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Active cathode particles are fundamental architectural units for the composite

electrode of Li-ion batteries. The microstructure of the particles has a profound

impact on their behavior and, consequently, on the cell-level electrochemical

performance. LiCoO2 (LCO, a dominant cathode material) is often in the form

of well-shaped particles, a few micrometres in size, with good crystallinity. In

contrast to secondary particles (an agglomeration of many fine primary grains),

which are the other common form of battery particles populated with structural

and chemical defects, it is often anticipated that good particle crystallinity leads

to superior mechanical robustness and suppressed charge heterogeneity. Yet,

sub-particle level charge inhomogeneity in LCO particles has been widely

reported in the literature, posing a frontier challenge in this field. Herein, this

topic is revisited and it is demonstrated that X-ray absorption spectra on single-

crystalline particles with highly anisotropic lattice structures are sensitive to

the polarization configuration of the incident X-rays, causing some degree of

ambiguity in analyzing the local spectroscopic fingerprint. To tackle this issue, a

methodology is developed that extracts the white-line peak energy in the X-ray

absorption near-edge structure spectra as a key data attribute for representing

the local state of charge in the LCO crystal. This method demonstrates

significantly improved accuracy and reveals the mesoscale chemical complexity

in LCO particles with better fidelity. In addition to the implications on the

importance of particle engineering for LCO cathodes, the method developed

herein also has significant impact on spectro-microscopic studies of single-

crystalline materials at synchrotron facilities, which is broadly applicable to a

wide range of scientific disciplines well beyond battery research.

1. Introduction

The rapidly increasing demand for portable electronics and

electrical vehicles has brought energy-storage technology to

the focal point of the tremendous ongoing research effort

across the globe. In the current landscape of this field, Li-ion

batteries (LIBs) are the most popular and promising energy-

storage devices. LIBs are made of two electrodes (the anode

and the cathode) that consecutively host and release charge

carriers (i.e. electrons and lithium ions) as the system is elec-

trochemically cycled. It has been revealed that the structural

and chemical complexity in this system exist across a wide

range of length scales, ranging from the atomic level to the

device level, highlighting the importance of probing the

interplay among lattice, charge and morphology of the elec-

trode materials.

A suite of synchrotron-based X-ray tools (Lin et al., 2017;

Bak et al., 2018; Cao, Toney et al., 2019; Heenan et al., 2019;
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Nelson Weker & Toney, 2015) have been utilized to study the

electrode materials’ behaviors upon battery operation. These

examples include but are not limited to using X-ray diffraction

to investigate the active materials’ lattice structural evolution

(Zhu et al., 2018), using hard X-ray absorption spectroscopy

(hard XAS) to probe the valence state of the transition-metal

elements in the bulk of the electrode (Aquilanti et al., 2017),

using soft X-ray absorption spectroscopy (soft XAS) over the

L edges of the transition-metal elements to investigate the

surface-damage effect (Lin et al., 2014), using soft X-ray

resonant inelastic X-ray scattering to probe the oxygen’s

redox activity in the cathode materials in deeply delithiated

state (Gent et al., 2017; Dai et al., 2019; Li, Lee et al., 2019; Xu,

Sun et al., 2018), using X-ray reflectivity measurements to

understand the solid electrolyte interphase (Cao et al., 2016;

Steinrück et al., 2018; Cao, Abate et al., 2019), and using X-ray

microscopy to reconstruct the morphological degradation

(Yang et al., 2019; Xia et al., 2018; Besli, Xia et al., 2019; Mao et

al., 2019) and lattice defect evolution (Singer et al., 2018) in the

battery electrode.

In addition to the above-mentioned efforts, there is a

growing interest in understanding the thermal-electro-chemo-

mechanical interplay within individual battery particles [i.e. at

the mesoscale (Wei, Xia et al., 2018)]. X-ray spectro-micro-

scopy has been regarded as a powerful tool for such study as it

could spatially resolve the local chemistry by extracting the

spectroscopic fingerprints associated with every volume unit

(i.e. voxels at tens of nanometres) (Meirer et al., 2011).

Successful applications of this technique can be found in

studies of many different cathode materials including many of

those that play major roles in today’s market, like LiCoO2

(LCO; Xu et al., 2017; Zhang et al., 2017), LiFePO4 (Boesen-

berg et al., 2013; Wang et al., 2016; Hong et al., 2017) and

LiNixMnyCo(1-x-y)O2 (Lin et al., 2016; Gent et al., 2016).

