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ABSTRACT: Li-rich layered oxide cathode materials are regarded as an attractive
candidate of next-generation Li-ion batteries (LIBs) to realize an energy density of >300
Wh kg−1. However, challenges such as capacity fade, cycle life, oxygen release, and
structural transformation still restrain its practical application. Micro/nanotechnology is
one of the effective strategies to enhance its structural stability and electrochemical
performance. An in-depth understanding of the relationship between micro/nanostructures
and the electrochemical performance of Li-rich layered oxides is undoubtedly important
for developing high-performance cathode materials. Herein, Li1.2Ni0.13Co0.13Mn0.54O2 with
different micro/nanostructures including irregular particles, microspheres, microrods, and
orthogonal particles are synthesized. Starting from the amount of surface oxygen vacancies
in the different structures, the influence of oxygen vacancies on every step during the
charge−discharge processes is analyzed by experimental characterizations and theoretical
calculations. It is indicated that intrinsic oxygen vacancies can enhance the electrical
conductivity and decrease the energy barrier for ion migration, which exerts a significant
influence on promoting the kinetics and capacity. Among the different micro/nanostructures, microrods with abundant oxygen
vacancies can not only promote lithium ion transport but also stabilize a cathode electrolyte interface (CEI) film by adjusting the
distribution of surface elements with lower nickel content. The microrods deliver an initial discharge capacity of up to 306.1 mAh g−1

at 0.1C rate and a superior cycle performance with a capacity retention of 91.0% after 200 cycles at 0.2C rate.
KEYWORDS: morphology, structure−performance relationship, oxygen vacancy, Li-rich cathode material, Li-ion battery,
micro/nanotechnology

1. INTRODUCTION

Li-ion batteries (LIBs) have become a dominant power source
for electric vehicles and portable electronic products. However,
the developing electric vehicles are badly in need of new
rechargeable batteries with a high energy density of >300 Wh
kg−1, which is not available for current commercial lithium-ion
batteries.1−3 To meet the requirement of battery energy
density, new cathode materials with significantly increased
capacity are necessary. Compared with the traditional layered
LiCoO2, spinel LiMn2O4, and olivine LiFePO4 cathode
materials with specific capacities of <200 mAh g−1, Li-rich
layered oxides (xLi2MnO3·(1 − x)LiMO2, M = Ni, Co, Mn,
etc.) are emerging as one of the most competitive candidates
to satisfy the energy requirements owing to their distinguished
specific capacity exceeding 250 mAh g−1.4−7 Nevertheless, they
still suffer from low initial Coulombic efficiency, sluggish
reaction kinetics, poor cycle life, and severe structural
degradation.8,9 Also, phase transformation from the layered
structure to the spinel or even rock-salt phases greatly
influences the internal structural stability and leads to active
material failure.10 To solve these problems, efforts such as
micro/nanostructure design, surface coating, and bulk doping
have been made in recent years. Among these methods, micro/

nanostructure design is considered one of the most promising
approaches to improving the intrinsic stability and enhancing
the electrochemical performance of Li-rich materials with
reduced cost.11,12 Nanoscale primary particles can not only
increase contact area and ensure sufficient penetration at the
interface of cathode materials and electrolyte but also shorten
the lithium ion diffusion path, thereby accelerating charge
transfer.13−15 Simultaneously, the regular arrangement of
microscale secondary particles is effective in improving the
structural stability of the electrode materials and the texture
properties for ion transfer in electrodes. However, the small
size and exposure of certain crystal planes for micro/
nanostructures can have an adverse effect on cycling stability.
The structure−performance relationship is important but
complicated, and an in-depth understanding is still necessary
for developing high-performance Li-rich cathode materials.
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Mn-based Li-rich cathode materials exhibit a unique dual-
redox mechanism of both cations and anions. During the first
charge process, the Li2MnO3 component is activated and
represents an obvious voltage plateau at 4.5 V accompanied by
irreversible oxygen release and structural changes.13,16,17

Previous studies have revealed that intrinsic oxygen vacancies
are verified to suppress irreversible oxygen loss over cycling,
which contributes to higher initial Coulombic efficiency.13,18

