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Lithium-ion batteries are one of the main power sources for portable electronic
devices and vehicles nowadays. However, the limitations of commercial cathode and
anode materials cannot satisfy the increasing energy requirement of electronic devices.
Therefore, investigating the chemistry and material changes during charge/discharge
(lithiation/delithiation) is important to improve the properties of commercial LIBs. In-situ
transmission X-ray microscopy has become one of the most important techniques
for understanding the relationships between the electrode architecture and the cycling
performance of electrode materials. In this mini review, we are focus on the theory of
the synchrotron transmission X-ray microscopy and pick up one of the most important
reports to discuss the electrode material investigation.
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INTRODUCTION

With the growth in portable electronic device, the development of advanced lithium-ion batteries
(LIBs) becomes important, especially in determining new electrode materials. The present
technologies, such as X-ray diffraction (XRD), scanning electron microscope (SEM), transmission
electron microscope (TEM), Fourier transform infrared spectroscopy (FTIR), nuclear magnetic
resonance (NMR), X-ray photoelectron spectroscopy (XPS), atomic force microscope (AFM), and
Raman spectra are used for the investigation of LIBs. However, they can only show the morphology,
structure, or surface function groups before and after the charge/discharge cycle process. In-situ
synchrotron full field transmission X-ray microscopy (TXM) with 30-50 nm spatial resolution is a
significant technique that can reveal the ultrafine variation for Li ions in and out of the electrode
materials during the charge/discharge cycle process and help us to understand the mechanism and
explore the effective new electrode materials (Wang et al., 2014; Chen et al., 2016; Wolf et al., 2017;
Xu et al,, 2017). In addition, synchrotron radiation X-ray tomographic microscopy (SRXTM) with
1 wm spatial resolution (Ebner et al., 2013) is also an important instrument for in situ mesoscale
visualization in LIBs.

IMAGES OF LIB ELECTRODE MATERIALS BY USING IN-SITU
TRANSMISSION X-RAY MICROSCOPY

Synchrotron TXM is an essential technique in the ion battery research. TXM provides 30-50 nm
spatial resolution, 10s temporal resolution and 20-50 um probing depth by applying high flux
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synchrotron radiation X-ray with tunable energy range of 5-12
keV as the source. Furthermore, TXM requires no vacuumed
experimental environment; hence, the use of aqueous samples
is feasible. The energy-resolved TXM elemental mapping can
be performed with the complement of the X-ray absorption
near-edge structure (XANES). Taking all of these advantages,
TXM is a distinct technique to reveal in situ the working
LIBs, sodium-ion batteries (NIBs), and all similar investigations.
TXM applies the physical characteristics of absorption and
phase contrasts of various materials within the specimen and
explores the interior morphology. The sequential alteration
of materials inside the anode, cathode, and electrolyte of
LIBs during the charge/discharge cycle processes, including
size (expansion/contraction), geometry shape, crack, fracture,
pulverization, porous rate, and lithium dendrite, can be analyzed
by in-situ TXM observation.

The layout of TXM beamline at the synchrotron radiation
facility is shown in Figure 1A. The synchrotron radiation X-ray
source passes through a vertical collimating mirror to the parallel
beam to optimize the energy resolution (AE/E) of the double
crystal monochromator (DCM). The monochromatized beam is
focused by a horizontal focusing mirror (HFM) and a vertical
focusing mirror (VFM) as the secondary source for the capillary
condenser of the TXM end-station. The sketch and photograph
of the TXM instrument are presented in Figure 1B. X-ray at the
HFM and VEM focus is refocused by the capillary condenser
to the sample position. This beam transmits the sample and
subsequently passes through a zone plate, which is located at
the downstream of the sample, to magnify the diffraction beam
and apply the spatial resolution of 30-50 nm. Specimen with
insufficient absorption contrast is equipped with a phase ring in
the back focal plane of the zone plate to enhance phase contrast.
A charge-coupled device (CCD) is installed at the end of the
end-station for image acquisition. Prior to CCD installation, a
scintillator is used to translate X-ray to visible light. A serious
two dimensional (2D) images from —90° to 90° (181 images) are
reconstructed as a three dimensional (3D) tomography.