Meanwhile, in situ/operando spectro X-ray imaging experi-

ments are also carried out to elucidate the cathode materials’

response to different reaction driving forces (Xu et al., 2017;

Nelson Weker et al., 2017), highlighting the structural and

chemical complexity under non-equilibrium conditions.

Through these systematic efforts, researchers in this field are

putting together, piece by piece, a more comprehensive

understanding of the relationship among the sub-particle level

morphology defects and damages, state-of-charge (SoC)

heterogeneity, and the cell-level electrochemical performance.

In a typical full-field spectro-microscopic experiment, it is

vital to efficiently analyze the spectra with a good degree of

automation. This is because the spectra are effectively

recorded at a data rate of �6000 Hz (2000 � 2000 pixel

spectra in�10 minutes). There are many critical spectroscopic

features in a XAS spectrum, e.g. the edge energy, peak energy,

pre-edge and the first derivative of the X-ray absorption near-

edge structure (XANES) spectra. In our case, the XANES

spectra from a spectro-microscopic scan are extracted by

tracking the intensity variation of each 30 nm pixel as a

function of the incident energy. Moreover, because of its time-

consuming nature (a 3D XANES scan takes �8–10 h to take

tomograms at�60 energies of only one particle), the signal-to-

noise ratio and the energy resolution of 3D XANES imaging

data is not as good as those of a conventional bulk-averaged

XAS scan. Because of these practical experimental constrains,

it is not feasible to utilize the first derivative of the XANES

spectra or the pre-edge signal for quantifying the XANES

imaging data. The edge energy (the energy level that corre-

sponds to the normalized intensity at 0.5) has been broadly

utilized as a key data attribute for a rapid evaluation of the

relative local oxidation state. In general, at the absorption K-

edge of the transition-metal elements, the spectra shift along

the axis of excitation energy as the valence state is changed.

However, here we report that one of the key characteristics of

the synchrotron source, the polarization of the X-ray illumi-

nation, has been overlooked in the previous studies. Omitting

the polarization-dependent nature of the synchrotron spectro-

imaging data could lead to unsatisfactory accuracy when

investigating single-crystalline particles with highly aniso-

tropic lattice structure, e.g. layered structure, in which the c-

axis lattice parameter is much larger than that of the a and b

axes (see Fig. S1 in the supporting information for comparison

of a layered structure and a rock salt structure) (Kan et al.,

2018). Depending on the relative spatial arrangement of the c

axis and the X-rays’ major polarization axis, the spectroscopic

fingerprints could be different for the crystals with exactly the

same chemical state. A more robust approach that could

better handle such a scenario is urgently needed as we are

witnessing a rapidly growing interest in this research direction.

In this work, using LCO single-crystalline particles as a

model system, we systematically tackled the above-discussed

challenge and conducted the extraction of the local charge

heterogeneity by analyzing the peak energy in the Co K-edge

spectra, whose dependence on the polarization effect is

significantly suppressed. By comparing LCO particles recov-

ered from cells at different states of charge, we confirm that

our development offers significantly improved accuracy in

determining the local chemical state in comparison with the

conventional approach that relies on the extraction of the

edge energy. With this new approach, we take a closer look at

a larger LCO particle which has been severely damaged by the

electrochemical cycling. Our observation suggests that the

particle-level structural and chemical defects could co-exist,

highlighting the intertwined chemomechanical interplay at the

mesoscale. Going beyond the study of LCO cathode materials,

our development also offers profound impact on the spectro-

microscopic investigation of single-crystalline materials using

synchrotron facilities, where the X-rays have excellent prop-

erties (e.g. polarization and coherence) that need to be taken

into consideration for proper interpretation of the experi-

mental results.

2. Experimental section

2.1. Material synthesis

LiCoO2 was synthesized by a solid-state reaction technique.

Li2CO3 and Co2O3 were mixed in the stoichiometric ratio and

grinded in an agate mortar for�30–40 min. Then the obtained
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powders were made into pellets. The aim of the pellets, by

making the reacting atoms closer to each other, was to

increase crystallization. Finally, the pellets were calcinated at

900�C for 10 to 12 h in an air atmosphere using a box furnace.

When sufficient temperature is reached, Li2CO3 and Co2O3

react via the following equation: Li2CO3 + Co2O3 = 2LiCoO2

+ CO2.