Furthermore, intrinsic oxygen vacancies formed on the surface
give rise to an imbalanced charge distribution, thus facilitating
the insertion/extraction of lithium ions and enhancing the
electrical conductivity of cathode materials.13 Besides, after
finishing the first discharge stage, part of the Mn4+ species will
be reduced to Mn3+ as charge compensation, which triggers the
Jahn−Teller effect and results in distortion of the molecular
configuration with the increase of internal stress and the
appearance of harmful cracks.19,20 Another study reveals that
higher nickel content on the surface is prone to induce the
interaction between Ni4+ and the electrolyte, especially under
the highly charged state, which leads to complicated interfacial
side reactions at the same time.3 Meanwhile, intrinsic oxygen
vacancies on the surface of the cathode materials can provide a
favorable ion diffusion and electron transport environment and
hinder the layered-to-spinel phase transition, thus supporting
higher capacity and energy output.13,21−26 Therefore, it is
interesting and worthwhile to discuss the relationship between
micro/nanostructures and electrochemical performance from
oxygen-vacancy perspective.

In this work, Li1.2Ni0.13Co0.13Mn0.54O2 cathode materials
with four different micro/nanostructures are synthesized,
characterized, and investigated as cathode materials for lithium
ion batteries. With close surface area, the samples have various
contents of intrinsic oxygen vacancies on the surfaces with
different micro/nanostructures. It is found that intrinsic
oxygen vacancies on the surface are beneficial to reduce the
ion migration energy barrier and accelerate the kinetics
process. Moreover, an intrinsic oxygen vacancy generates
processive influence during the charge−discharge process of
the cathode material. The microrods with abundant oxygen
vacancies can effectively suppress the Jahn−Teller distortion
effect, thereby effectively improving the structural stability. In
addition, phase transformation from layered to spinel
structures is also markedly alleviated in the cycled microrods
with a thin cathode electrolyte interface film. The effects of
oxygen vacancy in the whole electrochemical process promote
the prepared microrods to exhibit a discharge capacity of up to
306.1 mAh g−1 at 0.1C rate (1C = 200 mA g−1) and a superior
cycling performance with a capacity retention of 91.0% (274
mAh g−1) after 200 cycles at 0.2C rate. The results provide a
new perspective to understand the structure−performance
relationship of lithium-rich cathode materials and are helpful
for the development of high-performance energy storage
materials for lithium-ion batteries.

2. RESULTS AND DISCUSSION

The detailed synthesis route and methods of four different
morphological samples are illustrated in the Supporting

Figure 1. SEM images (a−h) and XRD patterns (i, j) of irregular, microsphere, microrod, and orthogonal Li-rich cathode materials.
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Information. Irregular particles, microspheres, microrods, and
orthogonal particles consisting of identical components are
synthesized successfully via spray-drying, coprecipitation, and
solvothermal methods, respectively. The conditions have been
optimized to obtain the final samples with controlled
morphology and very close surface area (Figure S4 and
Table S1). This indicates that the specific surface area of the
four samples has a limited impact on the the electrochemical
performance of the cathode materials, and it is worthwhile to
study the relationship between structure and performance from
a new perspective of oxygen vacancy. The morphology and
structure information on the four samples are characterized by
scanning electron microscopy (SEM). As displayed in Figure
1a and b, the irregular particles have an average grain size
between 100 and 200 nm, and the grains have a smooth surface
without agglomerations. Different from the irregular particles,
microspheres, microrods, and orthogonal particles are uniform
microscale secondary particles assembled by nanoscale primary
grains in a certain orientation. As shown in Figure 1c and d, the
microspheres have a similar diameter of ∼10 μm and are
compactly composed of nanosized grains of ∼100 nm. Parts e
and f of Figure 1 show that the microrods present a well-
arranged rodlike morphology with an approximate length of 8
μm and a diameter of 1−1.5 μm and are composed of grains
with a size of 200−300 nm. Moreover, this preferential
orientation of the agglomeration mode causes the material to
expose more {010} planes that contribute to the diffusion of
lithium ions along the a or b axis in the bulk.27−29 It is shown
in Figure 1g and f that orthogonal microparticles have an
overall size of ∼2 μm and are aggregated tightly by nanoscale
particles with an average size of 200 nm.
Phase structures of as-prepared cathode materials are

identified by powder X-ray diffraction (XRD), as shown in
Figure 1i and j. Clearly, the XRD patterns of the four samples

