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Abstract

To meet the demands in portable electronic devices, electric vehicles and stationary energy storage,
it is necessary to prepare advanced lithium ion batteries (LIBs) with high energy density and fast
charge and discharge capabilities. Cathode materials, which account for 40%—-50% of the cost of a
whole battery, play a decisive role in cell voltage and capacity. Moreover, the performances of the
cathodes are also balanced by many other aspects, including cycle life, rate capability, safety, costs,
and environmental benignity. Unfortunately, none of the currently available cathode materials (e.g.
LiFePO,, LiNi,Co,Mn; _,_,0O, layered oxides and Li-rich layered oxides) can get all the quests in a
single cell. The electrochemical performances of a cathode are closely connected with its structural
features, such as the porosities, morphologies and specifically exposed surfaces, which can be tuned
by delicate designs. Here, we review our work on the rational design and delicate preparation of a
series of cathode materials with controllable microstructures. We reveal the synergistic effects of
both reaction and mass transfer on the formation of these meso-scale structures and the improved
electrochemical performances of the cathode materials. The review will provide a scientific basis for
the large-scale production of meso-scale structured cathode materials, and lay theoretical and
experimental foundation for the application of cathode materials in next-generation LIBs.

Keywords: lithium ion battery, microstructure design, performance regulation, kinetically
controlled synthesis, cathode materials

(Some figures may appear in colour only in the online journal)

1. Introduction The working principle of a single LIB cell is shown in

figure 1, which consists of a cathode, an anode, a micro-porous

The ever-increasing concerns on the consumption of fossil fuels
and environmental crisis have driven us to develop renewable
energy and energy storage devices. As an important energy
storage device with the advantages of light weight and high
energy density, lithium ion batteries (LIBs) are increasingly
reshaping our daily life [1]. LIBs are nowadays widely used to
power our portable electronics (e.g. mobile phones, digital
cameras and laptops) and electric vehicles (EVs) [2, 3].

0957-4484,/20,/012001+-35$33.00

polymer separator in between to prevent short circuit and a
Li"-containing electrolyte dissolved in organic solvents [1].
During discharging state, lithium ions are extracted from the
anode, passing through the separator and finally intercalated into
the cathode. An external current is thus obtained to drive our
electrical apparatus. The process occurs spontaneously due to the
favorable thermodynamics of the reaction. While during char-
ging state, an external voltage is essential to drive the reversed
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Figure 1. The working principle of a single LIB cell (charging).
Reprinted from [1], Copyright 2012, with permission from Elsevier.

thermodynamically-uphill reaction. Lithium ions shuttle between
the two active electrodes in a rocking-chair manner.

To satisfy our endless desires for long usage time of por-
table electronics and long driving range of EVs, advanced LIBs
with improved energy density are essential. Graphite is currently
the most promising anode material, due to its highly reversible
lithiation /delithiation reactions and low lithiation potential [4].
Compared with the high capacity of the currently used graphite
anode (Theoretical capacity of 372 mAh g™ "), the relatively low
capacity of cathodes (generally <200 mAhg~' when consider-
ing a decent cycling capability) has become the bottleneck for
the improvement of LIB energy density [1, 3]. In addition, other
key performances of LIBs, including the rate capability and
cycle life, are also determined by the intrinsic chemistry of the
cathode materials [3]. For example, the rate capability is highly
related to the electronic and ionic conductivities of the cathode
materials.

Layered LiCoO, cathode material has been mainly used
in portable electronics, since its first demonstration for LIB in
1980 [5]. However, the energy density of LiCoO, cathode is
relatively low for other applications, such as EVs and sta-
tionary energy storage, due to its low capacity (up to
160 mAh g~ ). Therefore, a material evolution of LIB cathode
is deemed crucial to enhance the energy density of advanced
LIBs by searching for novel cathode materials with either
larger capacity or higher operating voltage [6, 7]. The cathode
materials have evolved from LiCoO, to many other cate-
gorizes, including olivine LiFePQy, spinel LiM,0, (M =Nj,
Mn, etc), layered compounds of LiMO, (M = Ni, Co, Mn,
etc) and lithium-rich layered oxide xLi,MnO;3(1—x)LiMO,
(M= Ni, Co, Mn, etc). These cathode compounds are
advantageous in energy density due to their higher operating
voltage or larger discharge capacity. For example, the voltage
plateau for LiNip sMn; 5O, is as high as 4.7 V versus Lit /Li
[6, 8]. Ni-rich layered LiMO, (M = Ni, Co, Mn, etc) cathode
could have the discharge capacity around 200 mAh g~ [7, 9].
Especially, lithium-rich layered oxide xLi,MnO3(1—x)LiMO,
(M =Ni, Co, Mn, etc) has extremely high capacity over
250 mAh g7l [7, 10]. In addition, they share the same benefit
of lower cost due to the reduced content or even no usage of
Co, compared with LiCoO,.

Bear in mind, the performances of cathodes are also
balanced by many other aspects, including cycle life, rate cap-
ability, safety and environmental benignity. Unfortunately, none
of the currently available cathode materials can get all the quests
in a single cell, due to the problems intrinsically associated. For
instance, Ni**/Li" mixing is common in layered LiMO,
(M = Ni, Co, Mn, etc) due to their close ionic radii. The higher
the nickel content, the severer the cationic mixing, which thus
makes Ni-rich layered LiMO, face the common problem of
short cycle life. Therefore, for a given cathode material, the
intriguing thing is how to rationally design its microstructure, to
push the capacity to the limit and to solve one or more of its
problems as an add-up.

The microstructures of cathodes could have a pivotal role
on their performances in LIBs, which include the morphologies,
porosities, surface chemistries, etc [11]. For instance, the diffu-
sion time of Li" (7) through an electrode material can be esti-
mated as: 7 o [2/D, where [ and D refer to the diffusion length
and coefficient, respectively. A porous cathode material can
provide better contact between the electrolyte and cathode sur-
face than the bulk. The thin walls of the porous cathode can
effectively reduce the diffusion path of Li*. As a result, the rate
capability of the LIBs can be greatly improved [12].

Another example is the crystal face tuning of
Li[Li; /3 5¢/3Ni,Mny,3_,/3]0O, cathode reported by Sun’s
group [13]. Due to the crystal anisotropic feature of this
a-NaFeO,-type cathode, the diffusion of Li" cations along
the (001) plane is much slower than along other planes, such
as (010). The (010)-dominated Li[Li; /3 5,/3NixMny/3_,/3]0>
nanoplate cathode displayed significantly enhanced rate per-
formance of 186 mAh g~ ' after 50 cycles at 6 C rate than the
(001)-dominated counterpart (only 106 mAh gfl). However,
the synthesis of these microstructural features requires a
rational design. Even a kinetic control to break the thermo-
dynamically favorable growth condition is essential [13].

In this topical review, we will summarize our rational
designs of composition and microstructure for variety of
cathode materials to achieve their high energy density, with
the material compositions varying from olive-type LiFePOy,,
to high voltage spinel LiMn,O,4, and to the high capacity
layered oxides. We wish to demonstrate the basic synthesis
chemistry of each category and our rational designs to syn-
thesize these cathode materials with different microstructures.
Their structure-regulated performances in LIBs are also elu-
cidated. We hope that this short review will provide a prac-
tical guidance for battery chemists to improve the cathode
performances via elegant structural designs.

2. Microstructure design, kinetically controlled
preparation of cathode materials and their regulated
electrochemical performances

2.1. LiFePO,

2.1.1. LiFePO, nanoparticles, nanorods and nanoplates.
Since the first discovery by Goodenough and coworkers in
1997, olivine LiFePO, (LFP) has attracted great research
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Figure 2. (a) The crystal structure of LiFePO, and (b) the perspective view of the structure along [010] direction.

interests [14]. As a polyanion cathode material, LiFePO,
displays good electrochemical performances, together with
many advantages, such as low cost, high stability and
environmental benignity. As shown in figure 2(a), the
structure can be viewed as slightly distorted hcp oxygen
arrays with 1/2 of the octahedral sites seated by Fe** and 1/8
occupied by Li*. Both the edge-shared LiO, and corner-
shared FeOg octahedra run parallel to the ¢ axis and propagate
along b axis. As presented in figure 2(b), lithium ions are
constraint by the surrounding PO, tetrahedra and form one-
dimensional conduction channel along the [010] direction
[I, 14]. This anisotropic feature implies that the
microstructures of LFP cathodes can greatly influence their
electrochemical performances.