2.2. Nano-resolution X-ray spectro-microscopy

X-ray spectroscopic imaging of the LCO particles was

carried out using the transmission X-ray microscope installed

at beamline 6-2c at the SSRL of the SLAC National Accel-

erator Laboratory. The nominal spatial resolution is �30 nm.

During the collection, powder samples are loaded into a

quartz capillary, which is 100 mm in diameter and 10 mm in wall

thickness. The capillary is mounted on the sample holder and

is kept perpendicular to the incident X-ray beam (see Fig. S6

for a photograph of the sample holder with the mounted

quartz capillary). Images at over 60 energy points were

collected. The energy step away from the peak energy was set

to 15 eV to ensure coverage of a relatively large window to

carry out normalization, while the energy near peak energy

was set to 1 eV to guarantee sufficient energy resolution. Data

processing and analysis were performed using an in-house

developed software known as TXM-Wizard. Details about the

experimental configuration and the concept of the transmis-

sion X-ray microscopy (TXM)-based spectroscopic imaging

method can be found elsewhere.

3. Results and discussion

3.1. Polarization-dependent spectroscopic signature of
LCO crystal

In synchrotron-based X-ray spectro-microscopy, the trans-

mission images of the sample are acquired as the incident

X-ray energy is scanned across the absorption edge of an

element of interest (Co in this present study). The absorption

contrast of the sample changes as a function of the incident

energy, yielding a spectroscopic signature that is often asso-

ciated with the chemical state of the material. Tomographic

scans are routinely adapted for resolving the structural and

chemical heterogeneity along the beam path. A 3D XANES

experiment can be carried out by performing tomography as a

function of the energy or by conducting 2D spectro-micro-

scopy in many different viewing angles (Liu et al., 2012).

As illustrated in Fig. 1, in a 3D XANES dataset on a pristine

single-crystalline LCO particle, we observed that the averaged

XANES spectrum over the entire particle changes signifi-

cantly as the particle is rotated along a vertical axis [see

Figs. 1(c) to 1( f) for the averaged spectra at angles of�45�, 0�,

45� and 89�, and see Fig. S2 for the edge-energy maps at

different viewing angles]. This particle was not subjected to
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Figure 1
Illustration of the angular-dependent spectroscopic fingerprint of a pristine single-crystalline LCO particle. Panel (a) shows schematically the
experimental configuration, where the particle is rotated along the vertical axis to facilitate the acquisition of the X-ray absorption spectra in different
viewing angles [panels (c) to ( f )]. Panel (b) shows the relative intensity profile of the horizontal and vertical polarization components as a function of the
vertical elevation angle with respect to the X-ray source point that is �30 m upstream of the sample. The scale bar in panel (a) is 5 mm.



any reaction active conditions; the differences in the averaged

spectra are therefore attributed to the difference in the

experimental configurations, i.e. the viewing angles, which

brings our attention to the polarization effect.

This measurement was conducted at beamline 6-2c of the

Stanford Synchrotron Radiation Lightsource (SSRL), where a

56-pole wiggler source generates a quasi-polarized illumina-

tion for illuminating the transmission X-ray microscope (Liu

et al., 2011). As confirmed by the relative intensity profiles of

the horizontal and vertical polarization components, which

changes as a function of the vertical elevation angle [see

Fig. 1(b)], the horizontal polarization component is signifi-

cantly stronger than the vertical component. Considering that

the particle is only a few micrometres in diameter and is

positioned at a distance of �30 m from the wiggler source, the

measurement is effectively operated within the gray area in

Fig. 1(b) and the particle practically sees X-rays that are

linearly polarized in the horizontal direction (see Fig. S3 for

more details about the polarization profile of the X-rays from

SSRL). The lattice structure of LiCoO2 crystal is highly

anisotropic with its c-axis lattice parameter much larger than

that of the a and b axes (see Fig. S1). Therefore, the relative

spatial arrangement of the lattice c axis and the major polar-

ization axis would have a significant

impact on the spectroscopic signature,

complicating the interpretation of the

data.

3.2. Peak energy as a key descriptor
for the SoC in LCO crystal

The polarization effect is usually

overlooked in conventional battery

research at synchrotron facilities

because the battery electrodes are

made of many particles with random

lattice orientations. This is also the case

for the study of secondary battery

particles, which consist of a large

number of primary grains with random

orientations. The polarization effect

would have been smeared out in those

scenarios and is not detectable in the

X-ray spectroscopic measurements.