can be well-ascribed to the hexagonal α-NaFeO2 structure (R3̅
m space group) and monoclinic Li2MnO3 structure (C2/m
space group).30−35 The sharp peaks with strong intensity also
indicate the good crystallinity of the as-prepared materials. The
weak superlattice diffraction peak emerging at 2θ = 20−25°
corresponds to the characteristic diffraction peak of the
Li2MnO3 component, reflecting the orderly arrangement of
lithium ions in the transition metal layer forming the MO6
octahedral superlattice structure.31,32 Further observation
affirms that the superlattice diffraction peaks are classified
into (020) and (111) planes of the C2/m space group of
monoclinic phase in Figure 1j. It can be seen from the intensity
and splitting of the two diffraction peaks that the lithium ions
are arranged in an orderly manner in the transition metal layer
of the microrod particles. Compared with that of the irregular
particles, the (003) diffraction peaks of the microspheres,
microrods, and orthorgonal particles shift toward a higher
diffraction angle, indicating a shrinkage of the crystal
structures. At the same time, the clear splitting of the (018)
and (110) peaks also manifests that the as-synthesized cathode
materials have an orderly arranged layered structure. The
Raman spectra also confirm the layered structures of the four
samples in Figure S3 (Supporting Information).
The oxygen vacancy of the Li-rich cathode materials is

characterized by electon paramagnetic spectroscopy (EPR)
and X-ray photoelectron spectroscopy (XPS). Generally
speaking, metal oxides inevitably generate oxygen vacancies
on the surface during heat treatment, especially under high-
temperature conditions (Figure 2a). In EPR spectra, an oxygen
vacancy in metal oxides usually shows a typical signal of g-value
at 2.00.14 According to the EPR results, it is revealed in Figure
2b that the concentration of the oxygen vacancies varies with
different micro/nanostructures with a descending order:
microrods > microspheres > irregular particles > orthogonal

Figure 2. (a) Schematic of oxygen-vacancy formation. (b) EPR spectra of different morphological particles. (c) Illustration of perfect structure and
oxygen-vacancy structure based on the Li2MnO3 model. (d) XPS spectra of O 1s of different morphological particles.
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particles. The XPS spectra of oxygen are also used to analyze
the oxygen vacancies in the different samples. As shown in
Figure 2d, the signals at 531.5 and 529.4 eV are ascribed to the
oxygen-deficient locations (oxygen vacancies) and lattice
oxygen regions (O−M−O), respectively.36,37 The quantitative
analyses based on the XPS peak areas demonstrate that the
proportions of oxygen vacancies are 36.5% for microrods,
34.6% for microspheres, 28.9% for irregular particles, and
23.7% for orthogonal particles, which is the same order as the

results from EPR. In addition, it can be seen that the average
valence state of Ni ions in the microrod particles is slightly
lower than that in the other three samples due to the relatively
lower binding energy in the Ni 2p spectra (Figure S5,
Supporting Information). This is mainly attributed to the
abundant oxygen vacancies on the surface of the microrod
particles.5,13 It has been pointed out that oxygen vacancies in
Li-rich layered oxides are favorable to lithium-ion diffusion and

Figure 3. Cyclic voltammograms (CVs) at various scan rates and relationships between peak current and the square root of the scan rate for the
specific redox peaks of the irregular particles (a, b), microsphere particles (c, d), microrod particles (e, f), and orthogonal particles (g, h).
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helpful for improving electrochemical reactivity and ki-
netics.13,23

To gain more insight into the effect of oxygen vacancies on
ion diffusion and the kinetics process of Li-rich cathode
materials, cyclic voltametry tests at various scanning rates from
0.1 to 0.6 mV s−1 were performed, as shown in Figure 3.
Apparently, oxidation (O1) and reduction (R1) peaks at about
3.25 and 3.05 V can be tightly attributed to Mn3+ to Mn4+

