ll

Article

Hierarchical Defect Engineering for LiCoO2
through Low-Solubility Trace Element Doping
Yan-Shuai Hong, Xiaojing
Huang, Chenxi Wei, ..., Xiqian
Yu, Yijin Liu, Hong Li
xjhuang@bnl.gov (X.H.)
xyu@iphy.ac.cn (X.Y.)
liuyijin@slac.stanford.edu (Y.L.)

HIGHLIGHTS
Heterogeneous trace Ti doping in
LCO introduces hierarchical
lattice distortions
The hierarchical defects suppress
the undesired O3 to H1 3 phase
transition at high SoC
Such defect-engineering strategy
is broadly applicable to highenergy cathode design

Cation doping is a widely utilized method for modifying LiCoO2 cathodes in an
effort to improve the energy density for Li-ion batteries. However, an in-depth
understanding of the underlying mechanisms remains elusive. We quantitatively
characterized and thoroughly analyzed the segregation of trace-doped Ti in the
LiCoO2 cathode to reveal the hierarchical structural defects, which promote
cycling stability by suppressing the undesired phase transformation at a deeply
charged state.
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SUMMARY

The Bigger Picture

Real-world industry-relevant battery composite electrodes are hierarchically structured. In particular for active cathode particles, there
is a consensus that their structural and chemical defects could have a
profound impact on battery performance. An in-depth understanding of the underlying mechanisms could critically inform cathode
material engineering, which remains a daunting challenge at present. Herein, we tackle this question by studying LiCoO2 (LCO)
with trace doping of Ti, which exhibits low solubility in the LCOlayered lattice. We observed the spontaneous and heterogeneous
segregation of the dopant (Ti), which modified the particle surface
and the buried grain boundaries while inducing a significant amount
of lattice distortions. These multiscale structural defects promote
the robustness of the LCO lattice at a deeply charged state (above
4.5 V). Our result formulates a multiscale defect-engineering strategy that could be applicable to the synthesis of a broad range of energy materials.

Cation doping has long been
regarded as an effective method
of modifying LiCoO2 for
withstanding a higher cutoff
voltage. In addition, the
microstructure and chemical
complexity of the cathode active
particles could critically affect the
overall battery performance. The
underlying fundamental
mechanisms, however, are often
rather complicated and unclear.
Herein, we present a simple yet
effective multiscale defectengineering approach via lowsolubility trace element doping
and demonstrate improved
cycling stability. Advanced
synchrotron characterization
techniques reveal the multiscale
segregation of Ti in the LiCoO2
particle, formulating a hierarchical
structural complexity that involves
modified particle surface, grain
boundaries, and lattice distortion
defects. These structural defects
play an important role in
stabilizing the LiCoO2 structure at
a highly charged state. Moreover,
this hierarchical defectengineering strategy is broadly
applicable to the other material
systems.