In view of this, we have designed a simple sodium
dodecyl benzene sulfonate (SDBS) mediated hydrothermal
method to prepare morphology-controlled LiFePO, materials
[15]. SDBS, functioning as a chelation agent, has strong
binding capability to specific crystallographic surfaces, to
direct the growth of LFP nanostructures. According to Wulff
construction theory, the equilibrium shape of olivine LFP is
polyhedral particulate with (010) facet contributing large
portion of the total surface area, since it has lower surface
energy than others [16]. Without SDBS in the synthetic
recipes, only LFP nanoparticles (figures 3(a)-(c)) can thus be
obtained under the thermodynamically equilibrium hydro-
thermal condition, which is close to the Wulff shape of
olivine LFP. A small amount of SDBS (e.g. 0.0006 M) may
be preferentially adsorbed on the (010) facet to further reduce
its surface energy. Therefore, rod-like LFP, with increased
ratio of exposed (010) facet was achieved (figures 3(d)—(f)
and 4(a)-(b)). An even more coverage by SDBS molecules

(e.g. 0.003 M) further enhance the dominance of (010) facet
in the finally exposed surfaces, by forming the plate-like LFP
microstructures (figures 3(g)—(i) and 4(c)—(d)), which can be
viewed as the LFP nanorods thinned along [010] direction.
Other surfactants, such as ethylene glycol and diethylene
glycol, could have similar effect in the guided growth of
facet-controlled LFP nanosheets [16].

However, the low electronic conductivity, on the order of
10°Sem™" at room temperature, has become the main
obstacle for the application olivine LiFePO, cathode materials
[15, 17]. From the structural point of view, the corner-sharing
FeOg¢ octahedra of LiFePO, are spatially separated by PO,
tetrahedra, which interrupt the electron conduction via
continuous FeOg frameworks. A simple but scalable approach
is the surface modification of LFP by conductive carbon
layers.

The carbon-coated LFP nanoplates reported above show
the longest charge—discharge plateau in comparison with the
nanoparticle and nanorod counterparts (figures 5(a)—(c)). As
compared in figure 5(d), the LFP nanoplates also display the
best rate performances among three different LFP samples. The
different microstructures are believed to be responsible for their
different electrochemical performances. The thickness of the
nanoplate LFP is only 20 nm along b axis, whereas the other
two have much large thickness. The conduction of Li™ is thus
more facilitated along such direction. The special microstruc-
ture endows LFP nanoplates much lower charge transfer
resistance (R, of 48.7 Q) than LFP nanorods (R, = 93.1 Q)
and nanoparticles (R, = 142.5 Q) (figure 5(e)). The Warburg
impedance coefficient of LFP nanoplates is also much lower
than these of LFP with nanorod and nanoparticle morphologies

(figure 5(f)).
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Figure 3. FESEM and TEM images of different LFP/C microstructures: (a)-(c) nanoparticles, (d)—(f) nanorods, (g)—(i) nanoplates. Reprinted

from [15], Copyright 2012, with permission from Elsevier.

2.1.2. Hierarchical LiFePO, microflowers. The nanoplate
building blocks of LFP can be assembled to reduce their
surface energies. We have also synthesized hierarchical
LiFePO, microflowers via a solvothermal template method
[18]. The pre-formed NH4FeP,O, - 1.5H,O rectangular
nanoplates were heated in ethanol with appropriate amounts
of LiCl and N,H; - H,O in an autoclave. During the
solvothermal reaction, the NH4FeP,0; - 1.5H,0 nanoplates
were reduced by N,H, - H,O and intercalated by Li™ cations.
The flower-like hierarchical microstructures of LiFePO, were
eventually obtained (figure 6). Each assembly was stacked by
many nanoplate building blocks. It should be noted that the
solvent used during the solvothermal treatment play a
significant role in the assembly of the hierarchical
structures. For instance, when H,O/ethanol (volume
ratio = 1/7) mixed solvent was used, only octahedral-shaped
LiFePQ, could be obtained.

As shown in figures 7(a) and (b), the carbon coating layer
on LiFePO, nanoplate is smooth, with the thickness of about
5 nm. The carbon-coated hierarchical LiFePO, microstructures

delivered discharge capacities of 146, 135, 121 and 101 mAh
g_1 at the current densities of 0.5, 1, 2, 5 and 10 C, respectively
(figure 7(c)). The rate capability of LiFePO, hierarchical
microstructures is significantly higher than that of the
octahedral-shaped counterpart at the respective current densi-
ties. The hierarchical LiFePO, microflowers also display good
cycling performance, with a low capacity decay after 70 cycles
at 1C rate (figure 7(d)). The enhanced -electrochemical
performances are ascribed to the hierarchical microstructures
that have higher structural integrity which improves the
electrochemical stability [18].

2.1.3. LiFePO, microplates with exposed (010) face. As
discussed above, 1D Li* conduction channel in olivine-type
LiFePO, is along the [010] crystallographic direction.
Therefore, plate-like LiFePO, microstructure with larger
exposed area of (010) facet is expected to have shorter
diffusion path for Li* ions, for which the enhanced
electrochemical performances are possible. In view of this,
we have proposed a solvothermal approach to synthesize
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Figure 4. HRTEM images of different LFP/C microstructures: (a), (b) nanorods, (c), (d) nanoplates. Insets are corresponding SAED patterns.

Reprinted from [15], Copyright 2012, with permission from Elsevier.

hierarchical LiFePO, microplates exposing large proportion
of (010) facets [19]. Different from the above method which
used NH4FeP,O, - 1.5H,O rectangular nanoplate template,
this approach does not rely on any template. The hierarchical
LiFePO, microplates can be readily obtained by reducing the
amorphous FePO, particles by N,H;H,O. The reaction
occurs in an autoclave under 180 °C with pure ethanol as the
reaction solvent.

As shown in figures 8(a)—(b), the LiFePO, microplates
have regular plate-like morphology with the average diameter
of about 2.5 um and thickness of 200-500nm. The
hierarchical LiFePO, microplates consist of many sheet-like
building blocks with the thickness of about 10nm
(figures 8(c)—(d)). The TEM images show the uniform carbon
coating with the thickness of about 4 nm on the surface of
LiFePO, microplates (figures 8(e)—(f)). More importantly, the
exposed surface of the microplate is dominated by (010) facet
that is expected to facilitate the diffusion of Li™.

The electrochemical performances of the two LFP
cathodes show significant differences. As shown in
figures 9(a)—(c), the LFP microplates display superior
capacity and rate performance to the flower-like counterparts.
For example, the discharge capacity for LFP microplates are
157 and 105mAhg™' at 0.1C and 10C respectively,
significantly higher than the corresponding values for LFP
microflowers (144 and 65 mAhg_1 at 0.1C and 10C,
respectively). The enhanced electrochemical performances
of LFP microplates are believed to be resulted from their
structural feature that improves the electrochemical reversi-
bility and facilitates the diffusion of Li ions by reducing the
charge transfer resistance (figure 9(d)).

2.2. LiMn,O, spinel

2.2.1. LiMn,O, microspheres. The ideal spinel LiMn,O4
exists in the space group of Fd3m, with the anions forming a
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Figure 5. (a)—(c) The initial charge—discharge curves, (d) rate performance, (e) electrochemical impedance spectroscopy, (f) the relationship

between Zg. and 2~ 172 for LiFePO, of different microstructures: (a)
Copyright 2012, with permission from Elsevier.

face-centered cubic packing and occupying 32e sites
(figure 10(a)). Li ions are located at the tetragonal 8a sites,
while Mn cations take the octahedral 16d sites and the
octahedral 16c sites remain empty [21]. If molar fraction of
Li" exceeds 1 (Liy4,Mn;_,0,), the lithium ions enter the
vacant 16c¢ sites (figure 10(b)) [20]. The 8a and empty 16¢

nanoparticles, (b) nanorods and (c) nanoplates. Reprinted from [15],

sites in spinel LiMn,O,4 form a three-dimensional pathway for
Lit diffusion [20]. With a theoretical capacity of
148 mAhg™', LiMn,O, has become a popular cathode
material, due to its privilege of low cost, high voltage
4.0V versus Li/Li+) and good environmental amity [6].
However, LiMn,O, cathode materials suffer from serious
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Figure 8. (a)-(d) FESEM images of carbon-coated LiFePO, microplates; TEM images of (e) the whole and (f) a part of a single plate.
Reprinted with permission from [19]. Copyright 2014 American Chemical Society.

capacity fading. An important reason is the dissolution of Mn
cations into the electrolyte caused by H' corrosion. An
effective approach is increasing the particle size of LiMn,0,
active material to reduce the surface area accessible to the
electrolyte, which cannot only reduces Mn dissolution, but
also increase the electrode density [20]. Conversely, the large
particles can deteriorate the rate performance. Therefore,
synthesizing LiMn,0, bulky particle consisting of aggregated
nano-sized particles is a simple but effective approach to
improve the electrochemical performances of LiMn,Oy4
cathode materials [20].