The TXM applies the absorption and phase contrasts to
reveal the internal morphology of the specimen (Schneider, 1998;
Attwood, 1999; Born and Wolf, 1999; Mansuripur, 2002). The
refraction index # of a material can be written as follows:

n=1-—35§—ip, (1)

where § and f are the real and image parts of the refraction index,
respectively. The interaction in the X-ray electric field, which
transmits a material with the thickness of z, can be illustrated as
follows:

E(z) = Boe ), )

where Eg is the initial electric field of the X-ray, k is the wave
number of the X-ray, k = 2m/X, and ) is the wavelength of the
X-ray. With the substitution of Equation (1) and k = 2t/ \ into
Equation (2), E(z) can be expressed as follows:

E(Z) — EOe(—127[2/)\)+(i2n62/)\)—(2nﬂz/)\) (3)

The electric field intensity is described as follows:
1) = [E@) = Tpe™ ™7/, )

where Iy is the initial intensity of the incident beam. Hence, the
absorption contrast of various materials with different 8 values
within the specimen can be expressed as follows:

w(z) = 4mBz/ . (5)

With regard to the specimen with insufficient absorption
contrast, the Zernike phase contrast method can be applied to
enhance the phase contrast of materials within the specimen.
First, Abbes theory of image formation in a microscope is
introduced, with consideration of object imaging, which is
illuminated by a plane wave, as shown in Figure 1C (Born and
Wolf, 1999). The plane wave is diffracted by the grating-like
object and develops a Fraunhofer diffraction pattern of the object
in the back focal plane of the objective. The maximum intensity
of continuous orders of this pattern is indicated by the following:
..o»S-2,8-1, S0, S1, Sz ... Each point on the focal plane can be
treated as a center of a coherent secondary source. The waves
that progress from these secondary sources interfere mutually
and form an image of this object in the image plane. The Zernike
phase contrast method locates a phase plate at the back focal
plane of the objective. The zero-order phase of the diffraction
pattern (Sp) is retarded (+) or advanced (-) with respect to
the other diffraction spectra (S;, S—1, Sz, S—3...) by w/2. This
method can transform the phase term of the image to intensity,
which can be recognized by a detector. To explain the principle
of phase contrast method, the system is simplified to consider
the phase term only by treating a one-dimensional transparent
phase grating. The transmission function of this phase grating is
as follows:

F(z) = exp (i (2)), (6)

where @ (z) is a real periodic function. Compared with unity, if
® is smaller, then F(z) can be expressed as follows:

F(z)=214i®(2). (7)

When the Sy phase is retarded or advanced with one quarter
of period (:l:%), the according transmission function G(z) after
calculation is as follows:

G(z) =i +iP (z). (8)

The positive and negative signs correspond to the phase of the
Oth order, which is retarded and advanced, respectively. G(z)
represents an assumed amplitude grating instead of a phase
grating. The intensity in the image plane is as follows:

I(z) = |GR@)> =1+ 2P (2). (9)

Moreover, the phase contrast for the transparent phase grating is
expressed as follows:

®(z) = 21dz/\. (10)
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FIGURE 1 | (A) Layout of synchrotron radiation transmission X-ray microscopy (TXM) beamline. (B) Sketch (left) and photograph (right) of the TXM instrument. (C)
Sketch of Abbe theory for image formation in a microscope. (D) Sketch of the zone plate and phase ring in the TXM instrument. The zone plate consists of concentric
circle zones with Au (or other metal) (red circles) and SizNy4 (blue circles) replacements. The phase ring material is gold.
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This relationship explains that the phase variation induced by
the object is transformed to intensity variation by using Zernike
phase contrast method. The image intensity is proportional to the
phase of the corresponding element of the object.

Figure 1D shows the arrangement of the zone plate and phase
ring in the TXM system. A phase ring is placed at the back focal
plane of the zone plate to advance the Sy phase of the specimen
with 37” The thickness z of the phase ring can be estimated by
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FIGURE 2 | TXM images of a working LioMnO3-LiMO» cathode particle. (1)
(a) Voltage (V vs. Li*/Li) vs. time curve during the first charge/discharge cycle.
(b-g) are the corresponding snapshots of the marked numbers in (a). (2)
Variation in TXM images in (1b-g). (2a-f) represent the differences between
4.5V and open-circuit voltage (OCV), 4.7 and 4.5V, 3.6 and 4.7V, 2.0 and
3.6V, 4.7V and OCV, and 2.0V and OCV, respectively. Reprinted permission
from Chen et al. (2016). Copyright 2016 American Chemical Society.

considering the pure phase contrastimage asz = %. The Fresnel
zone plate in the TXM system is the key component in providing
spatial resolution. The zone plate structure, which consists of
concentric circle zones with Au (or other metal) (red circles) and
Si3Ny (blue circles) replacements, is shown in Figure 1D. X-ray
passing through the zone plate will be focused, and it will induce
diffraction phenomenon due to the optical path difference. The
focal length of the zone plate is written as follows:

fn = 2rdry/(m)), (11)

where r and dr,, are the radius and the outmost zone width of the
zone plate, respectively, m is the diffraction order, and X\ is the
X-ray wavelength. For the synchrotron radiation TXM system,
the monochromatized energy of the incident X-ray is selected by
adopting the DCM in the beamline.

