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High-specific capacity electrodes can support high-energy density batteries but lead to safety issues. To 
monitor the safety and reveal the mechanism behind battery failure, it is important to image and sense 
the changes inside a battery during cycling, which requires rapid three-dimensional nondestructive 
imaging technology. Photoacoustic microscopy (PAM), as a burgeoning imaging method for clinical 
studies, can satisfy these requirements. However, PAM has not been explored in battery applications 
until recently. In this review, the basic principles of PAM and batteries are explained. We outline the key 
challenges faced by developing high-energy density batteries, and the roles that PAM can play in related 
studies. Furthermore, current progress in applying PAM to batteries is summarized. In the end, we discuss 
possible future research directions of PAM in battery studies. Through this review, we introduce a new 
imaging method to the battery community and an emerging application direction for PAM experts.

Introduction
Introduction of batteries

The history of lithium-ion (Li-ion) batteries dates back to the 
1970s. In 1976, Stanley Whittingham demonstrated that revers-
ible Li intercalation reactions, in particular those of metal 
sulfides such as TiS2, were conducive to the construction of 
rechargeable batteries, laying down a theoretical foundation 
[1]. Subsequently, John B. Goodenough discovered that lithium 
cobalt oxide (LiCoO2) can be used as a high-voltage cathode 
material, providing higher energy density than TiS2 and other 
types of sulfide materials [2]. Akira Yoshino patented the first 
rechargeable Li-ion batteries by combining a LiCoO2 cathode 
with a graphite anode [3]. In 1991, Sony first commercialized 
Li-ion batteries [4]. As of today, Li-ion batteries have been used 
ubiquitously in applications ranging from portable devices to 
electric vehicles to large-scale energy storage devices. To fur-
ther mark the importance of Li-ion batteries, Stanley Whitting-
ham, John B. Goodenough, and Akira Yoshino were awarded 
the Nobel Prize in Chemistry in 2019 for their development of 
Li-ion batteries.

The basic working principle of Li-ion batteries is illustrated 
in Fig. 1 [5]. The cell consists of a liquid electrolyte, a separator, 
a LiCoO2 cathode, and a graphite anode. The copper and alu-
minum are current collectors connected to an external circuit. 
When charging, Li ions are transported in the ionic conductive 
electrolyte, moving from the cathode to the anode. The cathode 
and anode react as follows:

When discharging, the reverse reactions occur with Li ions mov-
ing from the anode to the cathode. Electrons are moved in the 
external circuit, powering devices, such as the light bulb shown 
in Fig. 1. The reversibility of the electrode reactions is the basis 
of rechargeable batteries.

For an electrode, the theoretical specific capacity ( Qc ) refers 
to the total coulombs that can be provided by moving all the Li 
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ions in and out in 1 g of the electrode material, and it can be 
calculated as follows:

In this equation, NA is Avogadro’s constant with a value of 6.022 
× 1023 mol−1; q is the charge of a Li-ion, which is 1.602 × 10−19 
C; n is the maximum number of Li ions that can be used in 
1 mol of the electrode material; and M is the molar mass of 
the electrode [6, 7]. With n = 1 mol and M = 98.871 g/mol , the 
theoretical specific capacity of LiCoO2 is 271.039 mAh/g . Nev-
ertheless, when charged more than 50% ( x > 0.5 ), Li1−xCoO2 
tends to decompose and generate oxygen, significantly limiting 
the practical specific capacity and reversibility of LiCoO2 [8].

The energy density is the energy stored per unit mass of the 
battery, which depends on the practical capacity, the discharge 
voltage, and the overall mass of the battery, including that of 
the electrodes, separator, electrolytes, current collectors, and 
packaging. Based on this relationship, a cathode with a high 
electrochemical potential, an anode with a low electrochemical 
potential, and a small overall mass of the battery are important 
to achieve a high energy density. For instance, to achieve higher 
energy density, extremely thin separators were used in the Sam-
sung Note 7. However, thin separators are more fragile and are 
more likely to cause safety incidents [9, 10].

Urgent problems in batteries

A graphite anode with a layered structure is widely employed in 
commercial Li-ion batteries but cannot sustain electrochemical 
abuse conditions. Li ions are topotactically intercalated into the 
graphite anode during charging. However, if the diffusion speed 
of Li ions is low in the graphite anode, a competing reaction of 

(1)Qc =
NA · q · n

M
·
1mAh

3.6 C

Li directly reducing into Li metal would occur. Such Li-metal 
deposition is not uniform and can form sharp dendritic struc-
tures on the graphite surface known as Li dendrites. These grow-
ing Li dendrites can penetrate the separator and cause batteries 
to short circuit or even explode. Especially under fast charging 
conditions, Li dendrites are more likely to form [9]. Mei et al. 
analyzed the Li deposition process on the graphite surface from 
the perspectives of electrochemistry and heat generation [10]. A 
more direct approach to monitor whether Li dendrites form and 
grow on the graphite surface during cycling remains needed.