INTRODUCTION
The lithium-ion battery (LIB) is a groundbreaking invention that has enormous economic and social impacts.1–3 The operation of LIBs requires the cooperation of multiple battery components, involving thermodynamically uphill and downhill reactions during charging and discharging, respectively. Although there are ongoing
research efforts looking into all of the LIB components, the cathode material is
currently the most significant limiting factor for further improvement of the energy
density, and it is a major research focus in this field.4,5 The structural and chemical
complexity in the composite cathode electrodes is indispensable for the desired
functionality, and it therefore requires a delicate control for optimal device performance. While the porous carbon-binder domain (CBD) is responsible for providing
continuous diffusion pathways for the transportation of Li ions and electrons, the
active materials are ultimately the energy reservoir in which Li ions are stored and
released upon electrochemical cycling, and this process is accompanied by redox
reactions in the host material.
Depending on the targeted applications, different active cathode materials could be
chosen due to their respective pros and cons in different performance attributes.
Although LCO has been utilized as the cathode material in LIBs for several decades,
it is still very competitive and dominates the portable electronics market.6–9 Stabilization of LCO’s layered lattice at a deeply delithiated state is a frontier challenge that
has attracted worldwide research interest.10–15 This is because charging the LCO
cathode to high voltage is of immediate and significant commercial incentives
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through increasing the energy density, one of the most critical battery-performance
specifications.16–18 Upon deep charging, there is a clear tendency for the LCO particles to build up mechanical strain,19,20 to release lattice oxygen,21,22 and to undergo structure reconstruction.11,23 These negative effects are intertwined over
different time and length scales and are harmful to stable battery operation at
high voltage. To make it most effective, a material modification procedure must mitigate these negative effects in a systematic manner. In our previous work, we demonstrate that trace co-doping of Al, Mg, and Ti (~ 0.1 wt %) can greatly enhance the
cycling performance of LiCoO2 at 4.6V and reveal that each dopant contributes
through different mechanisms for such performance enhancement.24 Although
such a synergistic effect formulated by the three co-existing dopants leads to overall
optimal performance, it complicates the system and makes it difficult to single out
the fundamental role of each dopant. While both Mg and Al have reasonable solubility in the LCO lattice, the most profound complexity lies with Ti. On the one hand,
the majority of Ti segregates at the surface and interface, forming a 3D network. On
the other hand, residual Ti can be found inhomogeneously in the host LCO matrix.
According to the X-ray diffraction (XRD) patterns and the corresponding refinement
results reported in our previous work, Ti has a major role to play in the distortion of
the host lattice compared with Al and Mg. Based on these considerations, we choose
to focus on Ti in the current study. Besides, because of the chemical complexities
induced by different dopants—particularly for Ti that is nonuniformly distributed
within particles, including Co-free cathode materials25—their impacts on the lattice
structure across the entire particle and thus the overall structural stability have yet to
be demonstrated.26,27
Herein, we employ cutting-edge synchrotron characterization techniques, e.g.,
nanoresolution X-ray microscopy with composition, valence, and lattice defect sensitivities, to elucidate the spontaneous and multiscale dopant segregation in the Ti/
Mg/Al co-doped LCO particles. Our results suggest that, in addition to modifying
the LCO particles’ bulk and surface and interface properties as a previous study revealed, the inhomogeneous incorporation of Ti into the LCO lattice leads to a significant degree of lattice deformation (e.g., bending, twisting, and d-spacing heterogeneity). All the preexisting hierarchical defects positively contribute to the
robustness of the LCO lattice at a deeply charged state as evidenced by the suppression of the LCO’s phase transformation (from the O3 phase to the H1 3 and O1
phases) that occurs at above 4.5 V. We clarify here that, by hierarchical defects,
we are referring to the multiscale structural complexities in the material ranging
from the secondary-particle level down to the atomic scale. The particle-level
microscopic characterization is further supported by bulk-averaged in situ X-ray
powder-diffraction data, which cover millions of particles and ensure the statistical
representativeness of our conclusions. Our findings highlight a hierarchical selfassemble effect, which is originated from the low solubility of dopant in the host
lattice. Such an effect could potentially be used to formulate an unconventional multiscale defect-engineering strategy that is broadly applicable.

RESULTS
SoC Heterogeneity Effect of the Grain Boundary
The morphology and the state of charge (SoC) of a randomly selected bare LCO particle at the charge state are shown in Figure 1. A clear grain boundary with a microcrack at its edge can be observed in Figure 1A, and the grain boundary divides the
particle into two domains. Further 3D Co valence distribution through peak-energy
mapping using hard X-ray spectro-microscopy suggests that these two domains are
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Figure 1. The Crystal Grain Separation and Charge Heterogeneity in a Charged Bare LCO Particle
(A) The 3D rendering of the particle morphology with a grain boundary clearly observed through
the center of the particle. Scale bar: 5 mm.
(B) The 3D peak-energy map over the same LCO particle and the two domains appear to be at
different SoC.
(C) The spectroscopic fingerprints of the two domains compared with that of a pristine particle.
(D) The zoomed-in spectra of (C).