(O1) and Mn4+ to Mn3+ (R1) redox in the typical layered
structure, respectively. What is noteworthy is that no oxidation
peaks of Mn3+/Mn4+ appear in the initial anodic process
among all four samples because all the Mn ions appear
tetravalent in the original state. After finishing the first
discharge process, Mn4+ species are partially reduced to
Mn3+, which will persistently exist in the following cycles. It
is clear that the O1 oxidation peak of the microrod particles
acquires the weakest intensity compared with irregular,
microsphere, and orthogonal particles, indicating less active
conversion of Mn3+/Mn4+ in this specific structure (Figure 3e).
On the other hand, trivalent manganese ions are highly
susceptible to the Jahn−Teller distortion effect, thereby
influencing the structural stability and deteriorating the
electrochemical performance.38 The overlaid oxidation peaks
(O2 + O3) that appeared at ∼3.85 V are consistent with the
Ni2+ → Ni3+ → Ni4+ (O2) and Co3+ to Co4+ (O3) multistep
processes. Correspondingly, the reduction peaks located at
3.70 and 4.13 V can be ascribed to Ni4+ → Ni3+ → Ni2+ (R2)
and Co4+ to Co3+ (R3), respectively.39,40 It is fascinating to
note that the peak current of the microrods is significantly
higher than the irregular, microsphere, and orthogonal particles
in the pair of O2 and R2 regions, which demonstrates that the
microrod particles exhibit higher electrochemical reactivity and
a more favorable lithium-ion diffusion rate. Additionally, the
oxidation peak (O4) is found at ∼4.65 V in the first CV curve
of the samples. The larger O4 peak is commonly originated
from the extraction of Li+ from the activated Li2MnO3 domains
under high potential, and the microrod particles exhibit a
stronger peak current due to the fast kinetics.38 At the same
time, the O4 peak current of the microrod particles is much
weaker than those of the other particles after the first cycle due
to the mitigated oxygen-release activity. On the basis of these
results, abundant oxygen vacancies of microrod particles on the
surface facilitate the lithium-ion intercalation/extraction

kinetics in the bulk environment and enhance the cationic
electrochemical reactivity.
Besides, in a rate-determined step dominated by the

diffusion process, the peak currents at a certain voltage behave
as a linear relationship with the square root of the scan rates.
Lithium-ion diffusion kinetics in the Li-rich layered oxides can
be described by the Randles−Sevick equation,41

= × °I n AD v C(2.69 10 ) (25 C)p
5 3/2 1/2 1/2

where Ip represents the peak current, n represents the number
of electrons transferred in the electrode, A represents the
surface area of the active materials, D represents the lithium-
ion diffusion coefficient, C represents the concentration of
lithium ions, and v represents the scan rate. Because the values
of n, A, and C can be regarded as constants in the battery
system, the slope of Ip/v

1/2 reflects the diffusion rate of the
lithium ions, which provides important evidence for semi-
quantitative analysis of the kinetics in the bulk phase of the
cathode materials. The slopes of the O2 + O3, R1, and R2
oxidation/reduction peaks play a crucial role in the electro-
chemical activity, as shown in Figure 3. Remarkably, the slopes
of the O2 + O3 and R2 peaks in the microrod particles are
relatively larger compared with irregular, microsphere, and
orthogonal particles due to the favorable lithium-ion diffusion
path in the specific structure. Meanwhile the slope of the R1
reduction peak assigned to Mn4+/ Mn3+ of the microrod
particles is the only one less than the slope of the R2 peak
among the four samples (Table S2, Supporting Information).
The difference results from the stable hierarchical rodlike
secondary particles with varying degrees of success, especially
suppression of the Jahn−Teller distortion effect triggered by
Mn3+. The XPS results of Mn 2p of the microrod particles after
100 cycles, shown in Figure S6 (Supporting Information), also
confirm that the average valence state of the Mn element still
remains tetravalent and the Jahn−Teller distortion has been
effectively controlled.
The mechanism by which oxygen vacancies can promote

lithium-ion diffusion can be discussed by the first-principles
calculations based on the computational model defined as
Li28Ni6Mn14O48, as presented in Figure S7 (Supporting
Information) and Figure 4a. In the last stage of discharge, a
lithium ion usually migrates from the octahedral site of the
lithium layer into the octahedral site of the transition metal
layer through an empty tetrahedral site. In the pristine state,

Figure 4. (a) Calculated site stability and energy barriers of no O vacancy, one O vacancy, and two O vacancies in the layered structure. (b)
Crystallographic models of the Li2MnO3 structure with a surface oxygen vacancy.
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the diffusion of the Li ion from the Li layer to the transition
metal layer would go through an empty tetrahedral site with an
energy barrier of 0.69 eV, which is most stable with no oxygen
vacancy. When one oxygen vacancy is introduced, the diffusion
energy barriers would be reduced to 0.61 and 0.56 eV,
respectively. When two vacancies are introduced at the same
time, the diffusion energy barrier would be further decreased to
0.39 eV. The results reveal that the existence of appropriate
oxygen vacancies is conducive to the reduction of diffusion
energy barriers, promoting the migration of lithium ions. In
general, Li-rich layered oxides have a layered hexagonal α-
NaFeO2 structure, and Li+ ions of the lithium layer are
preferentially diffused and transported along either the a-axis
or the b-axis. This means that the six equivalent edge planes in
the unit cell composed of (010), (1̅10), (1̅00), (01̅0), (11̅0),
and (100) facets, indexed as {010}, are advantageous and
effective planes with an open structure to facilitate lithium ions
embedded in the bulk phase, as shown in Figure 4b.9,26