However, when dealing with single-

crystalline particles this becomes an

issue that needs to be carefully

addressed. We show in Fig. 2(a) (and

Fig. S4) the averaged XANES spectra

over a single-crystalline LCO particle

at different viewing angles. As high-

lighted in the magnified views, the edge

energy, which has been broadly utilized

as a proxy for the relative valence state,

clearly shows an angular dependence.

Such uncertainty makes the edge

energy unfit for quantifying the

valence state in the study of single-crystalline particles that

have highly anisotropic lattice structures. On the other hand,

the excitation energy of the first white-line peak [referred to as

peak energy in this work, shown in the magnified views in the

upper left of Figs. 2(a) and S5 for better comparison] appears

to be relatively independent from the viewing angles, although

the polarization effect results in a broadening of the white line

and a splitting of the single-peak white line into a dual-peak

structure at some viewing angles. For a better evaluation of

this effect, we show in Fig. 2(b) the extracted edge energy,

which appears to be a sine curve with the absolute value

spread over a range of �3.1 eV. The peak energy, on the other

hand, remains more or less constant (see also Fig. S5),

considering that the instrumental energy resolution is �1 eV

in our experiment. We further reconstructed the 3D distri-

butions of the edge energy [Fig. 2(c)] and the peak energy

[Fig. 2(d)] of the studied LCO particle. The color contrast

shown in Fig. 2(c) is a result of the polarization effect, which

would be interpreted as the local SoC heterogeneity if such a

polarization effect is overlooked. The 3D peak-energy map in

Fig. 2(d), on the other hand, appears to be relatively homo-

geneous, which makes sense because this LCO particle is in its

pristine state.
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Figure 2
Comparison of the edge energy and peak energy as descriptors for quantifying the SoC of a single-
crystalline LCO particle. Panel (a) shows the XANES spectra averaged over the entire particle at
different viewing angles in a tomographic scan. Panel (b) is the extracted edge-energy and peak-
energy values at different viewing angles. Panels (c) and (d) are the spatial distribution of edge
energy and peak energy, respectively, recovered from a 3D XANES dataset on a single-crystalline
LCO particle. In panels (c) and (d), the left column is the 3D rendering and the second to fourth
columns are virtual slices through different depths of the particle.



3.3. Peak-energy map over a charged LCO particle

In the charged state, the cathode material often exhibits

complicated properties that are relevant to the overall battery

performance. For example, the formation of morphology

defects (Xia et al., 2018), the buildup of charge heterogeneity

(Mao et al., 2019) and the reduction in thermal stability (Wei,

Zhang et al., 2018; Mu et al., 2018; Xu, Rahman et al., 2018; Yan

et al., 2018; Besli, Shukla et al., 2019) are all found in the

cathode materials at deeply delithiated states. Therefore, we

conducted 3D XANES analysis on a charged LCO particle

using the method developed herein. We extracted the aver-

aged XANES spectra at different viewing angles and

compared the data from the pristine and charged particles in

Fig. 3(a) (see the inset for the charging capacity–voltage

curve). We clearly observed a shift of the white-line peak

towards higher energy (by �0.7 eV) upon battery charging.

For a more quantitative comparison between the edge energy

and peak energy, we extracted these two values from the data

and plotted them as a function of the viewing angle [Fig. 3(b)].

The peak energy of the charged particle (CD) is clearly

separated from that of the pristine particle (P) regardless of

the viewing angle, while the edge-energy curves are inter-

twined with each other. We therefore conclude that the peak

energy is a more reliable data attribute for evaluating the Co’s

valence state in single-crystalline LCO particles. By using the

peak energy as the key descriptor, the ambiguity caused by the

polarization effect is minimized.

For a more comprehensive comparison between the

charged and the pristine LCO particle, we show the virtual

slices of spectro-tomographic data in Figs. 4(a) and 4(b), which

represent the 3D peak-energy maps of the respective particles.

The pristine particle appears to be homogeneous, while the

charged particle shows some degree of redox heterogeneity in

the bulk. The averaged Co K-edge XANES spectra over the

entire particles are shown in Fig. 4(c) and the result is

consistent with the angle-dependence analysis shown in Fig. 3.