We have completed the successful preparation of
LiMn,0, microspheres via a facile co-precipitation method

[22]. 1.379 g of LiNO;3; was dissolved in 2 ml of deionized
water before it was mixed with 4.65 ml of Mn(NO3), solution
(50 wt%). 6g of (NH4),CO; was dissolved in 8§ml of
deionized water in a separate container. The pink mixed
solution of LiNO3; and Mn(NO3), was added dropwisely into
the (NH4),COj; solution to obtain white precipitates. The
metal carbonate precursor decomposed into LiMn,O, product
upon subsequent drying and thermal annealing processes. The
XRD patterns (figure 11(a)) confirm the formation of cubic
phase of spinel LiMn,O4 (JCPDS card no. 35-0782). By
analyzing the full width at half maximum of the diffraction
peaks, we learn that larger LiMn,O, particles with better
crystallinity can be obtained by increasing the annealing
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Figure 10. Crystal structure of (a) LiMn,04 and (b) Li; , ,Mn,_,0O4. Green balls: Li at tetragonal 8a sites. Yellow balls: Li at octahedral 16¢c
sites. Blue balls: Mn at octahedral 16d sites. Red balls: O at 32e sites.

temperatures or times. A typical LiMn,O,4 sample prepared by This featured microstructure of LiMn,O, gives rise to its
annealing at 750 °C for 9 h displays spherical morphology  good electrochemical performances. As shown in figure 12(a),
with the size of about 600-900 nm, assembled by 30-40 nm the typical charge—discharge curves of LiMn,0O, microspheres
nanoparticles. prepared at 750 °C for 9 h display two voltage plateaus which
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are within the ranges of 3.9-4.0 V and 4.1-4.2 'V, respectively.
The two plateaus have nearly equal contributions to the overall
charge/discharge capacity, which suggests that the lithiation/
delithiation occur both in a two-step manner. For the charging
process, LiMn,Q, is transformed into Liy sMn,O, at the lower-
voltage plateau, followed by the further evolution into \-MnO,
at higher-voltage plateau [23]. For the discharging process, half
of the empty tetragonal 8a sites are firstly filled by Li ions,
producing single phase of LipsMn,O, from A-MnO,. The
following discharging will increase the repulsion between
lithium ions at 8a sites, resulting in a small increase in the free-
energy of the system. Therefore, the discharge voltage plateau is
slightly reduced by about 100mV [23]. Increasing the
discharging rate from 0.1 to 1 C only leads to small polarization
of the cathodes, implying the good rate capability of the
LiMn,0O, microspheres (figure 12(a)). Further electrochemical
analysis shows the overall trend that higher annealing
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temperature and longer annealing time are beneficial to improve
the cycling performances of LiMn,O, microspheres
(figure 12(b)). This should be due to the better structural
stability of LiMn,O, microspheres prepared at these conditions,
as reflected by the better crystallinity obtained from XRD
results.

2.2.2. LiNigsMn; 50, hollow spheres. As mentioned above,
the capacity decay is a serious problem of spinel LiMn,Oy4
cathode materials, with Mn cation dissolution as one major
cause. Another important cause is its structural instability
related to Mn>". The Jahn—Teller (JT) distortion of Mn>" in
spinel LiMn,O,4 causes the irreversible structural evolution
from spinel to tetragonal phase [6, 20]. Fortunately, partial
substitution of Mn by other metal cations has been proven to
be an effective strategy to suppress the JT distortion. As a
result, the structural stability and of course the cycling
performance of LiMn,0, are significantly improved.

Among the different doping derivatives, LiNiy sMn; sO4
is one of the most promising cathode materials. The doping
by Ni*" promotes the oxidation state of Mn to +4, thus
eliminating the JT distorted Mn*" and enhancing the
structural stability during repeated charging/discharging
cycles. The NiZ*/4* redox pair significantly enhance the
voltage plateau to about 4.7 V versus Li/Li*, thus offering
LiNip sMn; 50, both high energy density and power den-
sity [6, 24].

LiNip sMn,; 504 has two crystallographic structures: the
stoichiometric ordered one in P4332 space group and the other
in non-stoichiometric disordered Fd3m space group
(figure 13). In the disordered phase of LiNigsMn; sO,4, Ni
and Mn cations randomly take the 16d octahedral positions,
while Li" ions occupy tetrahedral 8a sites and diffuse via the
empty 16¢c position along the 8a-16c-8a path (figure 13(a))
[24]. For the ordered LiNigsMn; 504, Li, Ni and Mn cations
occupy 8c, 4b and 12d sites, respectively, whereas the empty
sites are split into 4a and 12d positions. Li" ions thus have to
be conducted through the empty 4a sites via 8c-4a-8c path or
through the partially occupied 12d sites via 8c-12d-8c
diffusion path (figure 13(b)). The ordered Ni and Mn ions
retard the diffusion of Lit through the ordered
LiNip sMn; 504, thus lowering the rate capability [6, 24].

The construction of hollow microstructures is an
effective way to enhance the rate capability of spinel
LiNig sMn; 504 cathode materials. We have reported the
controllable synthesis of spinel LiNigsMn;sO4 hollow
spheres with micro- and nano-structures by tuning the co-
precipitation reaction kinetics [8]. The ionization constant of
HCO3™ is much smaller than that of CO3~. NaHCOj is thus
expected to result in much slower nucleation and growth rates
of MnCO; and NiCO; than Na,COj does (figure 14). The
slower nucleation and growth rates allow the nucleus to be
assembled into large spherical particles to reduce the surface
energy. As a result, spherical metal carbonate precursor can
be obtained using NaHCO; as the precipitation agent.
Controlling the heating rate during the subsequent thermal
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Figure 16. (a), (b) FESEM, (c), (d) TEM, (¢) HRTEM and (f) the FFT analysis of LiNiysMn; 504 hollow spheres; (g), (h) TEM images of
double-shell LiMn,O, hollow spheres. Reprinted with permission from [8]. Copyright 2016 American Chemical Society.

annealing would lead to the formation of single- or double-
shell LiMn,O4 hollow spheres. With Na,CO; as the
precipitation agent, only carbonate precursor and the
corresponding LiNig sMn; sO4 with irregular shape could be
obtained (figure 14).
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The slower nucleation induced by NaHCO; has been
proven by the variations of ionic conductivity and turbidity of
the co-precipitation reaction system. The time-dependent
ionic conductivity (figure 15(a)) suggests that the nucleation
rate for NaHCO; system is much lower, which shows
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zero-order precipitation reaction, whereas the Na,COj3 system
is a second-order reaction showing much faster nucleation
kinetics. The turbidity curves also confirm this trend
(figure 15(b)).

The SEM images (figures 16(a), (b)) show that the
LiNig sMn; 504 product well inherits the spherical morphology
of the carbonate precursor, but with hollow and porous
microstructures. The LiNiypsMn,; 504 sample is composed of
porous micro- and nanostructured hollow spheres with wall
thickness of about 500 nm (figures 16(c), (d)). The HRTEM
image and fast Fourier transform analysis further reveal the
single-crystalline character of the nanoparticle building blocks for
the single-shell LiNipsMn; 5O, hollow spheres (figures 16(e),
(f). By controlling the heating rate from 2 to 4 °C min~', the
double-shell LiNiysMn; sO4 hollow spheres can be successfully
obtained (figures 16(g), (h)). The different shrinking rates under
controlled heating conditions are responsible for the formation of
these different microstructures. When the critical stress is
reached, the middle part of the carbonate precursor tends to
shrink inward and leave from the pre-formed outer shell under
the higher heating ramp. This leads to the splitting of different
layers and formation of double-shell hollow spheres [8].

