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The increased use of rechargeable batteries in portable electronic devices and the continuous develop-
ment of novel applications (e.g. transportation and large scale energy storage), have raised a strong de-
mand for high performance batteries with increased energy density, cycle and calendar life, safety and
lower costs. This triggers significant efforts to reveal the fundamental mechanism determining battery
performance with the use of advanced analytical techniques. However, the inherently complex character-
istics of battery systems make the mechanism analysis sophisticated and difficult. Synchrotron radiation
is an advanced collimated light source with high intensity and tunable energies. It has particular ad-
vantages in electronic structure and geometric structure (both the short-range and long-range structure)
analysis of materials on different length and time scales. In the past decades, synchrotron X-ray tech-
niques have been widely used to understand the fundamental mechanism and guide the technological
optimization of batteries. In particular, in situ and operando techniques with high spatial and temporal
resolution, enable the nondestructive, real time dynamic investigation of the electrochemical reaction,
and lead to significant deep insights into the battery operation mechanism.

This review gives a brief introduction of the application of synchrotron X-ray techniques to the inves-
tigation of battery systems. The five widely implicated techniques, including X-ray diffraction (XRD), Pair
Distribution Function (PDF), Hard and Soft X-ray absorption spectroscopy (XAS) and X-ray photoelectron
spectroscopy (XPS) will be reviewed, with the emphasis on their in situ studies of battery systems during
cycling.
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1. Introduction

The use of rechargeable batteries (mainly lithium and sodium
based rechargeable batteries) to electrical vehicles and grid energy
storage in recent years calls for high energy density, greater bat-
tery cycle life and safety characteristics [1-3]. To meet the above
requirements, significant efforts are being focused on materials
modification, developing promising new materials and new chem-
istry for the next generation of rechargeable batteries. The per-
formance (energy density, cycle/calendar life and safety) and cost
of rechargeable batteries is directly linked to electrode materials
(composition, structure and morphology, etc.) and their structural
evolution during cycling. It is very important to better understand-
ing various composition-structure-performance relationships and
the electrochemical reaction mechanisms for battery systems in or-
der to improve their performance and guide the development and
application of high-performance new materials [4,5]. However, the
battery systems are inherently complex and difficult to understand.
This requires systematical and deep investigations from atomic
level to macro level in electron structures, crystal structures, mi-
crostructures and morphologies, chemical compositions and phys-
ical properties of battery materials and their evolution during the
charge-discharge processes. Advanced ex situ and in situ character-
ization techniques have been used widely to clarify scientific and
technological problems in rechargeable batteries.

Since the early work by Mcbreen et al. around 25 years ago
[6], synchrotron X-ray techniques have been widely used to un-
derstand the fundamental mechanism and guide the technologi-
cal optimization of batteries [7-11]. The merits of synchrotron X-
rays, such as high brightness (10°-10'> more intense than that

(a) Structure evolution

from the laboratory sources), highly collimated and energy tun-
able, align itself perfectly to applications in battery science and
technology. The tunability of X-ray energies allows the conduct of
experiments which require a scan of the beam energy (e.g. XAS).
It also allows the optimization of the experiments to improve the
quality of data via optimizing the beam energy (e.g., eliminating
fluorescence artifacts during XRD analysis). The highly-collimated
and variable focus synchrotron beam allows high spatial resolution
spectroscopic mapping (point-by-point measurement) and imag-
ing of electrodes. With increasing sophisticated synchrotron tech-
niques, it also allows the conduct of high temporal resolution (up
to milliseconds) studies of the electrochemical/chemical reaction.
In particular, the ultrahigh intense and penetration ability of syn-
chrotron X-rays make the in situ and operando investigation of bat-
tery systems possible and easier to realize. Compared to ex situ
measurements, in situ and operando techniques can provide direct
information on the system in a nonequilibrium state, allowing a
truer visualization of what is happening during the electrochemi-
cal reduction and oxidation processes. Fig. 1 illustrates the appli-
cations of common synchrotron X-ray techniques to the study of
rechargeable batteries.

This paper reviews the latest developments in the application
of synchrotron X-ray techniques, especially their electrochemical in
situ techniques to the studies of battery materials and related elec-
trochemical reaction mechanisms. Since a comprehensive review
of the field has recently been provided by Lin et al. [10], this pa-
per will focus on the unique advantages and achievements of syn-
chrotron X-ray techniques for effectively providing structural and
chemical evolution information about commercially and/or funda-
mentally important electrode materials and their interfaces, and

Oxidation state

Battery
= A ] - eycler Molecular. geometry
A~ AN A A A i \ Local environment
3 . o Synchrotron !!
B~ A A b -ray
EE = . 3 — =\ 500 - i
A B - & i
[ SRR L - @ T
R s e £ | Charging
XRD E us
z

3 Local structure: oo

g Atomic distance T R YT VR FT

<] Coordinatin number PR ey (el

PDF Disorder XAS
Particle size

r(A)

(b) Electrochemical In-situ XRD

Incident

X-ray - Image plate
..\ /jdetector

In-situ cell

(c) Electrochemical In-situ XAS
In-situ cell

. ? I
-=—->
—

Tonization detectors

Fig. 1. (a) Common synchrotron X-ray techniques and their applications in battery researches, (b) schematic diagram of the electrochemical in situ XRD, (c) schematic
diagram of the electrochemical in situ XAS. Adapted from Ref. [90] and [120] with permission from The Royal Society of Chemistry, and Ref. [153] with permission from

American Chemical Society.
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