In addition, the limited capacity of graphite (max. 
372 mAh/g) restricts further enhancement of the battery energy 
density. One, of course, has the possibility to replace the graphite 
anode directly with a Li-metal anode, which possesses a very 
high specific capacity and extremely low electrochemical poten-
tial. However, similar to our earlier discussion, it remains crucial 
to suppress the formation of sharp Li dendrites on the Li anode 
during cycling. Plenty of work has been devoted to inhibiting 
the growth of Li dendrites. Xu et al. designed a Li/Li3Bi anode, 
where the adsorption energy of the Li atoms is higher than the 
cohesive energy of the bulk Li, leading to homogeneous Li depo-
sition and 250 cycles under an extremely high current density of 
20 mA/cm2 [11]. A polypropylene separator coated with ultra-
strong diamond-like carbon was proposed to induce uniform Li 
deposition and suppress dendrite growth as well [12]. However, 
this problem will not be solved fundamentally until the reason 
for inhomogeneous nucleation and the mechanism of dendrite 
growth are revealed. For this, an efficient method of directly 
observing Li metal in batteries is significant. Optical microscopy 
(OM) is a convenient method with a high temporal resolution 
that has been used to observe Li dendrites [13, 14]; however, 
only two-dimensional (2D) information can be acquired. Elec-
tron microscopy can provide images with higher spatial reso-
lution and has also been applied to observe Li dendrites [11, 
15, 16]; however, it also can only offer 2D information, and the 
complex sample preparation makes in situ experiments very dif-
ficult. X-ray tomography has the capability of three-dimensional 
(3D) imaging but is time consuming, making it impractical for 
in situ and in operando experiments [17, 18]. In addition, Li is 
barely visible to X-rays due to its low electron density [19]. A 
more powerful imaging method for Li metal remains needed.

Besides, “dead” Li is one of the culprits of battery capacity 
decay and eventual failure. In batteries, the Li-metal anode con-
tacts electronically conductive current collectors, from which 
Li gains or loses electrons. Ideally, Li metal deposits on one 
electrode when discharging, and the same amount of Li metal 
should be stripped when charging. In this case, the efficiency of 
the cell is 100%, which is practically impossible to achieve. The 
amount of stripped Li is almost always less than that of depos-
ited Li. In this cycling process, Li loses through solid-electrolyte 
interphase (SEI) formation, galvanic corrosion, and electrically 

Figure 1:   Schematic working principle of a LiCoO2/graphite battery. 
Reprinted with permission from Ref. [5], Copyright 2013 American 
Chemical Society.
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isolated Li (“dead” Li) formation. Research has shown that the 
“dead” Li accounts for more than 75% of the total Li loss in 
batteries with a liquid electrolyte [20]. Therefore, the study on 
“dead” Li is necessary to reveal the failure mechanism of Li-ion 
batteries.

On the cathode side, oxides are mainly used, including 
LiFePO4, LiCoO2, and LiCoxMnyNi1−x−yO2. At the locations 
where the electrochemical reactions occur, the cathode must 
be in contact with ion- and electron-transfer pathways. Here, 
electron-transfer pathways are formed by cathode particles 
and carbon additives, and the liquid electrolyte infiltrating into 
the cathode pores is responsible for ion transfer. Therefore, the 
porosity and tortuosity in the cathode are extremely important. 
To optimize the energy and power densities of batteries, one 
must minimize the porosity of the electrode, while, at the same 
time, ensuring facile ion/electron transfer on the electrode level. 
Porosity is also important in a graphite anode, but for a Li-metal 
anode, pure Li foils are used, and there is no porosity. It has been 
proposed that mercury intrusion can be used to measure the 
porosity; however, this approach is ineffective for closed pores, 
and mercury itself is not friendly to use at all [21]. Therefore, 
developing a reliable, fast, and environmentally friendly method 
to measure porosity is highly desired.

The degree of electrolyte wetting is also crucial for battery 
performance. After a cell using a liquid electrolyte is assembled, 
it is allowed to rest for several hours to ensure that the liquid 
electrolyte fully infiltrates the electrode. During the rest period, 
a uniform SEI should also form, as a result of the reactions 
between the electrodes and the liquid electrolyte. However, the 
optimum soaking time remains unknown; a characterization 
method to detect the degree of wetting is thus needed. During 
cycling, newly exposed electrode surfaces will be generated that 
consume the liquid electrolyte. As a result, the failure process of 
a battery is often accompanied by a decrease in the amount of 

liquid electrolyte [22, 23]. Weydanz et al. used neutron imaging 
to visualize the infiltration process of electrolytes and studied 
the effect of vacuum on the soaking speed and soaking time 
[24]; however, neutron imaging is too expensive to be applied 
on a large scale. Deng et al. proposed that ultrasonic imaging 
is capable of determining the degree of wetting in a pouch cell. 
However, the resolution is only on the order of millimeters [23].

Solid electrolytes can be used in next-generation batteries 
instead of liquid electrolytes. It can separate the two electrodes 
while conducting ions. In addition, the strong mechanical prop-
erties of solid electrolytes can in principle inhibit the growth 
of Li dendrites, enabling the application of a Li-metal anode 
[25]. However, solid electrolytes have been observed to crack 
during Li-metal battery cycling, causing battery failure. Elec-
tron microscopy and X-ray tomography have been applied to 
study cracks in solid electrolytes [26–28]. However, similar to 
the observation of Li dendrites, electron microscopy can only 
provide 2D information and X-ray tomography is time consum-
ing. Therefore, alternative methods are needed to track the Li 
penetration, solid-electrolyte cracks, and short-circuit processes, 
which are fundamental to stable cycling of Li metal in solid-state 
systems.

To summarize, the key issues in battery research are the 
development of imaging methods that can observe Li dendrites, 
analyze “dead” Li, measure the tortuosity and porosity of the 
cathode, monitor the degree of liquid electrolyte wetting in the 
battery, and track crack propagation in solid electrolytes (Fig. 2). 
To this end, the imaging method should be rapid, nondestruc-
tive, and capable of 3D imaging, which remains lacking.