The electrochemical tests have revealed the superior
performances of the hollow spheres to that of the particulate
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counterparts. The discharge capacity of LiNigsMn; 5Oy
hollow spheres is about 130 mAh g~ at the current rate of
0.1C, which is less than 120mAhg ' for the particulate
counterparts (figures 17(a), (c)). However, the double-shelled
LiNig sMn; 50,4 hollow spheres do not show further enhanced
electrochemical performances than the single-shelled one,
probably because of the unfavorable charge transfer from the
outer shell into the inner shell resulted from the void gap. At
various discharging rates, LiNig sMn; 50,4 hollow spheres all
display the discharge capacities much higher than those of
LiNig sMn; 50,4 nanoparticles. As shown in figure 17(b), the
LiNig sMn; sO4 hollow spheres also present good cycling
capabilities. Under the current rates of 0.5, 1 and 2 C, the
discharge capacities only show slight decrease after 100
cycles. The capacity retention is even as high as 95% after
100 cycles at 0.5 C rate. When increasing the discharging
rates to 5 and 10 C, the capacity retention can still reach 80%
at 10C after 100 cycles. The special microstructure of
LiNip sMn; 504 hollow spheres is believed to be responsible
for their superior electrochemical performances, for which the
conductions of electrons and Lit ions are more facilitated,
as revealed by its smaller charge transfer resistance (R ~
190 ©2) in comparison to that of LiNiy sMn; 504 nanoparticles
(Ret ~ 580 Q) (figures 17(d)).
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2.3. LiNixCo,Mn;_,_,O- layered oxides

The LiNi,Co,Mn;_, ,O, (NCM) cathode materials were
firstly introduced by Liu et al in 1999 [25]. The structure can
be viewed as the solid solution of LiNiO,, LiCoO, and
LiMnO,, due to the close ionic radii of Ni** (0.69 A), Co™"
(0.54A) and Mn** (0.53 A). NCM is the isostructure of
LiNiO, which has the a-NaFeO, structure (Space group:
R3m). As shown in figure 18(a), the anions in an ideal NCM
take the 6c sites to form a cubic close-packed arrangement,
while Li and transition metals occupy the octahedral 3a and
3b sites, respectively, forming alternative cationic slabs along
the ¢ axis [3, 26].

Although the theoretical capacity of LiCoO, is as high as
270 mAh g~ ', its practical capacity is rather low, which is
primarily related to its special electronic structure. The
completely filled and redox active f,, band of Co’" in
LiCoO, is well overlapping with the O*~ 2p band
(figure 18(b)) [27]. During charging process (oxidation of
Co’™"), the electrons in Co™" t,, band starts to lose, followed
by the loss of O*" 2p electrons when the Fermi level is
pinned at the top of O*~ 2p band. Maximally half of an
electron in f,, orbital can be extracted during charging
LiCoO, without inducing the oxidation of 02*, otherwise the
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structure will collapse due to the release of O,. This corre-
sponds to a reversible capacity of 140 mAh g~ ' around 4 V
versus Li/Li" [27].

In contrast, the redox active e, band of Ni*t barely
touches the top of O*~ 2p band in LiNiO,, even though the
filled ,, band completely overlaps with 0O?" 2p. Therefore,
the single electron in the redox active e, band can be suffi-
ciently extracted during charging, giving rise to its sig-
nificantly high theoretical capacity of 270 mAhg™~' and a
practical capacity of over 200mAhg ' [7]. Even for
LiMnO,, the e, band of the high-spin Mn*" lies well above
the O~ 2p band, implying its strong structural stability dur-
ing charging-discharging process [27]. However, LiNiO, and
LiMnO, suffer from their own intrinsic problems. For
instance, LiNiO, always has non-stoichiometric compositions
due to lithium loss and reduction of Ni*" to Ni*" during
thermal calcination and cation mixing due to the very close
jonic radii of Ni*" (0.69 A) and Li" (0.71 A) [2, 3]. The
octahedral coordinated Mn>* in LiMnO, is JT distorted,
which leads to the transition of layered LiMnO, to spinel
structure during repeated electrochemical cycling [27].

However, in LiNi,Co,Mn, _,_, 0, materials, the single e,
electron in high-spin Mn>" has the strong tendency to be
transferred to Ni’", resulting more energetically favorable
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Ni** and JT inactive Mn*" (figure 19(a)) [28]. Increasing the
Mn proportion in NCM will significantly improve the struc-
tural stability and of course the cathode safety. The
Ni** /Ni** redox couple in NCM can further enhance the
capacity in comparison with Ni**/Ni*" active couple.
Increasing Ni content is thus beneficial for the improvement
of the cathode capacity. The smaller radius of Co>" could
inhibit the migration of Ni*" into Li" layer, thus stabilizing
the structure and improving the Li" diffusion kinetics. In
addition, the electrical conduction is more facilitated in
LiCoO,. Therefore, increased Co content can thus yield better
rate performance of NCM cathode materials (figure 19(b))
[2, 7]. To date, various compositions of NCM have been
explored, with LiNi;;3Co;/3Mn; 30, (NCMI111 and alter-
natively called as 333), LiNip4Cog,Mng40, (NCM424),
LiNi0,5C00_2Mn0,302 (NCM523), LiNio_GCOO.zMno_zoz
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Figure 21. (a), (b) FESEM images, (c), (d) TEM images, (¢) HRTEM image of NCM111 microrods. The inset of (e) is the corresponding FFT
image. Reprinted from [29], Copyright 2014, with permission from Elsevier.

(NCM622) and LiNiggCog Mng 0, (NCMS811) as well
known representatives.

2.3.1. LiNiy;3C04/3Mn4,505 microrods. The microstructures of
the cathode materials have strong influences on the diffusion
of electrons and ions during charging and discharging
processes. We have reported a simple strategy to prepare
LiNi, 3Co;/3Mn; 30, 1D hierarchical microrods via a
stepwise co-precipitation method [29]. As shown in
figure 20, the synthesis has taken full advantage of the
crystallization habit of CoC,042H,0 to form rod-like cobalt
oxalate precursor in the first precipitation step. The
CoC,042H,0 microrods served as the seed to template the
growth of other metal oxalates during the subsequent co-
precipitation step. After lithium implantation at high
temperature, porous and rod-like NCM111 materials can be
achieved.

The FESEM images indicate that the sample is mainly
composed of NCM111 microrods with diameters of about 1
pm and lengths of about 10 pum (figures 21(a)—(d)). The
NCMI111 microrods are assembled by many sub-micron
particles with the sizes of 200—400 nm and possess plenty of
porous and void space in the rod. The primary particle
building blocks are merged with adjacent ones in the rod-like
morphology (figures 21(c), (d)). The HRTEM and FFT
pattern confirm the (003) plane of the LiNi, ;3Co;/3Mn; 30,
phase [29].

Due to the unique porous and 1D structures, the
NCMI111 microrods have exhibited good electrochemical
performances as the cathode materials in LIB. As presented in
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figure 22(a), the first discharge capacity of NCMI111
microrods is 163.3 mAh g~' with the corresponding coulom-
bic efficiency of 92% at 0.1 C. The discharge capacities are
1353 mAhg ' and 1269 mAhg ' at 5C and 10 C, respec-
tively, both better than those of the microparticle counterparts
[29]. The rate capability and cycling performance for
NCM111 microrods (denoted as NCM-MRs) are also superior
to those of the NCM111 microparticles (denoted as NCM-
MPs) (figures 22(b)—(c)). The superior electrochemical
performances have also been revealed by the electrochemical
impedance spectroscopy. Obviously, NCM111 microrods
show a charge transfer resistance of 69.6 ), significantly
lower than that of NCMI111 microparticles (151.2 )
(figure 22(d)). The superior electrochemical performances of
NCM111 microrods should be attributed to the 1D rod-like
structure that can readily relieve the strain during repeated
electrochemical cycling and thus maintain the structural
integrity. In addition, the 1D hierarchical microrod structure
can provide appropriate contact area between electrode and
electrolyte and effectively shorten the diffusion path for
electrons and lithium ions, which enhances the rate capability
of NCM111 microrods [29].

232 Compositionally graded LiNip.sC0g.2Mny 30>
micospheres. LiNijsCog,Mng 30, (NCMS523) is a popular
cathode composition whose increased Ni content significantly
improves its capacity, in comparison with NCMI111.
However, due to the high reactivity of the increased amount
of Ni** towards organic electrolyte, the cycling performance
and especially the thermal stability are lowered, which
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mitigate its advantage of high capacity. To carry forward its
high capacity and improve its poor structural stability, a
concentration-gradient NCM523 cathode material consisting
of Ni-rich core and Ni-poor outer shell via a simple stepwise
precipitation strategy has been introduced [30].

