the char-
acteristics of miniaturization and compactness with a di-
ameter of 4.5 mm, in which the high sensitivity of 558
mV/kPa and low NEP of 63.5 mPa at 500 kHz are experi-
mentally demonstrated. Besides, the ultrasound sensitivi-
ty of the sensor is higher than 13.1 mV/kPa within the
frequency range from 50 kHz to 1 MHz, with a band-
width of 218 kHz. Based on the sensor tip, the imaging
system exhibits a high resolution of 0.5 mm, which is
suitable for the pouch cell monitoring. Furthermore, the
safety monitoring of commercial LFP||Gr pouch cell is
realized via this system, demonstrating that the SOH for
different batteries can be clearly monitored and distin-
guished. Besides, the wetting and formation process of
an AFLMB are monitored and the SEI growth is ob-
served with an excellent performance. Therefore, the
fiber optic ultrasound imaging system provides a novel
approach for the BHM. In the future, with the sensor ar-
ray and artificial intelligence adopted, the fast detection
and intelligent recognition can be realized, which will
further scall this technology for widespread commercial
applications.
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