Introduction of PAM

Photoacoustic microscopy (PAM) is based on the photoacous-
tic effect. In 1880, Alexander Graham Bell first discovered that 

Figure 2:   Urgent challenges for high-energy density and safe batteries.
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sound is emitted from a solid under light illumination [29]. 
When a light-absorbing material is illuminated by light, the 
photon absorption of the material is converted into heat, caus-
ing a temperature rise and a thermoelastic volume change of 
the material. When a modulated or pulsed light is used, the 
volume change causes the initial sound pressure, which then 
propagates outward in the form of mechanical waves, that is, 
acoustic waves. Then, the acoustic waves can be detected by a 
hydrophone placed outside the material. In PAM, the initial 
acoustic pressure can be expressed by the following equation:

In Eq. (2), p0 is the initial acoustic pressure, which is related 
to photoacoustic amplitude; Ŵ is the Gruneisen parameter; ζ 
denotes the heat conversion efficiency; µa is the optical absorp-
tion coefficient; and F is the incident light fluence. In PAM, 
given fixed incident light fluence ( F ), the initial acoustic pres-
sure ( p0 ) is mainly determined by the optical absorption coef-
ficient ( µa ), which is dependent on the materials and excitation 
wavelengths. Thus, the PAM image contrast is provided by dif-
ferent µa between the light-absorbing material and background 
material. Besides, the light-absorbing material species can be 
well identified by their different dependence of µa on excitation 
wavelengths (i.e., different absorption spectra) [30–32].

There are two types of PAM systems: acoustic-resolution 
PAM (AR-PAM) and optical-resolution PAM (OR-PAM) sys-
tems. If the sound focal spot size is smaller than the light focal 
spot size, the lateral resolution (defined later) of the system is 
determined by the former and the technique is called AR-PAM. 
In contrast, if the light focal spot size is smaller than the sound 
focal spot size, the lateral resolution is dependent on the light 
focal spot size and the technique is called OR-PAM [30, 31]. 
PAM has been extensively used in biomedical applications. In 
terms of deep imaging depth in light-scattering biological tis-
sue, AR-PAM holds preponderance owing to the low scattering 

(2)p0 = Ŵ · ζ · µa · F.

characteristics of ultrasound. On the other hand, OR-PAM is 
more advantageous in high lateral resolution. Compared with 
acoustic focusing, optical focusing can achieve smaller focal spot 
size because of relatively short wavelengths of optical waves. As a 
result, OR-PAM is capable of resolving detailed features. To illus-
trate the working principle of OR-PAM, a typical OR-PAM sys-
tem is introduced. In Fig. 3(a), the configuration of a home-built 
OR-PAM system is shown [33]. The 532 nm laser is divided into 
two beams by a beam splitter (BS). One of them with lower laser 
energy works as a trigger signal. The other beam is focused on 
the sample after passing through neutral density filters (NDF1), 
two plano-convex lenses (L1 and L2), a reflective mirror (M), 
and an achromatic doublet lens (DL). A needle hydrophone is 
used to receive the photoacoustic signal. The receiving side of 
the hydrophone is submerged in deionized (DI) water rather 
than exposed to air because of the rapid attenuation of the typi-
cally high-frequency (tens of MHz) photoacoustic signal in gas. 
The DI water serves as an ultrasonic coupling medium in the 
PAM system. A water tank is used to hold DI water. The water 
tank has a thin polyethylene terephthalate (PET) membrane 
at its bottom, and the sample is placed below the water tank. 
For the same purpose, the ultrasonic coupling medium (e.g., 
ultrasound gel, glycerin, etc.) is added between the sample and 
membrane to guarantee that no air is present. A 2D motorized 
stage is used to move the sample for point-by-point scanning to 
form PAM images. It is worth mentioning that there are many 
different configurations to implement OR-PAM, and Fig. 3(a) 
is just one of them.

PAM, as a rapid 3D nondestructive imaging technology, is 
widely used in biomedical research and clinical diagnosis. As an 
example, Fig. 3(b) presents a photograph of a rat ear that was 
clearly imaged by OR-PAM [34]. A high-quality image of blood 
vessels in the ear is presented in Fig. 3(c), displayed in maximum 
amplitude projection (MAP) along the depth direction. The 3D 

Figure 3:   OR-PAM system and application in biomedical research. (a) Schematic of OR-PAM system. BS: beam splitter; NDF1 and NDF2: neutral density 
filters; PD: photodiode; L1 and L2: plano-convex lenses; M: reflective mirror; DL: achromatic doublet lens; DI water: deionized water. Reprinted from 
Ref. [33], Copyright 2020 Society of Photo‑Optical Instrumentation Engineers (SPIE). (b) Photograph of a rat ear. (c) Photoacoustic MAP image of a rat 
ear. (d) Photoacoustic 3D image of a rat ear. (e) Photoacoustic depth-encoded image of a rat ear. PA: photoacoustic. The scale bars in the figures are 
2 mm. Reprinted from Ref. [34], Copyright © 2021 The Authors.
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structure and depth distribution of blood vessels are shown in 
Figs. 3(d) and (e), respectively. For clinical diagnosis, Jin et al. 
established a portable OR-PAM to visualize the vascular aber-
ration near the tumor in oral cancer [35]. Zhang et al. demon-
strated multi-wavelength AR-PAM imaging, and 3D images of 
the melanoma and surrounding vessels were visualized [36]. The 
melanin decrease in retinal pigment epithelium is a symbol of 
ocular function degeneration. Shu et al. employed OR-PAM with 
high axial resolution (defined later) and successfully realized 
quantitative analysis of melanin content [37]. There have been 
numerous articles reporting biomedical and clinical applications 
of PAM.