The stepwise synthesis involves three sequential co-
precipitation reactions of NaOH with the mixed solutions of
NiSO,4, CoSO,4 and MnSO, with intentionally designed gradient
Ni:Co:Mn ratios. The first solution (Ni:Co:Mn = 6:2:2) ensures
the Ni-rich core of the finally product, while the second solution
keeps the expected ratio of Ni:Co:Mn = 5:2:3. The last solution
with Ni:Co:Mn = 4:2:4 significantly lowers the Ni content and
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simultaneously increase the Mn concentration on the shell of
NCM spheres, whereas the overall composition remains as
LiNig sCog ,Mng 30, after the calcination with Li,CO5 [30].
The precursors for NCM523 prepared via the current
stepwise precipitation method are in spherical shape with the
size of about 8 pm, consisting of flake-like primary particles
(figures 23(a), (b)). After thermal treatment, small flakes on
the surface of NCM523 particles are slightly melted, without
obvious changes of the morphology (figures 23(c), (d)). The
primary flakes stack together to form rich diffusion paths for
charge and ions. The line-scanning EDS spectra of a broken
NCM523 particle have indicated that the Ni content is higher
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in the core center of the particle than in the outer shell,
whereas the Mn content is more distributed in the shell than in
the center (figure 23(e)), which strongly support the gradient-
concentration microstructure of the sample as we designed.
To demonstrate the advantage of the current stepwise co-
precipitation method, NCM523 materials without gradient
concentration are prepared for comparison. The NCM
samples with the same compositions are synthesized in a
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single batch of co-precipitation (denoted as NCM-CC), in
comparison with the three steps of co-precipitation reactions
(denoted as NCM-SC). The NCM-SC sample displays a
discharge capacity of 166.3 mAh g~', comparable to that of
NCM-CC (figures 24(a), (b)). However, at higher current
rates, NCM-SC presents much higher capacity than NCM-
CC, implying its superior rate performance (figure 24(c)).

The concentration-gradient NCM-SC material also shows
much better cycling performance than NCM-CC, with the
capacity retention of 95.8% after 200 charge—discharge cycles
at 0.5 C (figure 24(d)). In contrast, the capacity retention of
NCM-CC is only 79.6% under the same condition. Under the
high charge/discharge rates (5 C), NCM-SC cathode displays
a capacity of 121.9 mAh g~ after 500 cycles, corresponding
to the capacity fading of 0.3%0 per cycle, whereas NCM-CC
sample has a much lower capacity of 98.2mAhg~' and a
much higher fading rate of 0.54%o/cycle (figure 24(e)),
implying the superior electrochemical performances for the
fast charge—discharge applications such as EVs. The EIS test
reveals that NCM-SC material has a substantially lower
charge transfer resistance of about 150 €2, in comparison with
the resistance of 245.1 Q for NCM-CC (figure 24(f)). The
superior cycling performance of NCM-SC should be
attributed to its concentration-gradient structure that reduces
the possibility of side reactions and increases the structural
stability during repeated electrochemical cycles. The porous
and cross-linked structures in LiNigsCog->Mng 30, material
formed during thermal annealing process may facilitate the
charge transfer and Li* diffusion, eventually improving the
rate capability [30].
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Figure 27. FESEM images of (a) and (b) the MC,0,°xH,O (M= Ni, Co and Mn) precursor for LiNijgCog 1Mng ;05 and (c) and (d) the

LiNig gCop.1Mny O, product (inset in (b): high resolution TEM image of a microtube precursor with a reaction time of 8 h; inset in (d): high
resolution TEM image of a microtube product); (e) EDS elemental line scans (Ni, Co, Mn) of a LiNij gCoy ;Mng ;O, microtube along the
radial direction; (f) EDS elemental mappings (Ni, Co, Mn and O) and (g) EDS spectrum of the LiNiy gCog 1Mng ;0, microtube; (h) HRTEM
image of the circled region of the inset in (d); (i) FFT pattern of the HRTEM image in (h). Reproduced from [31] with permission from The

Royal Society of Chemistry.

2.3.3. LiNip.gCop 1Mny 102 microtubes. Despite of their many
intrinsic problems, including cation mixing, detrimental side
reactions and thermal runaway issue, researchers are still keen
on developing Ni-rich LiNi,Co,Mn;_,_,O, (Generally,
0.6 <x <1; 0 <y <0.2) cathode materials owing to the
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seduced high capacity of even higher than 200 mAh g~ [3].
Part of the above problems can be remitted by e.g. cation
doping to inhibit the diffusion of Ni*" into Li* layer and
surface coating to stabilize the solid-electrolyte interface
[2, 7, 31]. Rational design of 1D hollow structured cathode
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Figure 28. (a) High resolution TEM image of the core/shell structure of the MC,0,xH,O (M = Ni, Co and Mn) precursor for
LiNig §Cop 1Mng ;O, with a reaction time of 10 min (b) EDS elemental line scans of the MC,04xH,O (M = Ni, Co and Mn) core/shell
precursor along the radial direction of the core/shell precursor. (c) Elemental mappings and (d) EDS spectrum of the core—shell structure
precursor; (¢) HRTEM image of the CoC,0,4 xH,O core of the circled region, e, shown in (a) (inset in (e): the corresponding SAED pattern).
(f) HRTEM image of the MC,0,4xH,O (M= Ni, Mn) shell of the circled region, f, shown in (a) (inset in (f): the corresponding SAED
pattern). Reproduced from [31] with permission from The Royal Society of Chemistry.

materials emerges as an alternative but effective approach for
solving the above issues, since the 1D structure can offer
large contact areas and short Li" diffusion paths, while
hollow structure can facilitate efficient electrode-electrolyte
contact, reduce the diffusion path of Li* and accommodate
the volume change during cycling process [31].

We have proposed a general and flexible strategy to
synthesize LiNigpgCogMng O, hollow microtubes. As illu-
strated in figure 25, in the sequential precipitation of ternary-
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metal oxalate precursors, CoC,0O4xH,O was chosen to
precipitate first to serve the following two purposes. One is to
make use of its growth habit into nanorods which can template
the oriented attachment growth of NiC,04xH,O and
MnC,04xH,O precipitates in the subsequent co-precipitation.
The other is to take advantage of the crystallinity difference
between the initially formed CoC,O4xH,O core and the
subsequently formed NiC,0,xH,0O and MnC,04xH,O shell.
It was found that the inner CoC,0,4°xH,O core is less crystalline
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Figure 29. Typical charge—discharge curves for (a) LiNipgCog ;Mng 0, microtubes (denoted as LNCM811-MTs) and (b)

Li; 5Nig 13C0g.13Mng 540, microtubes (denoted as LR-MTs) at different discharge rates; cycling performances of (c) LNCM811-MTs and (d)
LR-MTs at 0.5 C; inset in (c) and (d): rate cyclability at various rates; plots of dQ/dV of (¢) LNCM811-MTs and (f) LRMTs at a rate of
0.1 C. Reproduced from [31] with permission from The Royal Society of Chemistry.

than the outer NiC,0,4xH,O and MnC,0,'xH,O shell due to
the faster nucleation and growth kinetics of the former in a
much more saturated solution when first precipitated [31].

It should be noted that the reaction kinetics are at play for
the formation of the tube-like microstructures rather than the
thermodynamics, since the solubility product constant follows
the order: MnC,042H,0 (1.7 X 1077) > CoC,044H,0
(6.3 x 1078 > NiC,0,2H,0 (4 x 107'%. The variations
of the ionic conductivity indicate that CoC,0,4'4H,O displays
the highest precipitation rate (figure 26), whereas
NiC,042H,0 has the lowest. CoC,0,44H,O thus has a
faster nucleation rate than the other two, accounting for the
formation of smaller and less crystalline CoC,044H,0
primary particles. The crystallinity difference between the
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core and shell is the main driving force for the non-
equilibrium mass interdiffusion during ripening process,
which causes net outward mass transfer from the loose and
poorly crystalline core and opens the inner space due to the
Kelvin effect (figure 25). The mass gain on the concave
surface is at the expense of the mass loss on the convex
surface. Eventually, the ternary-metal oxalate MC,0,4xH,O
(M = Ni, Co and Mn) microrods with core—shell structure
turn into hollow microtubes, which transform into
LiNip gCog Mngy 10, (NCM811) microtubes after lithium
impregnation and thermal annealing [31].