Oxygen vacancies can accelerate the rapid conduction of
lithium ions along the (010) crystal plane by reducing the
diffusion energy barrier.
The first galvanostatic charge/discharge profiles of the four

samples at 0.1C (1C = 200 mA g−1) are shown in Figures 5a
and S8 within the voltage window of 2.0−4.8 V at room
temperature. The initial charge curve of the lithium-rich
cathode material usually consists of a voltage slope below 4.5 V
associated with the oxidation of transition metal cations and a
voltage plateau above 4.5 V accompanied by irreversible
oxygen loss, which is also the main cause of the low initial
Coulombic efficiency.42,43 The first charge capacities of
irregular, microsphere, microrod, and orthogonal particles are
352.4, 367.8, 368.1, and 359.0 mAh g−1, respectively.
Correspondingly, the microrod particles deliver the highest
discharge capacity of 306.1 mAh g−1 compared to those of
271.9 mAh g−1 (irregular particles), 275.1 mAh g−1 (micro-
sphere particles), and 238.8 mAh g−1 (orthogonal particles) at
the 0.1C rate. Furthermore, the microrod particles possess the

highest initial Coulombic efficiency of 83.2% compared to
77.2% for irregular particles, 74.8% for microsphere particles,
and 66.6% for orthogonal particles. Through the first charge/
discharge curves, it is found that abundant oxygen vacancies of
rod-shaped secondary particles provide a more favorable
lithium-ion insertion and extraction channel, thereby support-
ing a superior discharge capacity. In addition, the surface
oxygen vacancies can effectively suppress the irreversible
oxygen release under high charge potential, which accounts
for the higher initial Coulombic efficiency of the Li-rich
cathode materials.13,18 Moreover, from the structural point of
view, the microrod particles are more likely to expose the
{010} crystal planes, which greatly facilitates the diffusion of
lithium ions and leads to its excellent first cycle perform-
ance.27−29

Figure 5b displays the cycling performance of the four
samples at the 0.2C rate. The initial discharge capacities of
irregular particles, microsphere particles, microrod particles,
and orthogonal particles are 261.2, 269.7, 301.2, and 237.0
mAh g−1, respectively. After 100 cycles, the microrod particles
can hold a discharge capacity of up to 286.6 mAh g−1, much
higher than 226 mAh g−1 for irregular particles, 190.8 mAh g−1

for microsphere particles, and 231.3 mAh g−1 for orthogonal
particles. The capacity retentions of irregular particles,
microsphere particles, microrod particles, and orthogonal
particles are 86.7%, 70.8%, 95.2%, and 97.6%, respectively.
After 200 cycles, the microrod particles can still keep a higher
capacity retention of 91.0%, while the capacity retention of the
orthogonal particles is 84.4% in Figure 5c. The superior
cyclability of the microrod particles is inseparable from the fast
kinetics process and the structural stability. Figures 5d, S9, and
S10 show the charge/discharge curves from the first cycle to
the 50th cycle of the microrod particles, exhibiting a low
declining trend for midpoint voltage. The rate performance of
the cathode materials with different morphologies is presented
in Figure 5e from 0.1C to 5C. Encouragingly, the microrod
particles maintain the best performance among the four

Figure 5. (a) First charge/discharge curves at 0.1C rate. (b, c) Cycling performance at 0.2C rate. (d) Galvanostatic charge/discharge curves from
the first cycle to the 50th cycle of the microrod particles. (e) Rate performance. (f) Performance comparison with other works (more detailed
information in Table S4, Supporting Information).
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samples at all rates and exhibit a discharge capacity of ∼280
mAh g−1 when the rate recovers from 5C to 0.1C. As
compared with previous works adopting strategies of coating,
doping, and novel structures in recent years, the microrod
particles have also shown relatively excellent electrochemical
properties, as listed in Figure 5f. In summary, the microrod
particles with rich oxygen vacancies obtain a higher discharge
capacity and a better rate performance compared with other
cathode materials.
Figure 6 discloses the transmission electron microscopy