in different SoCs.28,29 Specifically, domain 2 has a higher Co valence state and exhibits a brighter color. The Co K-edge spectroscopic fingerprints of these two domains, together with that of a pristine bare LCO particle, are shown in Figure 1C.
From the zoomed-in spectra in Figure 1D, it is clear that the peak energies of the
pristine particle, domain 1, and domain 2 are gradually increasing, corresponding
to their respective Co valence states. These results suggest that the grain boundary
within a bare LCO particle not only is the mechanical weak point but also affects the
local chemical states.
Segregation of Ti in TLCO
The above visualized grain boundary in a bare LCO particle appears to be chemically
inactive and, consequently, prevents Li diffusion across this barrier. It is, therefore, of
practical importance to modify the properties of such buried interfaces. Herein, we
tackle this problem by applying trace doping of Ti, which is of a low solubility in the
hosting LCO lattice. The morphology of an arbitrarily selected secondary particle of
Ti/Mg/Al co-doped LCO (denoted as TLCO since we focus on the heterogeneity of
Ti) is shown in Figure 2A. Its compositional heterogeneity is revealed in Figure 2B,
which displays the distribution of the dopant (Ti) over a virtual slice through the
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Figure 2. Ti Trace Doping of LCO Cathode Exhibits Composition Heterogeneity across Different Length Scales
(A) The 3D structure of an arbitrarily selected TLCO secondary particle. Scale bar: 5 mm.
(B) The Ti segregation over the particle surface and at the grain boundary is revealed in the virtual slice. Scale bar: 5 mm.
(C) The experimental result of an isolated primary particle and the Ti-rich particle surface can be clearly visualized. Scale bar: 1 mm.
(D) The elemental depth profiles, which further support the visual assessment of (C).

center of the particle. The low solubility of Ti leads to its segregation at the particle
surface and the buried interfaces, highlighting the separation of several primary
grains as labeled in Figure 2B. Such an effect allows us to further extract and analyze
individual primary grain(s). Figure 2C shows the elemental distribution results of an
isolated primary TLCO particle. The depth profiles of elemental concentrations of
Co and Ti as well as their relative ratios are calculated and plotted in Figure 2D.
Our data suggest that the Ti concentration rapidly decreases from the surface to
the particle center, while Co is relatively homogeneously distributed. These fine
and quantitative analyses clearly confirm that trace doping of low-solubility dopant
is an effective interface-engineering approach.
Formation and Characterization of the Lattice Defects
In addition to the modified interfaces, the lattice defects in the TLCO material could
also play a significant role in the electrochemical performance. While the Bragg
coherent diffraction imaging (BCDI) has been proven a powerful technique for characterizing the topological defects and local elastic properties in cathode crystalline
particles, the limited coherence length of a typical third-generation synchrotron
source limits BCDI’s application to nanosized crystals.30 To look into the lattice defects within an individual micron-sized primary grain of TLCO, we utilized the scanning hard X-ray nanoprobe technique (Figure 3A).31 In a hard X-ray nanoprobe
setup, the X-rays are focused to a spot of ~30 nm for illuminating the sample, which
diffracts the beam in directions where the Bragg condition is satisfied. The diffraction
patterns around a selected Bragg peak (101) are recorded. The crystal was rocked
over a 2-degree angular range in the vicinity of the (101) Bragg peak, while a 2D
raster scan was conducted at each rocking angle. Figure 3B is a typical diffraction
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Figure 3. Investigation of the Lattice Defects in Primary TLCO Particle with the Hard X-Ray
Nanoprobe
(A) Illustration of the experimental configuration. Scale bar: 2 mm.
(B) A typical diffraction pattern with a single Bragg peak and the coordinate system, in which the
lattice defect can be extracted by tracking the shift of the pattern centroid.
(C) Rocking scans over two different pixels in a primary TLCO particle.
(D) 2D raster mappings recorded as a function of q.