The obtained MC,O4xH,O (M= Ni, Co and Mn)
precursors show the tube-like morphology with the diameters
of about 1 um and lengths of about 20 um (figures 27(a), (b)).
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Figure 30. Crystal structures of (a) the thobohedral LiTMO, (space group: R3m, TM= Ni, Co and Mn) and (b) monoclinic Li,MnO3 (space
group: C/2m) viewed from the [100] crystallographic direction. [36] John Wiley & Sons. Copyright © 2013 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.
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The tubular architectures are well maintained after transfor-
mation into NCM811 product (figures 27(c), (d)), except that
the surface becomes coarse and the tips of the tube are
opened, probably due to the large strain during the thermal
annealing process. Different characterization techniques
further confirm the 1D micro-tubular structure of the
NCMS811 product synthesized by the current strategy.

During the second-step co-precipitation of nickel and
manganese oxalates for 10min, the coaxial core/shell
structured metal oxalate precursor can be clearly observed
(figure 28(a)). The EDS line scans and elemental mappings
clearly show that Co element is mainly distributed in the core
of the tube, while Ni and Mn elements stay on the shell
(figures 28(b), (c)). The HRTEM images and SAED patterns
focusing on the core and shell of the tubular MC,0,4xH,O
M= Ni, Co and Mn) precursor display a significant
difference. The CoC,04xH,O core exhibit the amorphous
characteristics at the atomic scale (figure 28(e)), while the
MC,04xH,O (M = Ni, Mn) shell presents the lattice fringes
and electron diffraction ring pattern of NiC,04 xH,0, which
is a strong support for our designed synthetic strategy.

The unique microstructures offer the cathode materials
great electrochemical performances. For instance, the initial
discharge capacity of NCMS811 microtubes can reach
194.5mAhg7l at the current rate of 0.2C, with the initial
coulombic efficiency of 83.3% (figure 29(a)). In contrast, the
initial discharge capacity and coulombic efficiency of NCM811
microparticles at 0.2C are only 188.5mAhg' and 82.6%,
respectively. The capacity retention of NCM811 microtubes is
as high as 87.4% after 100 cycles at 0.5 C (figure 29(c)), which
is also significantly than that of NCMS811 microparticles
(75.6%). The cycling performance and rate capability of the
tubular NCM811 cathodes are all superior to the particulate
counterparts. The enhanced electrochemical performances of
NCMS11 microtubes should be due to their special 1D and
hollow structures that are beneficial for the lowered polarization
(figure 29(e)). The unique structures not only enhance the
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contact between the active material and electrolyte, but also
facilitate the charge and ion transfers, synergistically contribut-
ing to their superior electrochemical properties that might be
further improved through surface coating by e.g. 7-LiAlO, and
other compositions [9, 32].

2.4. Li-rich layered oxides

The experimental work about Li-rich layered oxide can be
dated back to early in 1990s when Thackeray and coworkers
reported the synthesis of Lij goMng9;O0, from Li,MnOj3 by
acid digestion [33, 34]. The chemical compositions of Li-rich
layered oxides are commonly written in several expressions,
e.g. xLi;MnO5(1—x)LiMO; and Li;, M;_,0, M = Ni, Co,
Mn etc), which can be easily converted to each other [2]. As
implied by the composition of xLi,MnO3(1 — x)LiMO,, the
crystal structure of can be regarded as the composite of the
monoclinic Li,MnO; (Space group: C2/m) and rhombohe-
dral LiMO, (Space group: R3m). Both of them have a layered
structure, sharing strong similarity [2, 34, 35].

As shown in figure 30(a), the layered rhombohedral
LiMO, (or written as LiTMO,) (M/TM= Ni, Co, Mn etc)
adopts the alternative stacking sequence of ...-Li—-O-M-O-Li—
... along the ¢ axis. The structure is very similar to the structure
of monoclinic Li,MnO3, except that the Mn layers are mixed
with Li atoms in the Li/Mn ratio of 1/2 (figure 30(b)). The
structural similarity can be easily understood by converting the
formula of Li,MnOs into Li[Li; 3Mn; /3]0, [36]. The ordered
arrangement of Li* in Mn*" layer significantly reduces the
symmetry from R3m to C2/m.

Due to their very similar structures, there exists another
understanding that Li-rich layered oxide is a homogeneous
solid solution of these two components, as represented by the
formula of Li; . .M, _,O5 [2, 34]. The structural differentiation
of Li-rich layered cathode materials is commonly accom-
plished by XRD to observe the few representative but very
weak diffraction peaks within the 20°-25° range caused by
the Li"/Mn*" ordered superstructure, but unfortunately,
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Figure 34. FESEM images of (a) MC,04-xH>O (M = Mn, Ni, Co, Li) precursor and (b) 0.5Li,MnOs - 0.5LiNi, ;3Co;/3Mn; 30, product; (c),
(d) TEM and HRTEM images of the product (inset of c: TEM image of precursor); (¢) HRTEM image of the circled region in (d); (f) FFT of
the HRTEM image in (¢); (g) elemental mapping and (h) EDS spectrum of the tip of a 0.5Li;MnOs - 0.5LiNi, ;3Co;,3Mn; 30, microbar

(R = 5:1). [40] John Wiley & Sons. © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

XRD only gives the average crystal structure. Deep under-
standing on the local structures in Li-rich layered oxides
requires combined advanced characterization techniques,
such as synchrotron x-ray diffraction, high angle annular dark
field scanning transmission electron microscopy, neutron
diffraction, etc Interested readers are advised to find the
detailed interpretation of the local structure in Li-rich layered
oxides in many articles and review papers [2, 34-37].

The most striking advantage of Li-rich layered oxides is
their exceptionally high capacity of about 300 mAhg™',
overwhelming all the currently available commercial LIB
cathodes. The exact mechanism behind the high charge/dis-
charge capacities of Li-rich layered oxides is complicated.
However, two main contributions are well recognized. Take
charge capacity as the example. One contribution is from the
active oxidation of M>" to M*", when the battery is charged

up to about 4.4 V. The other is the oxidation of O*~ occurring
at higher charging voltage, as reflected by the long plateau
above 4.4V, accounting for about half of the overall dis-
charge capacity of Li-rich layered oxides. The latter contrib-
ution is well known as the anionic redox mechanism.

From the molecular orbital point of view, the nd, (n + 1) s
and (n + 1) p orbitals of center metal M in octahedral MOg are
overlapping with the s orbitals of six ligands (O) to give the o
molecular orbitals of the bonding states of a;,, #;, and e, and
the anti-bonding states of ¢,", a;," and #;," (figure 31(a)) [38].
The 1, orbitals of M interact with the p orbitals of ligands to
form the w molecular orbitals of the bonding state of 7,, and
anti-bonding state of #,,". This gives rise to the completely filled
bonding states and the partially filled anti-bonding states, where
the ligand and center M characters dominate, respectively
(figure 32(b)). In the periodic solid materials, the anti-bonding
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GmbH & Co. KGaA, Weinheim.

e,” and 1,," states become the continuous (M—O)" band that
controls the electrochemistry of the materials (figure 32(c)). In
the classical LiMO, layered oxides, all the 2p orbitals of the
ligand O engage in M-O bond formation, for which the elec-
trochemical charging reaction comes from the loss of electrons
in (M-O)" band (or commonly called as d band) (figure 32(d)).
However, in Li;MnOj3-type Li-rich layered oxides (written as
Li[Li; 3M53]O,), one of the O 2p orbitals is weakly bonded
because of its relatively small overlapping with Li 2s orbital. It
thus behaves like an O non-bonding state and is located above
the filled (M-O) bonding band (figures 32(c), (e)) [38].
Therefore, the oxygen redox is triggered as soon as the Fermi
level is pinned at the top of O 2p states after the completion of
M?"/M** redox reactions. Interested readers can also find the
details of anionic redox mechanism in many recent review
articles [2, 38, 39].

Despite the exceptionally high capacity, there are many
intrinsic issues to be conquered for the application of Li-rich
layered oxide cathode materials, e.g. the large irreversible
capacity loss in the initial cycle, fast capacity fading and voltage
decay [2, 34]. These problems share more or less common
reasons. For instance, the anionic oxidation during the first
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charging process leads to the loss of Li,O that cannot be
completely inserted back to the host structure in the subsequent
discharging process, which causes large irreversible capacity
loss in the initial cycle. The anionic redox reaction also leaves
large amounts of oxygen vacancies and Li vacancies in both the
transition metal and Li layers, which induce the migration of
TM cations into the Li vacancies. This inevitably causes the
structural transition from layered to spinel-like phase, accel-
erating the capacity fading and voltage decay [2, 34, 35].