Characteristics of PAM

We first discuss the lateral and axial resolution of PAM. The 
spatial resolution in the x–y plane in Fig. 3(a) is called the lateral 
resolution. The spatial resolution along the z-axis in Fig. 3(a) is 
called the axial resolution. The lateral resolution depends on the 
size of the focal spot and is considered differently in AR-PAM 
and OR-PAM. In AR-PAM, the lateral resolution depends on 
the sound focal spot size and can be calculated using Eq. (3):

where �a is the center wavelength of the photoacoustic signals 
and NAa is the acoustic numerical aperture. �a is equal to the 
sound velocity ( va ) divided by the center frequency of the pho-
toacoustic signals ( f0 ). va in water is approximately 1500 m/s 
[31, 38]. For example, the lateral resolution was estimated to 
be 45 μm and degraded to 120 μm when it was used practically 
for rat skin [39]. The lateral resolution of another fast AR-PAM 
was 25 and 70 μm along the two orthogonal lateral directions 
[40]. In OR-PAM, the lateral resolution is determined by Eq. (4):

where �o is the laser wavelength and NAo is the optical numeri-
cal aperture. The lateral resolution of OR-PAM can reach hun-
dreds of nanometers to several micrometers, which is restricted 
by the optical diffraction limit. In 2008, OR-PAM was developed 
with a lateral resolution of barely 5 μm [41]. Moreover, when the 
wavelength of the laser was reduced to 260 nm, a lateral resolu-
tion of 700 nm could be achieved [42]. To further improve the 
lateral resolution, an optical objective with a large NAo of 1.23 
was designed and employed, and a lateral resolution as high as 
220 nm at a laser wavelength of 532 nm was demonstrated [43].

The lateral resolution essentially depends on the focal spot 
size, whereas the axial resolution originates from the arrival-
time difference of the photoacoustic signal. Along the z-axis 
in Fig. 3(a), a higher altitude indicates that the region is closer 

(3)RL,AR =
0.71�a

NAa
=

0.71va

f0 · NAa
,

(4)RL,OR =
0.51�o

NAo
,

to the hydrophone and that the photoacoustic signal can be 
received sooner. The axial resolution depends on the band-
width of the hydrophone ( �f  ) and the sound velocity ( va ) 
[44] and can be expressed by Eq. (5):

The bandwidth is mainly related to the hydrophone and is 
determined once it is fabricated, typically ranging from 1 to 
100 MHz. As an example, with a sound velocity of 1500 m/s 
and bandwidth of 100 MHz, the theoretical axial resolution 
can be calculated to be 13.2 μm .  According to the calculation 
result, it is difficult to reach an axial resolution of less than 
10 μm in practical PAM. By changing the ultrasonic coupling 
medium, e.g., replacing water with silicone oil, the sound 
velocity can be reduced to 1100 from 1500 m/s. As a result, 
the axial resolution can be enhanced to 5.8 μm [45]. The one-
dimensional depth profile can be obtained from the time-
domain photoacoustic signal acquired at one point over the 
lateral plane, that is, the x–y plane in Fig. 3(a). The 3D images 
are acquired by conducting 2D lateral scanning and recon-
structing these time-domain photoacoustic signals acquired 
over the lateral plane. Since 3D imaging can be achieved with 
2D lateral scanning, fast image acquisition for 3D imaging 
is feasible. Besides, the image reconstruction from raw data 
in PAM typically does not require complicated algorithm, 
allowing fast image formation. Given these advantages, PAM 
is ideal for in situ and in operando experiments.

Following the fast imaging discussed above, finally, we dis-
cuss the temporal resolution of PAM. The imaging speed of 
OR-PAM is determined by a few factors. As shown in Fig. 3(a), 
the imaging speed is mainly limited by the scanning speed of 
the motorized stage. As a result, it takes approximately 5 min 
to scan 256 × 256 pixels using the laser with a pulse repetition 
frequency of 1 kHz. To acquire a higher-quality image with high 
signal-to-noise ratio (SNR), multiple scans can be performed 
and averaged. A delicate balance between the temporal resolu-
tion, scanning area, and SNR must be made in well-planned 
experiments. Based on our experience, spending ~ 20 mins to 
repeat the scan four times can provide a high-quality image of 
Li metal in batteries. Note that the state-of-the-art OR-PAM 
systems can realize much faster imaging speed with optimized 
implementation of the imaging system (discussed later), and 
thus, the above-quoted acquisition time has much room to be 
shortened.

Table 1 compares PAM with other imaging methods. The 
comparison shows that PAM has not only a satisfactory spatial 
resolution but also a high temporal resolution that can support 
in situ and in operando experiments. In addition, PAM can 
achieve 3D imaging, and the imaging system is relatively easy 
to establish.