pattern, in which we illustrate the orthogonal directions of the Bragg peak shift, relevant to the lattice defects and distortions. For example, the information collected
along and perpendicular to the powder-ring direction are corresponding to the Zbending and strain, respectively. In the diffraction contrast images of LCO and
TLCO particles, we observe two kinds of features that can be attributed to two
different types of lattice defects (see Figure S1). The first type is worm-shaped curves
(annotated with red arrows in Figure S1A), which are very similar to the edge-dislocation lines visualized in a Li-rich layered oxide particle using the BCDI method.32
The line density is significantly higher in the TLCO particle. The second type is annotated with green lines in Figure S1B; these separate regions with different intensities
in the diffraction contrast images, indicating different scattering power in different
orientations. The second type of feature can therefore be attributed to the crystal
twin boundaries. By tracking the diffraction pattern recorded on the pixel-area detector (see Figure 3B for the geometry) and the offsetting of the rocking curve
(see Figures 3C and 3D for two representative pixels that show distinct rocking
curve), the local lattice distortions can be mapped out.33,34 To highlight Ti’s role
in inducing the observed lattice defects, we compare the nanodiffraction data of
particles of bare LCO and TLCO in Figure 4. Figures 4A and 4B are the maps of
different types of lattice distortions of the bare LCO and TLCO, respectively. The inhomogeneity in Z-bending, Y-twisting, and d-spacing can be reconstructed by conducting this calculation pixel by pixel over the entire scanned TLCO primary grain, as
shown in Figure 4B. Visual assessment of these maps suggests that the bare LCO
exhibits a higher degree of uniformity. This is confirmed by the histogram plots in
Figure 4C, in which the peak broadening is observed in the TLCO data. Such
comparison confirms that the Ti doping has induced LCO lattice deformation, which
becomes a preexisting condition before the TLCO material is subjected to
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Figure 4. Comparison of Nanodiffraction Data on Particles of Bare LCO and TLCO
(A) The lattice distortion maps of a bare LCO particle. Scale bar: 1 mm.
(B) The lattice distortion maps of a TLCO particle with the corresponding schematics of the lattice
deformation illustrated in the insets.
(C) The corresponding relative probability distributions of the lattice distortions.

electrochemical cycling. To ensure the statistical representativeness of our particlelevel evaluation, the bulk-averaged laboratory XRD characterization is carried out.
Our bulk XRD results of the pristine bare LCO and TLCO samples confirm the observations from nano X-ray diffraction-imaging experiments. Pawley refinements were
performed with fundamental parameters (FPs) and pseudo-Voigt peak functions,
respectively, for analysis of the lattice strain. It can be seen that TLCO exhibits
much larger lattice strain than the bare LCO, indicating a larger amount of lattice defects in TLCO. More discussion on the XRD results can be found in the next section.
Suppression of O3 to H1 3 Phase Transition
For a better understanding of how such heterogeneously distributed lattice defects
affect the phase transition of LCO over the charge-discharge process, we performed
in situ laboratory XRD experiments to study the phase-evolution behavior of the bare
LCO and the TLCO (Figure 5). Figure 5A shows the initial charging curve of TLCO
under 0.1C condition with a highlighted voltage window of 4.40–4.60 V, in which
the O3 to H1 3 phase transition occurs. Figure 5B focuses on the (003) diffraction
peak shifts of the bare LCO and the TLCO in the charging voltage range of 4.40–
4.60 V. A clear sign of the two-phase reaction can be observed at the end of this
charging voltage range for the bare LCO, while the TLCO displays an overall
solid-solution reaction. The split of the (003) peak is a typical characteristic of the
O3 to H1 3 phase transition. Such structural transformation involves gliding of the
TMO2 slabs, which could cause particle fracturing and, consequently, bring in a series of detrimental effects, leading to the deterioration of the cycle performance. For
further quantitative analysis, the evolution of cell-lattice parameters and cell volume
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Figure 5. Suppression of the O3 to H1 3 Phase Transition in TLCO at Highly Delithiated State
(A) The initial charging curve of TLCO and schematic of the O 3 to H1 3 phase transition in a
highlighted voltage range of 4.40–4.60 V.
(B) Peak shifts of (003) diffraction peak for LCO and TLCO over the highlighted voltage window. (C)
The corresponding refined lattice parameters obtained by the Pawley method. TLCO exhibits a
relatively smaller change in its lattice parameters upon charging to high voltage.
(D) Schematic illustrations of the lattice defect density (top) and microstrain distribution (bottom) in
a primary grain of LCO (right, low defect density and highly ordered microstrain) and TLCO (left,
high defect density and highly disordered microstrain) crystal particles, respectively.