2.4.1. 0.5LisMnO3 e 0.5LiNi;;3C04,5Mn 30, microbars and other
cathodes. 05L12Mn03 . 0.5LiNi1/3CO]/3MH1/302 isa typlcal
example of Li,MnOs-type Li-rich layered metal oxide cathode
material, which has undergone a flurry of research because of its
high energy density. The construction of its 1D microstructure
can well unlock its full potential as the high energy density
cathode material, due to the shortening of electron and lithium
diffusion paths, an appropriate contact area between the cathode
and electrolyte, and the ability to accommodate the structural
strain during charging/discharging reactions [40].

We have proposed a facile, general and mild approach for
fabricating 1D micro- and nanostructured 0.5Li,MnOj -
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Figure 36. FESEM images of microbars: (a) precursor and (b)
product of layered 0.5Li,MnO; - 0.5LiNig sMng sO;; (c) precursor
and (d) product of layered LiNi; 3Co,,3Mn/30,; (€) precursor and
(f) product of spinel LiNipsMn; 504. [40] John Wiley & Sons. ©
2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

0.5LiNi; ;3Co; 3Mn /30, material, by judiciously formulat-
ing the precipitating solvent [40]. The synthesis involves a co-
precipitation step mediated by the mixed solvent of ethanol
and water. Only under a certain ratio of ethanol-water in the
mixed solvent, the uniform metal oxalate microbars
MC,042H,0 (M = Ni, Co, Mn) can be obtained (figure 32)
via the co-precipitation reaction which undergoes at room
temperature without use of any surfactant. The MnC,0,
nanobar seeds serve as templates for recruiting and
assimilating other metal oxalates by oriented attachment and
Ostwald ripening, yielding MC,0,42H,0 microbars, which
transform into 0.5Li,MnOj - 0.5LiNi; ;3Co;/3Mn, /30, 1D
microbars upon thermal annealing (figure 32).

The use of the ethanol-water mixed solvent during
synthesis capitalizes on the composition-dependent change in
the dielectric constant and solvation power, which would
have the impact on supersaturation degree and kinetics. The
addition of ethanol into water reduces the dielectric constant
and alters the solute-solvent interactions, thereby adjusting
the relative order of reaction kinetics for Ni, Co and Mn, and
their supersaturation degree, which may lower the nucleation
barrier and thus facilitate co-precipitation. Comparison
experiments demonstrate that Co”" ions have the faster
nucleation and growth kinetics with pure water as solvent
(figures 33(c), (d)). In contrast, the nucleation and growth
kinetics are altered in the ethanol-water mixed solvent, in
which Mn*" ions have the largest (figures 33(a), (b)). The
comparison is more obvious by monitoring the variation of
the turbidity for the different precipitation reactions. As
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shown in figure 33(f), the turbidity for Co®" precipitation
occurring in pure water rises dramatically versus time.
However, the kinetics of Mn?* is more dominant when using
ethanol/water mixed solvent (figure 33(e)). This strongly
supports our proposed reaction mechanism.

The MC,0,42H,0 precursor shows the rectangular bar-like
architectures with the lengths of about 6.4 ym and widths of
about 1.2 um (figure 34(a)). The 1D bar-like structure has been
well retained after heat treatment of the precursors, except that the
0.5Li,MnO3 - 0.5LiNi; ;3Co; ,3Mn; 30, microbars have plenty
of porosity (figures 34(b)—(d)). The HRTEM image and FFT
pattern (figures 34(e), (f)) strongly suggest that the as-prepared
product is composed of a layered LiNi; 3Co;/3Mn; 30, (space
group of R3m) and the Li,MnO; component (space group of C/
2m), with the uniform distribution of cations in the designed
ratio (figures 34(g), (h)).

The electrochemical measurements have indicated that the
Li-rich layered oxide of 0.5Li,MnOj - 0.5LiNi; ;3Co; /3Mn; /30,
microbars prepared at the ethanol /water ratio of 5/1 (denoted as
LNCM-3) has the best electrochemical performances, including,
such as a high initial discharge capacity of 297.1 mAhg ' and
high coulombic efficiency of 86.4% at 0.1 C (figure 35(a)). Its
discharge capacities are 211.4 and 202.8 mAhg™' after 100
cycles at 1 C and 2 C respectively, corresponding to the high
capacity retentions of 95% and 97% respectively (figure 35(c)),
implying the good cycling performance of LNCM-3. In contrast,
the Li-rich layered oxides prepared with other ethanol/water
ratios, e.g. 0/1 (LNCM-1), 3/1 (LNCM-2) and 24/1 (LNCM-
4), have much lower cycling performances (figure 35(c)). The
0.5Li2MnO3 . 0.5LiNi1/3C01/3Mn1/302 microbars (LNCM-3)
have also shown a good rate capability (figure 35(d)). The
superior electrochemical performances of 0.5Li;MnOs -
0.5LiNi; 3Co; 3Mn; /30, microbars should be resulted from
their unique 1D porous architecture which has the advantages,
such as shortening the electron and lithium diffusion lengths,
facilitating efficient diffusion of electrolyte into the inner regions
of the cathode, etc [40]. The current ethanol mediated co-
precipitation coupled with subsequent post-heat treatment can be
readily extended to other electrode materials with uniform 1D
porous micro- and nanostructured bar-shape microstructures,
including Li-rich 0.5Li;MnOj; - 0.5LiNipsMnys0,, spinel
LiNiy sMn; 504 and many others (figure 36).

2.4.2. 0.5Li>MnOg3 e 0.5LiNi;3C04/3Mn4,5305 microtubes. The
hollow-tube structure of Li-rich layered oxide 0.5Li,MnOs -
0.5LiNi; ;3Co; /3Mn, /30, (alternatively written as
Li; »Nig 13C0¢.13Mng540,) can also be designed via the
above-mentioned sequential precipitation strategy discussed
in section 2.3.3. As illustrated in figure 25, our strategy is
based on the non-equilibrium interdiffusion driven by the
crystalline differences of the amorphous core and crystalline
shell. Given adequate reaction time, the tube-like oxalate
precursor with diameters of 1-2 pm and lengths of 10-20 pm
can be readily obtained (figures 37(a)-(c)). The tube-like
morphology of the oxalate precursor is largely kept after its
transformation into  Li; ,Nig 13C0g 13Mng 540, microtubes
(ﬁgures 37(d)—(f)) The Lil.zNiO.13C00'13Mn05402 microtubes
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Figure 37. (a), (b), (d)—(e) FESEM images and (c), (f) TEM images for (a)—(c) the oxalate precursor and (d)—(f) Li; »Nig ;3C0g 13Mng 540,
microtubes; (g) elemental mappings and (h) EDS spectrum for a single Li; ,Nig ;3C0¢ ;3Mng 540, microtube. Reproduced from [31] with

permission from The Royal Society of Chemistry.

are assembled by nanosized particle building blocks in
100-300 nm, full of pores and voids [31].

The current sequential precipitation strategy to achieve
the hollow structure of Li-rich layered oxides can be well
integrated with the previous co-precipitation method mediated
with the ethanol-water mixed solvent for the synthesis of
0.5Li,MnO3 - 0.5LiNi; ;3Co;,3Mn; ;30, solid microbars. As
presented in figures 38(a) and (c), the sequential precipita-
tion/mixed solvent coupled strategy offers the oxalate
precursor of MC,0,4xH,O (M = Ni, Co and Mn) the long
rod-shape morphology with the side in nearly squared shape
and a hollow centered microstructure [31]. The elemental
mappings and EDS spectrum suggest that each transition
metal is uniformly distributed with the atomic ratio of Ni:Co:
Mn = 1:1.4:4, close to that of the designed ratio (Ni:Co:
Mn = 1:1:4) (figures 38(e), (f)). In contrast, the co-precipita-
tion mediated by the mixed ethanol/water solvent only
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produces the oxalate precursor in shorter and solid bar
morphology.