(5)RA =
0.88va

�f
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Application of PAM in batteries
PAM for Li metal

Our group demonstrated that PAM can be used for Li-metal 
battery imaging, with high-quality images of Li dendrites 
obtained [19]. A home-built PAM system was used to image 
the Li metal in Li/Li symmetric cells [19]. The lateral resolu-
tion of this system was 3.3 μm, and the axial resolution was 
26 μm. A glass-fiber separator soaked with liquid electrolyte 
was sandwiched between two Li-metal electrodes. As shown 
in Fig. 4(a), the battery was cut, and a flat cross section was 
exposed for PAM measurement. The pulsed laser was focused 
on the cross section; meanwhile, a hydrophone was placed 
above the sample to collect the photoacoustic signals. By lat-
eral scanning of the sample, 3D PAM images can be obtained. 
To ensure that there was no air between the sample and the 
hydrophone, the sample was sealed in a transparent bag filled 
with liquid electrolyte. Through experiments, the threshold 
of laser energy at which the sample would not be damaged 

was estimated. Accordingly, the laser energy used in this work 
was ~ 86 nJ.

The PAM and OM results were first compared. Figure 4(b) 
presents the PAM image of a selected area of the cross section. 
The same area was observed using OM by marking the sam-
ple beforehand, and Fig. 4(c) shows the corresponding OM 
image. For a clearer view, the regions within the dotted boxes in 
Figs. 4(b) and (c) were enlarged and are presented in Figs. 4(d) 
and (e), respectively. In the PAM images, there are two distinct 
areas. The area consisting of red pixels represents a material with 
strong photoacoustic signals (from Li metal or the marker), 
whereas the other area consisting of black pixels indicates a 
material with almost no photoacoustic signals (e.g., correspond-
ing to the separator). In the OM images, the positions of Li metal 
and the separator can be confirmed although with relatively low 
contrast. In the PAM images, it can be observed good corre-
spondence of the Li metal area and the separator area with the 
OM images. These results suggest that PAM is a reliable imaging 
technology for Li metal. Further, the much clearer boundary 

TABLE 1:   Comparison of Different Imaging Methods.

a The range expressions in this row are all represented as “laboratory − synchrotron.” The cost of synchrotron X-ray tomography is extremely high 
because of the construction and maintenance of synchrotron facilities.
b Neutron tomography can achieve 3D imaging at the expense of the temporal resolution. The cost of neutron imaging is extremely high because of 
the construction and maintenance of neutron facilities.

Technology Spatial Resolution (μm)
Temporal Resolu-

tion (s) 2D/3D Cost ($) Others

Optical microscopy 1  < 10–1 2D 102 Easy to access; easy 
sample preparation

Electron microscopy 10–3  < 10–1 2D 105 High sample requirement

X-ray tomographya 10–2 − 10–1 102 − 104 3D 105 − 
extremely high

Not sensitive to Li

Neutron imagingb 10 1/ 103 2D/ 3D extremely high Sensitive to Li

Ultrasonic imaging 102 102 3D 104 High penetration depth

PAM 1 101 − 102 3D 104 − 5 × 104 Sensitive to Li

Figure 4:   PAM of cross section of a Li/Li symmetric cell. (a) Schematic of imaging of the cross section of a Li/Li symmetric cell. (b) PAM image of a Li/Li 
symmetric cell. (c) Corresponding OM image of (b). (d) PAM image of the region in the dashed box in (b). (e) OM image of the region in the dashed box 
in (c). (f ) PAM image of Li-metal anode before charging. (g) PAM image of Li-metal anode after charging. (h) PAM image obtained by laying (f ) on (g). 
Reprinted with permission for Ref. [19], Copyright 2020 American Chemical Society.
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between Li metal and the separator in the PAM images indicates 
that the contrast of PAM is significantly better than that of OM.

The deposition heterogeneity of Li metal can also be clearly 
captured by PAM of Li-metal batteries. The morphology of a 
pristine Li anode (cross section) in a Li/Li symmetric cell was 
captured by PAM, as shown in Fig. 4(f). Then, the Li/Li sym-
metric cell was assembled in coin-cell cases and was charged for 
15 h under a current density of 1 mA/cm2. Figure 4(g) presents 
an image of the Li-metal anode captured after being charged. 
Figure 4(h) shows the fusion figure, where the two PAM cross-
sectional images of the cell before and after charging [Figs. 4(f) 
and (g)] are overlapped. In Fig. 4(h), the differences between 
Figs. 4(f) and (g) can be distinguished. The Li-metal anode 
before charging was relatively flat. In contrast, irregular Li pro-
trusions were detected after charging, confirming the inhomo-
geneous deposition of Li on the anode.

Another experiment was also extended to cells with dif-
ferent deposition thicknesses of Li metal (the thickness can be 
controlled by electrochemistry). Because of the high contrast 
between Li metal and the separator, the thickness of the Li-
metal anode can be directly calculated from PAM images, and 
the results qualitatively agree with electrochemistry data.

Aiming to achieve improved quantitative analysis, PAM for 
top-view imaging was developed [33]. The PAM system was 
primarily the same as the system for cross-sectional imaging 
and had similar lateral and axial resolution. Top-view imag-
ing of the cells using Li metal as the anode and a copper pellet 
as the counter electrode (Li/Cu cell) was conducted. To image 
such cells, there was no need to cut out the cross section, and 
thus, the integrity of the cells was maintained. The reason for 
selecting copper electrodes is that they are harder and less 