were obtained through Pawley XRD refinement (see Tables S1–S3). As shown in Figure 5C, the changes of both the cell-lattice parameters a and c and the cell volume of
TLCO are smaller than those of the bare LCO, which strongly demonstrates the significant suppression of the phase transition in TLCO. In connection with the aforementioned analysis of the diffraction images, it can be hinted that the multimodular
defects induced by the low solubility of Ti, in addition to homogeneous Al/Mg lattice
doping,24,35 can well suppress the collective O3 to H1 3 phase transition occurring in
the bare LCO. Such an effect can partially contribute to the greatly enhanced cycle
performances of TLCO at 4.6 V. The underlying mechanism can be understood as
shown in Figure 5D, which schematically compares the lattice defect density (top)
and the microstrain distribution (bottom) in primary grains of LCO and TLCO crystal.
The suppression of the O3 to H1 3 phase transition in TLCO could be attributed to its
abundant lattice defects and, subsequently, its highly disordered microstrain distribution. It is well known that strain has a significant impact on the phase-evolution
behavior of battery-electrode materials during electrochemical reactions.30 A recent
density functional theory (DFT) calculation study has also demonstrated that the
anisotropic microstrain in LCO lattice increases the energy barriers of structural
transition during delithiation at high voltage.36 Another important aspect is the
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contribute to the energy that can affect the phase transition. The effect of defect
energy and size on modification of the phase-transition behavior has been demonstrated in previous literature reports. For example, Wagemaker and co-workers
performed very careful studies and revealed that nanosized rutile TiO2 has a wider
Li-solubility range that can accommodate more Li deintercalation and intercalation
than a micro-sized one because of the size-induced extra surface and interfacial energy.37 We also performed DFT calculations to elucidate how size affects the O3 to
H1 3 phase transition in LCO. The detailed discussions are expanded in the
Supplemental Information. In summary, our experimental results suggest that the intergrain (e.g., grain boundary) and intragrain (e.g., lattice doping) defects synergistically inhibit the O3 to H1 3 phase transition at high voltages. Therefore, hierarchical
defect engineering is essential for the design of high-capacity cathodes that can
overcome the giant strain due to the large amount of Li deintercalation and intercalation and thus achieve high structural stability. It is worth noting that both bare LCO
and TLCO show very similar structural evolution behavior in low voltage range (OCV4.3 V). In general, the order-disorder phase transition that occurred at around 4.2 V
(LixCoO2, x = 0.5) is very sensitive to the element doping and doping content. This
indicates that the relatively low doping content of Ti (~ 0.1 wt %) in TLCO does not
affect the bulk structure transition at low voltages. Therefore, the Ti-induced hierarchical doping is effective at promoting the stability at highly delithiated state without
affecting the LCO’s behavior very much at lower SoC.

DISCUSSION
In this study, we show that trace Ti doping can modify the microstructure and thus
the intra- and intergrain defect properties within individual particles as a result of
the low solubility of Ti in LCO lattice. Quantitative analysis of the nanoresolution
diffraction images on single particles and XRD patterns covering structural
information of millions of particles reveal a significant amount of defects that are heterogeneously distributed in TLCO. The construction of such hierarchical defects
demonstrates the effectiveness in suppressing the undesired O3 to H1 3 phase transition of LCO at a deeply delithiated state, contributing to the greatly improved cycle performances of TLCO at high voltages. Given that high-energy-density cathode
materials require the capability of stable deintercalation and intercalation of a large
numbers of alkali ions in their lattices, which will inevitably introduce a high level of
strain within the particles, a hierarchical defect-engineering strategy could enable
highly disordered dispersion of lattice strain across both primary and secondary particles. Such an approach could be essential for constructing cathode materials with
high electrochemical stability over long-termcycling. We would like to remind in the
end that the lattice defects not only affect the structural robustness but could also
modulate the cation and/or anion redox reactions and rearrange the Li-ion diffusion
pathways. The interplay among lattice defects, cation and anion redox, and charge
heterogeneity is a frontier research topic that is worth systematic follow-up efforts.