(TEM) images of cathode materials with different morphol-
ogies after 100 cycles. From Figure 6a, a layer with a thickness
of ∼20 nm can be found on the surface of the irregular
particles, which is known as a cathode electrolyte interface
(CEI) film. Figure 6b shows that a thicker and more uneven
CEI film with a thickness of up to 50 nm is formed on the
microsphere particles. A smooth surface without an obvious
film is found on the cycled microrod particles, and the
thickness of the uniform film found on the orthogonal particles
is just ∼5 nm, as shown in Figure 6c and d. Usually, the
formation of a CEI film is related to a higher nickel content on
the surface of the cathode materials.3,8 In the highly delithiated
state, complicated interactions are prone to occur between
Ni4+ ions and the electrolyte, and they even cause
decomposition of the electrolyte.3,44,45 The atomic ratio results
of the surface elements measured by XPS full spectra are
summarized in Figure 6e. The generation of oxygen vacancies
leads to the uneven distribution of transition metal ions on the
surface of the cathode particle.18 It is clear that microsphere
particles exhibit higher Ni content and lower Mn content on
the surface, which is distinct from irregular, microrod, and
orthogonal particles. Higher nickel content contributes to
forming a thick CEI film on the surface, while lower Mn
content is harmful to the thermal stability of microsphere
particles.8 Although the relatively abundant oxygen vacancies

of the microsphere particles provide them with a high initial
discharge capacity, the higher nickel content on the surface
causes serious side reactions and leads to a thicker CEI film
during cycling. It also explains why microsphere particles
exhibit the worst cycling performance. These results are
summarized in Figure 6f, in which the illustration demonstrates
the effect of the surface Ni content on CEI formation.
The electrochemical impedance spectra (EIS) of cathode

materials with different morphologies fully charged to 4.8 V are
conducted to evaluate the effect of structure control on the
electrochemical properties after the first cycle and the 100th
cycle. The fitted equivalent circuit is presented in Figure 7e,
and the fitted data is summarized in Table S3. The semicircles
in the Nyquist plots represent the resistance and capacitance of
the electrolyte interface film of the cathode named the surface
charge-transfer resistance (Rct).44 After the activation in the
first charge at the 0.1C rate, the microrod particles get the
lowest Rct value among the four samples, which is consistent
with the cell using microrod particles delivering the highest
discharge capacity in the first cycle. The larger Rct value in the
first cycle of the Li-rich layered oxides is closely related to the
complicated formation process of the cathode electrolyte
interface (CEI) film. After 100 cycles, the microrod particles
still hold the minimum Rct value compared with the irregular,
microsphere, and orthogonal particles. This is because the
rodlike structure has a rapid lithium-ion diffusion rate and
enhanced electron conductivity with a thin and stable CEI film.
In response, the fine intrinsic surface structure with rich oxygen
vacancies results in the desirable cycling and rate perform-
ance.46−48 Meanwhile, the microsphere particles acquire the
maximum Rct value of up to 349 Ω after 100 cycles, which
explains the weak cycle performance.
As for further investigation on the microstructure and phase

composition, high-resolution transmission electron microscopy
(HRTEM) examinations of all the as-prepared samples are

Figure 6. TEM images of (a) irregular particles, (b) microsphere particles, (c) microrod particles, and (d) orthogonal particles after 100 cycles at
0.2C. (e) Atomic ratio results of surface elements measured by XPS full spectra. (f) Illustration of the effect of the surface Ni content on cathode
electrolyte interface formation.
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shown in Figure S11 (Supporting Information), and the results
of the microrod particles before and after cycling are shown in
Figure 8. It is revealed in Figure 8a and b that the pristine
microrod particles have an explicit, well-defined, layered α-
NaFeO2 structure with a hexagonal R3̅ m phase, in which two
sets of lattice fringes of 0.47 and 0.24 nm can be indexed to the
(003) and (101) crystal planes. The selected area electron
diffraction (SAED) result confirms the layered structure of the
pristine microrod particles with consistent results. Figure 8c
displays the scanning transmission electron microscopy
(STEM) image of the microrod particles after 200 cycles
without any cracks. The line-scan results of the single particle
(cyan zone) in Figure 8d uncover that the nickel, cobalt, and
manganese elements are uniformly distributed on the surface
and center of the particle even after 200 cycles, which has no
significant difference with the distribution of transition metal
cations in the pristine particle (Figure S2, Supporting
Information). Analysis of the structural transformation during
cycling is employed on the cycled microrod particles (taken
from the yellow zone in Figure 8c). The cycled microrod
particles still maintain a stable layered structure with a typical
lattice fringe of 0.47 nm assigned to the (003) plane through