prone to deform after a pressurized package than Li electrodes. 
Before experiments, copper pellets were polished by sandpa-
per to obtain smooth substrates, which are essential for PAM 
to produce good images. Five Li/Cu cells were discharged with 
different areal capacities varying from 2 to 10 mAh/cm2 for 
quantitative study. During discharging, Li metal is deposited 
on the copper electrodes. The copper electrodes were then care-
fully taken from the cells for PAM imaging. Figure 5 shows the 
imaging results. For Fig. 5(a) − (t), each column corresponds 
to a discharging areal capacity. Figure 5(a)–(e) (the first row) 
shows photoacoustic MAP images of the Li-deposited cop-
per electrodes. Using an image processing algorithm [33], the 
regions with and without Li depositions can be segmented, as 
shown in Fig. 5(k)–(o) (the third row) and Fig. 5(f)–(j) (the sec-
ond row), respectively, which are photoacoustic height-encoded 
images representing the deposited Li height (for the region with 
Li depositions) and copper height (for the region without Li 
depositions), respectively. Note that Fig. 5(f)–(j) is utilized 
to estimate the original copper surface (i.e., before Li deposi-
tions) by a second-order polynomial fit. Finally, the thickness 
of electrochemically deposited Li can be calculated by subtract-
ing the estimated original copper surface from the deposited Li 
height in Fig. 5(k)–(o). The deposited Li thickness is shown in 
Fig. 5(p)–(t) (the fourth row).

The masses of deposited Li can be calculated from the thick-
ness, as indicated by the red points in Fig. 5(u), by converting 
the thickness to volume and assuming the theoretical density 
of Li metal. The black line shows the theoretical masses calcu-
lated using electrochemistry curves. There is a great consist-
ency between the masses calculated from the electrochemistry 
curves and the masses calculated using PAM, although the 

Figure 5:   Top-view PAM imaging of deposited Li on the copper electrodes for quantitative analysis. (a)–(e) Photoacoustic MAP images of the 
Li-deposited copper electrodes. (f )–(j) Photoacoustic height-encoded images of the copper height for the region without Li depositions. (k)–(o) 
Photoacoustic height-encoded images of the deposited Li height for the region with Li depositions. (p)–(t) Thickness images of electrochemically 
deposited Li. PA: photoacoustic. The scale bar in the figures is 1 mm. (u) Comparison of theoretical results calculated using electrochemistry curves and 
estimated results using PAM images. Reprinted from Ref. [33], Copyright 2020 Society of Photo‑Optical Instrumentation Engineers (SPIE).
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photoacoustic results are always smaller than the electrochemis-
try results. Part of the reason for this discrepancy is that the axial 
resolution of the system was low, causing a calculation error. 
To overcome this problem, a dual-view PAM system may be a 
good choice [46]. Another reason is the Li loss when isolating 
the copper electrodes from the cells. A new separator material 
that the laser can penetrate through may be beneficial because 
it would enable photoacoustic imaging without the removal of 
the separator. Finally, the hydrophone was simply assumed to 
be placed along the axial direction, and the oblique angle of 
the hydrophone was not considered [Fig. 4(a)]. The obliquely 
placed hydrophone would underestimate the height difference 
of the deposited Li height and copper height compared with a 
hydrophone placed along the axial direction, which leads to an 
underestimated thickness of the deposited Li and thus smaller 
masses.

3D spatial distribution of Li metal can also be obtained 
using PAM. When combined with other methods such as gas 
chromatography and electrochemical impedance spectroscopy, 
PAM can be used to quantitatively study freshly deposited Li 
and “dead” Li [20]. In the preceding paragraph, we discussed 
the imaging of freshly deposited Li with a capacity of 10 mAh/
cm2. More detailed quantitative analysis was performed in [20], 
and the results are shown in Fig. 6. According to the capacity 
loss tendency analysis in the work [20], the remained capacity 
approached 10 mAh/cm2 after 45 cycles. Hence, the accumula-
tive “dead” Li on the copper surface after 45 cycles was imaged 
by PAM. In this case, a freshly deposited Li-metal surface and 
the accumulative “dead” Li-metal surface with a similar capacity 
were compared. The average height of the freshly deposited Li 
was approximately 44.35 μm and that of the accumulative “dead” 
Li was approximately 39.76 μm, which are comparable. The 

height distributions of these two different states of Li-metal sur-
faces are presented in Fig. 6(d). As observed, the variance of the 
accumulative “dead” Li was much larger than that of the freshly 
deposited Li. Such quantitative analysis of lithium morphology 
is important for the study of battery failure mechanisms.

PAM can be applied to all-solid-state Li-metal batteries. 
In a short circuit, all-solid-state cell with LiNi0.5Co0.2Mn0.3O2 
(NMC532) as the cathode, Li metal as the anode, and a polyeth-
ylene oxide (PEO) film as the electrolyte, the 3D structure of a 
Li dendrite inside the cell was reconstructed using PAM imag-
ing, as illustrated in Fig. 7(a). In addition, PAM imaging was 
conducted on ceramic–polymer composite solid electrolytes. 
Figure 7(b) and (c) presents the 2D and 3D results, respectively. 
The area with the strong photoacoustic amplitude is attributed 
to solid-electrolyte fillers, and the area without photoacoustic 
amplitude represents the PEO polymer. This approach poten-
tially allows us to follow the morphology and porosity changes 
for different processing conditions, establishing crucial links 
between processing, microstructure, and electrochemical per-
formance of the solid-state electrolyte. Such understanding is 
relatively lacking in the battery community.