EXPERIMENTAL PROCEDURES
Resource Availability
Lead Contact
Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Y. Liu (liuyijin@slac.stanford.edu).
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Materials Availability
This study did not generate new unique reagents.
Data and Code Availability
The synchrotron nanoresolution imaging data supporting the current study have not
been deposited in a public repository because the file size is extremely large. However, these files are available from the Lead Contact on request.
Material Synthesis
The LCO and TLCO materials were both prepared by a traditional solid-state reaction method that used Li2CO3 (99%), Co3O4 (99.7%), Al2O3 (99.9%), MgO (99%), and
TiO2 (99.9%) as precursors. All raw materials used are industrial materials and pure to
the battery grade. An excess of 5 wt % Li2CO3 was added to compensate for the Li
loss during synthesis. The precursors were first ground in an Agate mortar and then
the obtained mixed powders were sintered at 1,000 C for 10 h. Finally, the intermediate products were ground again in an Agate mortar and sintered for a second time
at 900 C for 10 h.
Nanoresolution X-Ray Spectromicroscopy
The X-ray spectroscopic imaging experiments were conducted at beamline 6-2c at
the Stanford Synchrotron Radiation Lightsource (SSRL) of the SLAC National Accelerator Laboratory. The nominal spatial resolution is about 30 nm, and the energy resolution is about 1 eV. LCO powder samples were loaded into a quartz capillary, and
the capillary was mounted on the sample holder, keeping perpendicular to the incident X-ray beam. The spectra covered over 60 energy points. Data processing and
analysis were performed with in-house-developed software known as TXM-Wizard.
Fluorescence Mapping Characterization
The nanofluorescence mapping was performed at the Hard X-ray Nanoprobe beamline of the National Synchrotron Light Source II at Brookhaven National Laboratory.
A Fresnel X-ray zone plate was used to focus the coherent X-rays of 9.6 keV in energy
down to a 50-nm spot size. A total of 51 projections (from 75 to 75 with a 3 interval) were collected, and the image processing was conducted by the algebraic
reconstruction technique. Further visualization and quantification of the imaging results were obtained with the commercial software package Avizo.
Scanning Nanodiffraction Characterization
The X-ray scanning nanodiffraction measurements were performed at the Hard XRay Nanoprobe beamline 3-ID of the National Synchrotron Light Source II. To locate
the target Bragg peak, the sample crystal was rotated over a 180 range with an XRD
detector collecting the diffraction pattern at each rotation angle, which was then indexed. A pixel array detector was then oriented accordingly to measure the strongest (101) peak. Raster scans were repeated for a series of rocking angles q with a
diffraction signal above the noise level and the resulting dataset is known as a rocking curve. The local Bragg diffraction measurements were done in sync with the
raster scan.
In Situ XRD Characterization
The laboratory in situ XRD measurements were conducted using a Bruker D8
ADVANCE diffractometer with Cu Ka radiation (l = 1.5405 Å) in the scan range
(2q) of 10 –135 . In addition, a specially designed Swagelok cell equipped with an
X-ray-transparent aluminium window was used for the in situ measurements. The
in situ XRD patterns were collected with an interval of 40 min for each 2q scan
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from 16 –60 on charging at a current rate of 0.1 C. The suppression of TLCO can be
confirmed by comparing the (003) diffraction peak shifts and cell-lattice parameters
as well as cell volumes between LCO and TLCO in the voltage range of 4.40–4.60 V.
DFT Calculation
The detailed DFT method is described in the Supplemental Information.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/j.chempr.
2020.07.017.
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