In addition to the change in the averaged oxidation state, the

charged particle also exhibits a wider distribution of Co

valence state as shown by the increased width in the prob-

ability distribution in Fig. 4(d).

3.4. Structural and chemical defects in severely damaged
LCO particles

The above-discussed particles (presented in Fig. 4) are both

single-crystalline particles with well-intact mesoscale struc-

tures. It is, however, anticipated that morphological and

chemical defects will develop when the cathode material

undergoes repeated cycling to high cut-off voltages. In deeply

delithiated states, the lattice distortion

(Singer et al., 2018; Wang et al., 2018; Li,

Li et al., 2019) could be severe and the

anion redox (Zhang et al., 2019; Gent et

al., 2017; Dai et al., 2019; Li, Lee et al.,

2019; Xu, Sun et al., 2018) could be

activated. Such phenomena could be

nucleation points for the accumulation

of the mechanical strain that is even-

tually released through mesoscale

particle cracking (Zhao et al., 2019; Yan

et al., 2017; Tsai et al., 2019; Markevich

et al., 2019). The formation of

morphological defects (e.g. cracks)

could in turn affect the local chemistry

by exposing fresh solid interface to the

liquid electrolyte and, subsequently,
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Figure 3
Comparison of the LCO particles in pristine and charged states to show the accuracy of the peak
energy compared with edge energy. Panel (a) shows the comparison of the XANES spectra in
different viewing angles from the pristine and charged particles. Panel (b) is the extracted edge
energy and peak energy from the data at all viewing angles in the tomographic scan.

Figure 4
3D chemical mapping of the LCO particles in pristine and charged states
using peak energy as the descriptor. Panels (a) and (b) show the chemical
distribution of the pristine and charged LCO particles. Panel (c) is the
representative multi-pixel averaged Co K-edge XANES spectra based on
3D XANES peak-energy maps. Panel (d) is the histogram of the peak
energy’s distribution.



affecting the optimal diffusion pathways of the lithium ions

and electrons.

Therefore, we choose to visualize a charged particle that

appears to be more severely damaged (Fig. 5). As illustrated in

Figs. 5(a)–5(e) (the 3D rendering of the morphology of the

particle and several virtual slices through different depths),

this particle is populated with cracks and domain boundaries.

This severely damaged particle coexists with normal intact

particles in the same electrode (they are recovered from the

same electrode for the tomographic measurement), high-

lighting the electrode-level reaction heterogeneity. Although

the whole cell is charged to a certain targeted cut-off voltage,

local over-charge and over-discharge could coexist owing to

the intrinsic complexity in the composite electrode, which

could cause charge heterogeneity in the depth direction (cell

polarization) (Xu et al., 2019) and lateral directions (Yang et

al., 2019). The corresponding 3D peak-energy map over the

same particle is shown in Figs. 5( f)–5( j), illustrating the

morphology defect-induced local chemical complexity. The

mesoscale charge heterogeneity in this particle could be

caused by reaction inactive domain boundaries and cracks.

Our observation clearly highlights the importance of surface

and interface engineering, which could potentially be achieved

through synthesis strategies, like doping and/or coating

(Zhang et al., 2019), and can be broadly applied regardless of

the crystallinity of the starting material.

4. Conclusions

Visualizing and understanding battery-electrode particles

could potentially offer valuable insight for the design of the

next-generation battery materials. While synchrotron X-ray

spectro-microscopy has been demonstrated as a powerful tool

to investigate the local chemistry in battery particles, we

highlight in this work that the X-ray polarization configuration

could affect the data and the interpretation for single-crys-

talline materials with highly anisotropic lattice structures.

Specific to the LCO particles, we revisited this problem and

developed a new method to quantify the local valence state.

By extracting the peak energy instead of

edge energy as the key descriptor, we

demonstrated that the undesired artifact

caused by polarization is suppressed. We

compared a charged LCO particle with

a pristine one and demonstrated the

accuracy and reliability of the proposed

method. Finally, we studied a charged

LCO particle with severe morphological

damage. We visualized the coexisting

morphological and chemical damage in

the particle with improved fidelity and

suggested that the surface modification

could be effective in suppressing the

unwanted charge heterogeneity. The

method developed herein not only

offers valuable implications on particle

engineering for LCO cathode materials

but also has significant impact on the spectro-microscopic

study of single-crystal materials at synchrotron facilities, which

is broadly applicable to a wide range of scientific disciplines

well beyond battery research.
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