Recently, PAM has advanced toward non-contact imaging. 
Conventionally, PAM systems detect the ultrasound signals 
that propagate outward from the light-absorbing material of a 
sample. In this case, the ultrasound propagation path must be 
filled with liquid or solid, as an ultrasonic coupling medium, to 
facilitate acoustic coupling. The ultrasonic coupling medium is 
in direct contact with the sample. If the contact is unstable or 
imperfect, the image quality will be greatly impaired. Moreover, 
sample preparation and imaging procedure can be complicated 
and challenging for selected applications. This type of con-
ventional PAM using an ultrasonic coupling medium is called 

Figure 6:   3D spatial distribution of Li metal. (a) Schematic of top-view PAM imaging of deposited Li on copper electrodes. (b) Photoacoustic depth-
encoded images of “dead” Li with a capacity density of 10 mAh/cm2. The scale bar in the figures is 1 mm. (c) 3D rendering of height distribution of 
(b). (d) Comparison of height distributions of freshly deposited Li and “dead” Li. Reprinted with permission from Ref. [20], Copyright 2021 American 
Chemical Society.
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contact PAM [47]. In contrast, photoacoustic remote sensing 
(PARS) microscopy is a promising non-contact PAM technique, 
first established by HajiReza et al. in 2017 [48]. In PARS micros-
copy, there are two light beams with different wavelengths. One 
of them is the photoacoustic excitation laser, which illuminates 
the sample and produces acoustic waves via the photoacoustic 
effect. Instead of detecting ultrasound waves, the other interro-
gation light beam is used to retrieve the refractive-index change 
caused by the initial acoustic pressure induced in the sample. In 
this way, acoustic coupling media are no longer needed, which 
enables non-contact imaging. Recently, PARS microscopy was 
applied to successfully visualize Li dendrites [49]. The specific 
configuration of PARS microscopy is shown in Fig. 8(a). In this 
system, a 1064 nm laser worked as the excitation light beam, and 
a 1310 nm laser served as the interrogation light beam. The light 
path of the excitation laser was similar to that in conventional 
PAM. The interrogation laser was combined with the excita-
tion laser using a wavelength division multiplexer (WDM). The 
lateral resolution of the PARS microscopy setup was measured 
to be 2–5 μm, and the axial resolution was only ~ 123 μm. The 
cross sections of Li/Li symmetric cells were imaged, similar to 
Fig. 4(b) and (d). A smooth electrode without Li depositions is 
shown in Fig. 8(c), where the width of the red region (represent-
ing Li) is ~ 240 μm, which is consistent with the thickness of the 
Li foil. Figure 8(d) shows the morphology of the deposited Li 
on the electrode at a current density of 1 mA/cm2 for 15 h, and 
obvious Li protrusions can be observed. This work reveals the 
great potential of PARS microscopy in batteries, especially for 
all-solid-state batteries where no liquid is present.

PAM for electrode properties

Strong photoacoustic signals can also be received from typi-
cal cathode materials in Li-ion batteries, which can be used to 
measure the porosity and tortuosity of the cathode, detect the 
degree of wetting in the battery, and track the evolution of the 

cathode structure. As an example, strong photoacoustic signals 
were detected from NMC532, a cathode material, allowing pho-
toacoustic imaging of NMC532, as shown in Fig. 9(a). However, 
there is no photoacoustic signal at some points of the NMC532 
sample, which may indicate pores on the cathode. The results 
suggest that PAM is a promising method for porosity and tortu-
osity measurement to replace mercury intrusion. It is also pos-
sible to track structural changes according to the 3D rendering 
image in Fig. 9(b), which may be helpful to reveal the mecha-
nism behind the structural changes as well as the relationship 
between the cathode structure and failure of batteries. As previ-
ously mentioned, the photoacoustic signal will be significantly 
attenuated if liquid is lacking. Using this property, the degree of 
wetting can also be measured by PAM, which is an important 
parameter related to the failure of batteries.

Other than cathode materials, a graphite anode can also be 
studied by PAM. A graphite anode was extracted from an oper-
ated cell and cut to expose the flat cross section. The sample was 
sealed in a transparent bag made of polyethylene and was filled 
with liquid electrolyte for PAM imaging. Figure 10(a) and (b) 
shows the PAM images of the graphite anode. The white arrows 
indicate protrusions on the graphite surface, which are most 
likely Li metal formed by the reduction of Li ions not interca-
lated into the graphite anode. The results indicate that PAM can 
also be applied to analyze Li dendrites on a graphite surface. In 
addition, the strong photoacoustic signals from graphite enable 
monitoring of the changes in the graphite electrode itself dur-
ing cycling.

Future perspectives
Current PAM for batteries still needs improvement. First, 
although PAM meets the basic requirements for in operando 
experiments, there is no mature method for in operando sam-
ple preparation at present. Secondly, the spatial resolution of 

Figure 7:   Application of PAM in the solid-state electrolyte. (a) 3D structure of Li dendrite in the PEO electrolyte. (b) Photoacoustic MAP image of the 
composite solid electrolyte in the x–y plane. (c) 3D rendering of photoacoustic image of the composite solid electrolyte. The units in the figures are 
μm.
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Figure 8:   PARS microscopy for batteries. (a) Configuration of PARS microscopy. BS: beam splitter; NDF: neutral density filter; PD1 and PD2: 
photodetectors; DAC: data acquisition card; PC: personal computer; Amp: preamplifier; L1, L2, and L3: lens; WDM: wavelength division multiplexer; 
SMF: single-mode fiber. (Upper-right picture: miniature probe with a diameter of ~ 3.0 mm). (b) Sketch of the sample with sandwich structure. The 
region in the blue dashed box was imaged. (c) Photoacoustic MAP image from the cell sample without charging. (d) Photoacoustic MAP image from 
the cell sample after charging. PA: photoacoustic. The scale bar in the figures is 200 μm. Reprinted from Ref. [49], Copyright © 2021 Optica Publishing 
Group.