The spatial resolution (Arp,) of the zone plate corresponding
to the Rayleigh resolution limit for a circular aperture is
determined by the following equation:

Arm = 0.6100/(NA-m); = 1.22dr,/m; (12)

where NA is the numerical aperture of the zone plate (NA =
N (2dry)).

The theoretical diffraction efficiency of the zone plate can be
calculated by using rigorous coupled-wave theory. Diffraction
efficiency is related to the complex refractive index (n = 1-6—
iB), thickness (aspect ratio) of the zone plate, wavelength, and
X-ray incident divergence angle. Briefly, the result is proportional
to 1/(mm)?. The practical measured value of the diffraction
efficiency of the zone plate is commonly in the range of 10-30%.
The zone width uniformity and zone plate thickness are crucial
for diffraction efficiency, and they influence the signal-to-noise
ratio of the image largely. When the numerical aperture of a zone
plate is considerably small compared with the object distance g
and image distance p, i.e., NA<<1, the zone plate can be treated
as a lens. The object and image distances can be estimated by
using the following formula:

1/g+1/p=1/f. (13)

In addition, the magnification M of the zone plate is described as
follows:

M=p/q. (14)

Synchrotron radiation TXM is a distinct technique to reveal
the in-situ internal morphological structure variation of the LIB
material during charging, discharging, and idle processes.

This work used the case on the xLi;MnO3(1-x)LiMO,
(Li;+xMO,, where M = Ni, Co, Mn) system to demonstrate
the TXM 2D images in LIB investigations. The xLi;MnO3(1-
x)LiMO, compounds consisting of Li;MnO3 and LiMO, is a
promising cathode electrode with a high capacity of 250-300
mAh/g. Nonetheless, this material exhibits poor rate and cycling
performance and a large hysteresis in the charge/discharge
curves. To improve the capacity and cycling performance of
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electrode materials, the structural evolution of Li,MnQ3-LiMO,
cathode electrode with a high charge capacity (302 mAh/g)
is investigated for the first time by combining operando
TXM and operando neutron powder diffraction (NPD), which
allows the correlation of morphological detail and atomic-
scale crystallography to reveal electrode function (Chen et al.,
2016). The TXM images of a working Li,MnOj3-LiMO; cathode
particle are shown in Figure 2-1. Figure 2-1a presents the
voltage (V vs. Lit/Li) versus time curve during the first
charge/discharge cycle, and the corresponding snapshots are
shown in Figures 2-1b-g. The diameter of the approximately
spherical Li;MnO3-LiMO, particle at the OCV is 10.95um
(Figure 2-1b). During charging to 4.5V, cracks occur in
Li;MnOs3-LiMO; particle (Figure 2-1c, red rectangular area),
which further develop during charging to 4.7 V (Figures 2-1d,e).
Upon discharge, the cracks fade (f), the particle almost heals, and
the diameter is 10.78 um at 2V (Figures 2-1g). The variation of
TXM images of Li,MnO3-LiMO, particle in Figure 2-1 is shown
in Figure 2-2. Figure 2-2a displays the difference between 4.5V
and OCV. The cracks in Li;MnO3-LiMO; particle are shown in
red circle, and the volume reduction is about 2%. Figure 2-2b
illustrates the variation in 4.7 and 4.5 V. The cracks develop with
a volume reduction of 3%. The particle cracks and volume are
almost unchanged during 4.7-3.6 V (Figure 2-2¢). Notably, with
further discharge from 3.6 to 2'V, the particle cracks are healed,
with a volume expansion of 3% (Figure 2-2d). The overall cracks
developed during charging (variation from OPC to 4.7 V) and
healed during discharging (difference between 2V and OPC) are
illustrated in Figures 2-2e.f, respectively.

Operando NPD is used to investigate the Li,MnO3-LiMO,
phase and structure alternation in a complete cell containing
a LiyTi5O1, (LTO) anode electrode during operation. Cracking
in the Li;MnO3-LiMO, electrode particle under in-situ TXM
examination is induced by the solid-solution reaction of the
LiMO; during charging to 4.55 V. The cracks are enhanced upon
further charging to 4.7 V with the concurrent two-phase reaction
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SUMMARY AND FUTURE PERSPECTIVES
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