The Li; »Nig 13C0g 13Mng 540, microtubes have shown
good electrochemical properties. As presented in figure 29(b),
the initial discharge capacity of the Li; ,Nig 13C0¢ 13Mng 540,
microtubes (denoted as LR-MTs) reaches 300 mAh gfl,
resulting in an initial coulombic efficiency of 86%, which is
obviously improved in comparison with the particle-struc-
tured counterparts (82.6%). The LR-MTs sample delivers a
good cycling performance with a high specific capacity of
210 mAh g~ ' and the capacity retention of 91% at the rate of
0.5 C after 100 cycles (figure 29(d)). The minima in dQ/dV
curves reveal a lower deviation from 3.8 V than these of
Li; 5Nig 13C0¢.13Mng 540,  nanoparticles, implying the
reduced over potential for LR-MTs (figure 29(f)). The tubular
and porous microstructures of Li;,Nig 3C0013Mng 540,
hollow tubes are believed to be responsible for their good



Nanotechnology 31 (2020) 012001

Topical Review

EEEEEFNEL

10.0um

Figure 38. FESEM images and TEM images of MC,04xH,O (M = Ni, Co and Mn) precursor for Li-rich Li; ,Nig ;3C0¢ 13Mng 540, via (a),
(c) sequential precipitation or (b), (d) co-precipitation; (e) elemental mappings and (f) EDS spectrum of MC,0,4°xH,0O (M = Ni, Co and Mn)
precursor via sequential precipitation. Reproduced from [31] with permission from The Royal Society of Chemistry.

electrochemical performances, by offering an enhanced
energy density for the higher output voltage, especially at
the high discharge rate [31].

Our previous works have shown that both the oxalic acid
and the reaction medium come into play on the morphology
of the precursors that have the shapes of either long tubes or
bars with solid or hollow interior. This of course determines
the microstructure of the final electrode materials. The
structural control of the precursors might be connected with
the crystal growth habit of the different transition metal
oxalates. Certain metal oxalate may prefer the growth along
certain crystallographic directions under the help of surfactant
as possibly played by the different solvents. This however
requires further detailed studies.
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2.4.3. Liy 5Nig.13C00.13_xMng 54A1O51_y)F2, microspheres.
In addition to the previously proposed microstructural
designs, doping by extrinsic defects is an alternative way
capable of tuning the intrinsic chemistry of the cathode
materials for improved electrochemical performances. The
simplest example is the substitution of Co in LiCoO, to
produce various derivatives of LiNi,Co,Mn;_,_,0O,, in the
purposes of using high-lying Mn*" e, band to stabilize the
structure and moderately high-lying Ni*" e, band to enhance
the charge capacity, as introduced in section 2.3 [38].
Various cationic dopings have been exerted on Li-rich
layerd oxide cathode materials, including Mg, Al, Co, Fe, Ru,
Cr, etc. The incorporation of electrochemically inactive
cations, such as Mg®" and AI’", remarkably reduces the
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Figure 39. Schematic diagram of the preparation of precursors Nig ;3C0 13_xMng 54AL(CO3) 810.5» and cathode materials Li; ,Nig 13C0¢ 13
—xMng 54AL O, _y)F,, (LR-NCM). Reprinted from [10], Copyright 2017 with permission from Elsevier.

capacity induced by anionic redox (also called as sloping
region or oxygen-loss plateau) but increases its structural
stability due to its stronger interaction with the lattice oxygen.
The substitution by the cations capable of being further
oxidized above +4, e.g. Ru and Cr, significantly increase the
length of the sloping region [2]. Anionic doping is often
achieved via the substitution of O>~ by a small amount of F~,
which could slightly increase the lattice volume probably due
to the partial reduction of the neighboring transition metal
induced by the charge compensation of F~ [41, 42]. As a
result, the rate capability can be improved. In addition, F
doping could retard the layered-to-spinel phase transition,
thus enhancing the capacity retention and stabilizing the
discharge plateau.

The positive effect on electrodes varies from different
dopants. However, mono-doping strategy could not effectively
resist major drawbacks of Li-rich layered cathode materials,
which brings our conceptual design that Al&F co-doping may
be superior due to possible synergistic effect on the electro-
chemical performances of the Li;,Nig3C0g13Mng 540,
lithium-rich layered cathode materials [10]. As illustrated in
figure 39, the Al doping has been conducted in the co-
precipitation process which accomplishes a uniform distribution
in atomic scale. F is doped in the subsequent lithiation reaction
for the precursor.

Compared to the hydroxide precursor, the Li-rich NCM
samples (FESEM images shown in figure 40) present porous
spherical morphology with the shrunken sizes of about 2.2
pm, due to the decomposition and sintering effect during
calcination [10]. The microsized spheres are built by many
primary nanoparticles. As compared in figure 40, the mono-
or co-doping have no obvious effect on the size or
morphology of the final products. The EDS spectrum and
elemental mapping suggests the successful synthesis of the
target F-&Al co-doped lithium-rich cathode materials with
uniform elemental distributions.
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The discharge/charge curves strongly suggest that the
mono-doping by either Al or F can significantly improve the
electrochemical performances, such as enhanced capacity
retention and alleviated voltage decay. The capacity reten-
tions are more than 88% for the doped cathodes, significantly
higher than that of bare sample (~77%) after 150 cycles at
0.5C (figures 41(a)—(e)). Moreover, the Al&F co-doped
cathode material Li 1 '2Ni0' 1 3C00' 13 7an0.54A1x02( 1 7y)F2y
(x =0.01; y =0.03) has further alleviated voltage decay
(figure 41(d)). Especially, the difference is more pronounced
after a longer electrochemical cycling (figure 41(f)).

Further electrochemical measurements reveal that the
doped cathodes display enhanced rate capabilities than the bare
sample, especially under the high current density of 10C
(figure 42(a)). The improvement should be attributed to the
reduced resistance for electrons and lithium ions, as evidenced
by the Nyquist plots obtained in electrochemical impedance
spectrum (figure 42(b)). The thermal stability is a major concern
of lithium-rich layered oxide cathode materials, due to the
gradual evolution of oxygen-containing gaseous species
especially under elevated temperature. The DSC curves for
the doped Lil_2Ni0.13C00A13,XMH0_54A1x02(1,y)Fzy cathode after
delithiation are given in figure 42(c). As presented in the plots,
the exothermal peak of the doped samples are significantly
shifted to higher temperature, with the lowered area beneath the
peaks, implying the significantly reduced heat generation after
doping. Especially, the Al&F co-doped cathode exhibits the
exothermal peak at the highest temperature of 273 °C and
lowest heat generation of 221Jg ', outstanding the mono-
doped samples.

3. Conclusions and perspective

In this review, we mainly focus on the progress in LIB
cathode materials made by our group, with the purpose of
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Figure 40. FESEM images of Li; »Nig 13C0¢.13—,Mng 54A1,05(1_)F>, for (a), (b) x = 0, y = 0; (¢), (d) x = 0.01, y = 0; (), () x = 0,
y = 0.03; (g), (h) x = 0.01, y = 0.03; (i) elemental mappings and (j) EDS spectrum for x = 0.01 and y = 0.03; (k) TEM image of
Nig.13C00.13Mng 54(CO3)0 g (the precursor of the bare material). Reprinted from [10], Copyright 2017 with permission from Elsevier.
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Figure 41. Charge—discharge profiles from galvanostatic cycling of Li; ,Nig 13C0g.13-,Mng s4ALOx(; .y F>, for (a) x = 0, y = 0; (b)
x=00Ly=0;(c)x=0,y =0.03; (d) x =0.01, y = 0.03 at 0.5 C rate between 2.0 and 4.8 V after activation at 0.1 C for 3 cycles.
(e) Galvanostatic cycle performance and (f) plots of the discharge mean potential versus cycle number: (i)—(iv) correspond with (a)—(d),
respectively. The inset of (f) is plots of AFE versus cycle number, where AE = E. — Eg, E. is the charge mean voltage and E, is the discharge
mean voltage. Reprinted from [10], Copyright 2017 with permission from Elsevier.

fully exploring the potentials of materials’ electrochemical
properties by microstructural designs. We describe the crystal
structures of four main cathode families of olivine LiFePQOy,
spinel LiMn,0,, layered LiMO, and Li-rich layered
Li; . .M;_,0, M = Ni, Co, Mn). Through the examples we

have explored, we can see that the microstructures play a
pivotal role on the electrochemical performances of each
specific cathode materials. For instance, by designing the 1D
bar-like Li-rich 05L12MHO3 : 0.5LiNi1/3C01/3Mn1/302
materials of high porosity and structural integrity, we achieve
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significantly increased electrochemical properties, including research works have been done to mitigate their intrinsic issues.

the higher discharge capacity and better cycling and rate We could expect the near-future application of these advanced

capabilities. The structural design requires elegant manip- cathode materials to the commercial level.
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