Figure 9:   Application of PAM in a cathode. (a) Photoacoustic MAP image of NMC532 in the x–y plane. (b) 3D rendering of photoacoustic image of 
NMC532. The units in the figures are μm.
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the PAM system used in battery imaging still has room for 
further improvement, especially the axial resolution. The sys-
tem currently in use has lateral and axial resolutions of 3.3 and 
26 μm, respectively [19], which are far from the highest spatial 
resolution that a PAM system can achieve (lateral resolution 
of 200 nm [43] and axial resolution of 5.8 μm [45]). Finally, 
PAM is only used for morphology observation now. However, 
PAM has the potential to be used for porosity determination 
and the degree of electrolyte wetting detection, which require 
more attempts and in-depth data analysis. Additional informa-
tion can be also obtained by a dual-model system combining 
PAM with another imaging or spectroscopy method (such as 
fluorescence or Raman).

In situ and in operando experiments

The nondestructive nature and relatively high temporal resolu-
tion of PAM indicate the possibility of conducting in situ experi-
ments. The greatest difficulty may be designing a battery struc-
ture with an optically transparent and acoustically transparent 
window. In PAM, acoustic transparency typically requires a thin, 
and soft material. In other words, visually transparent, thin and 
soft electrodes and separators are needed. Besides, the in situ 
samples had better be close to the real battery state. Therefore, 
in situ PAM for batteries requires innovations in electrode and 
separator materials as well as a suitable design of the battery 
structure, which are challenging.

For in operando experiments, a PAM system with higher 
imaging speed is imperative. If an image with a large scale (field 
of view) and high spatial resolution is desired, the image will 
contain many pixels. Especially for a sample with weak pho-
toacoustic signals (i.e., low SNR), signal averaging may be 
applied by repeated scanning, which will worsen the tempo-
ral resolution. For the PAM system using the motorized stage, 
the scanning speed is limited by the acceleration and decel-
eration of the motor. State-of-the-art PAM systems adopt a 

microelectromechanical system (MEMS) mirror to enhance 
the scanning speed. Briefly, the excitation laser spot is raster 
scanned on the sample by the MEMS mirror, and fast scanning 
can be realized by virtue of the fast response of the MEMS mir-
ror. As an example, considering 256 × 256 pixels and a laser 
with a pulse repetition frequency of 1 kHz, the shortest scan-
ning time of ~ 66 s can be achieved using the MEMS mirror, 
which is approximately five times faster than the system shown 
in Fig. 3(a). With a laser with higher pulse repetition frequency, 
the scanning time can be further shortened. Such a fast scanning 
speed can support not only in operando experiments but also 
large-scale scanning for analysis of the entire sample. If a high 
temporal resolution is not essential, repeated scanning can be 
used to enhance the SNR by signal averaging.

Dual‑view PAM and dual‑modal system

Multi-view imaging can be used to obtain sample information 
from different angles to achieve higher resolution and more 
accurate images [50]. Multi-view imaging implemented in OR-
PAM has been demonstrated, and a lateral resolution of 2.0 μm 
and an axial resolution of 4.7 μm were achieved [51]. Notably, 
the axial resolution was greatly enhanced compared with that 
of the single-view counterpart. Another dual-view OR-PAM 
system was built using ultraviolet wavelength for photoacoustic 
excitation, which had a resolution of 1.8, 1.3, and 1.8 μm along 
the x, y, and z directions, respectively [46], and quantitative 
imaging of cell nuclei was demonstrated. The improved spatial 
resolution of multi-view or dual-view OR-PAM systems is highly 
desirable for accurate quantification and analysis of batteries.

When PAM cannot fully meet the research requirements, 
combining PAM with another imaging technology can be 
a good solution. For instance, the incorporation of optical 
coherence tomography may provide layered information in 
batteries [52]. In addition, the integration of fluorescence 
imaging together with the use of suitable fluorescent dyes or 

Figure 10:   Application of PAM in a graphite anode. (a) Photoacoustic MAP image of graphite anode. (b) Photoacoustic height-encoded image of 
graphite anode. PA: photoacoustic
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probes may provide good sensitivity as a complement when 
detecting hydrogen sulfide [53]. Our group demonstrated a 
novel system combining non-contact PAM and fluorescence 
microscopy, which can facilitate cell imaging and ophthalmic 
imaging [54]. The system is expected to be useful for bat-
tery imaging as well. The progressive dual-modal system may 
accelerate research on batteries.

Conclusion
In conclusion, PAM is a nondestructive imaging method that 
provides high speed, 3D imaging, good spatial resolution, and 
satisfactory contrast. Recently, PAM has been increasingly used 
in batteries (Fig. 11). The successful acquisition of high-quality 
Li-metal images using PAM has demonstrated that PAM is an 
effective imaging method for batteries. Furthermore, quantita-
tive results and 3D spatial distributions from PAM have been 
used to analyze Li metal in different states, with the results indi-
cating that the distribution of accumulative “dead” Li was more 
inhomogeneous. This type of quantitative analysis is particularly 
helpful for understanding battery failure mechanisms. Recently, 
non-contact PAM for batteries has been explored, which can 
facilitate the study of all-solid-state batteries. In the future, PAM 
for battery imaging may be developed in several aspects such 
as in situ imaging, in operando imaging, dual-view OR-PAM 
systems, and dual-modal PAM systems.
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