the HRTEM and SAED in Figure 8e. It is obvious that the
rodlike structure enables suppression of the phase trans-
formation from layered to spinel or even rock-salt phase over
cycling. In addition, a thin cathode electrolyte interface (CEI)
film is formed on the surface of the microrod particles with a
thickness of <1 nm, which is attributed to the mitigated
interfacial side reactions. On the contrary, the microsphere
particles appear to have obvious cracks after 100 cycles that are
closely related to the serious structural transformation and
structural instability during cycling, as shown in Figure S12
(Supporting Information). TEM energy-dispersive X-ray
spectroscopy (TEM-EDS) mappings also verify the uniform
distribution of transition metal cations in the microrod
particles even after long cycling.

3. CONCLUSION

In summary, irregular, microsphere, microrod, and orthogonal
particles are successfully synthesized under the control of
micro/nanostructures. The contents of the oxygen vacancies
generated on the surface are clarified to vary with different
morphologies. On the basis of the comparative analysis, it is
clear that an intrinsic oxygen vacancy plays an essential role in

Figure 7. EIS results of irregular (a), microsphere (b), microrod (c), and orthogonal particles (d) after different cycles at the fully charged state at
1C rate and equivalent circuit (e) employed to fit the obtained data.
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increasing the electrochemical performance of Li-rich cathode
materials. Basically, oxygen vacancies can accelerate the rapid
conduction of lithium ions along the (010) crystal plane by
reducing the diffusion energy barrier. Moreover, oxygen
vacancies can effectively suppress the Jahn−Teller distortion
effect, thereby effectively improving the structural stability. In
addition, phase transformation from layered to spinel
structures is also markedly alleviated in the cycled microrods
with a thin CEI film. As a result, microrod particles with
abundant oxygen vancancies deliver a discharge capacity of
306.1 mAh g−1 at 0.1C with an initial Coulombic efficiency of
83.2%, and they also obtain the most excellent cycling and rate
performance compared with irregular, microsphere, and
orthogonal particles. It can be inferred that the premeditated
micro/nanostructure enables the rational synthesis of energy
storage materials and that abundant oxygen vacancies are
capable of achieving higher energy and power density.

4. EXPERIMENTAL SECTION
4.1. Preparation of Irregular Particles. A stoichiometric ratio of

LiOH·H2O (5% excess), (CH3COO)2Ni·4H2O, (CH3COO)2Mn·
4H2O, and (CH3COO)2Co·4H2O was added to deionized water and
mixed together with a total metal cation concentration of 0.5 mol/L.
Citric acid was dissolved in 150 mL of deionized water and then
pumped into the earlier-described suspension at a 2 mL/min rate.
Then ammonia was applied to adjust the pH to 9. The solution was
pumped into a spray dryer at 120 °C to obtain precursors. The
precursors were pretreated at 480 °C for 5 h and finally calcined at
850 °C for 10 h to obtain the cathode materials under air atmosphere.
4.2. Preparation of Microsphere Particles. A stoichiometric

ratio of CoSO4·7H2O, MnSO4·H2O, and NiSO4·6H2O was added
into 1 L of deionized water with a metal ion concentration of 2 M.
Na2CO3 and 30 mL of NH3·H2O were added into deionized water to
gain 2 L of buffer solution. Then a certain amount of ultrapure water
was added to the reaction vessel and heated to 50 °C with stirring.
The salt solution and the alkali solution were separately added to the
reaction vessel to control the pH to 8.6, and the precursors were

obtained after filtration and drying. After grinding with Li2CO3 (5%
excess) in a stoichiometric ratio, it was calcined at 600 °C for 4 h and
then at 850 °C for 10 h in the muffle furnace to obtain microsphere
particles.

4.3. Preparation of Microrod Particles. Stoichiometric amounts
of CH3COOLi·H2O (5% excess), (CH3COO)2Mn·4H2O,
(CH3COO)2Co·4H2O, and (CH3COO)2Ni·4H2O were dissolved
into a mixed solution containing 10 mL of ultrapure water and 10 mL
of ethanol. Oxalic acid (0.12 mol) was dissolved into 80 mL of
ethanol and mixed well with the metal salt solution. Then the solution
was transferred to a polytetrafluoroethylene autoclave and reacted at
180 °C for 12 h. The obtained precursors were filtered and dried at 60
°C overnight. Next, the precursors were pretreated at 450 °C for 6 h
and treated at 900 °C for 12 h in air to obtain microrod particles.

4.4. Preparation of Orthogonal Particles. Hexamethylenetetr-
amine (1.06 g) was added to 25 mL of ultarpure water and then
dissolved with a stoichiometric ratio of (CH3COO)2Mn·4H2O,
(CH3COO)2Co·4H2O, and (CH3COO)2Ni·4H2O with stirring for
2 h. Ethanol (10 mL) was added into the solution and stirred
continuously for 10 min. Next the solution was transferred to a Teflon
autoclave and treated at 160 °C for 24 h at a heating rate of 3 °C/min.
After vacuum-drying at 80 °C for 12 h, the precursors were calcined at
450 °C for 5 h at air. Finally, the oxide precursors were ground with
LiOH·H2O (5% excess) and calcined at 800 °C for 12 h in the muffle
furnace to obtain orthogonal particles.

4.5. Material Characterization. The phase structure was
detected by X-ray powder diffraction (XRD, Bruker D8 FOCUS)
with a range of 2θ = 10−80°. SEM (JEOL-7800F) and corresponding
EDS, TEM (JEOL-JEM2800), and HRTEM were used to obtain the
morphologies, elemental distribution, and lattice fringes, respectively.
The EPR spectra were obtained on a JES-FA 200 EPR spectrometer.
An X-ray photoelectron spectrometer (Thermo Scientific ESCALAB
250Xi) was utilized to gain the information on the element chemical
state. Raman spectroscopy was employed at a 532 nm excitation
wavelength with a SR-500I-A Raman spectrometer.

4.6. Electrochemical Test. The slurry composed of 80 wt %
pristine cathode materials, 10 wt % Super P, 10 wt % polyvinylidene
fluoride (PVDF), and N-methylpyrrolidone (NMP) solution as a
dispersant was coated on Al foil and dried at 110 °C overnight. The
electrolyte was composed of LiPF6 (1 M) in a mixed solvent of
ethylene carbonate (EC) and dimethyl carbonate (DMC) with a
volume ratio of 3:7. CR2032-type half-coin cells were installed in an
Ar-filled glovebox with lithium as the anode and tested on a LAND-
CT2001A tester. The cyclic voltammograms (CVs) were conducted
by an electrochemical workstation (CHI 600E, Shanghai Chenhua) at
different scan rates (0.1−0.6 mV s−1). Electrochemical impedance
spectra (EIS) were performed at the full-charged state of 4.8 V on an
electrochemical workstation (Vertex V16429) that ranged from 10
mHz to 100 kHz.

4.7. Computation Methodology. In this work, first-principles
calculations on the basis of spin-polarized density function theory
(DFT) were implemented with the plane-wave technique as
performed in the Vienna ab initio simulation package (VASP).49

The projector augmented wave (PAW) method was applied to
demonstrate the ion−electron interaction.50 The plane wave basis set
selected a 450 eV cutoff. Considering the strong electron correlation
effects, the calculations involving Mn were performed at the DFT + U
level with a U value of 5 eV, which is consistent with previous
reports.51 The generalized gradient approximation (GGA) in the form
of Perdew, Burke, and Ernzerhof (PBE) was applied to demonstrate
exchange-correlation energy.52 The Brillouin zones were sampled with
6 × 3 × 6 Monkhorst−Pack meshes.53 The minimum-energy path and
diffusion barriers for Li inside Li2MnO3 were studied via the climbing-
image nudged elastic band (CI-NEB) method.54
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Figure 8. (a, b) HRTEM images and SAED pattern of microrod
particles before cycling. (c−e) STEM image, corresponding line-scan
results, HRTEM image, SAED pattern, and (f−h) EDS mappings of
Co, Mn, and Ni of the microrod particles after 200 cycles at 0.2C.
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