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olled synthesis of low-strain
disordered micro–nano high voltage spinel
cathodes with exposed {111} facets†

Zhi-Qi Li,ab Yi-Feng Liu,ab Han-Xiao Liu,ab Yan-Fang Zhu,*ab Jingqiang Wang, ab

Mengke Zhang,c Lang Qiu,*c Xiao-Dong Guo, c Shu-Lei Chou *ab

and Yao Xiao *abd

High-voltage LiNi0.5Mn1.5O4 (LNMO) is one of the most promising cathode candidates for rechargeable

lithium-ion batteries (LIBs) but suffers from deteriorated cycling stability due to severe interfacial side

reactions and manganese dissolution. Herein, a micro–nano porous spherical LNMO cathode was

designed for high-performance LIBs. The disordered structure and the preferred exposure of the {111}

facets can be controlled by the release of lattice oxygen in the high-temperature calcination process.

The unique configuration of this material could enhance the structural stability and play a crucial role in

inhibiting manganese dissolution, promoting the rapid transport of Li+, and reducing the volume strain

during the charge/discharge process. The designed cathode exhibits a remarkable discharge capacity of

136.7 mA h g−1 at 0.5C, corresponding to an energy density of up to 636.4 W h kg−1, unprecedented

cycling stability (capacity retention of 90.6% after 500 cycles) and superior rate capability (78.9% of initial

capacity at 10C). The structurally controllable preparation strategy demonstrated in this work provides

new insights into the structural design of cathode materials for LIBs.
1. Introduction

Lithium-ion batteries (LIBs), a well-established and efficient
energy storage technology, have received much attention for
realizing renewable energy utilization.1–5 The increasing popu-
larity of electric vehicles has sparked a rising demand for energy
density in rechargeable batteries.6 The spinel LiNi0.5Mn1.5O4

(LNMO) cathode with high working voltage over 4.7 V vs. Li/Li+

and its 3D Li+ diffusion paths has the potential to be used in
next-generation fast-charge LIBs with high energy density.7–9

Nevertheless, its high-voltage operating conditions tend to
cause various issues, including structural decay due to the
dissolution of transition metal (TM) ions and parasitic side
reactions at the electrode/electrolyte interface, which result in
rapid performance degradation.10–14
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To improve the performance of LNMO, many strategies have
been developed including surface modication, elemental
doping and structural optimization.15–19 Rational geometrical
design is important to improve the performance of cathode
materials; therefore, it has attracted extensive attention.20–23 On
the one hand, nanostructured materials can shorten the trans-
port path of Li+ and increase the contact area between the elec-
trolyte and electrode, resulting in excellent rate performance.24–28

On the other hand, micrometer structured materials offer high
compaction density and minimized side reactions with electro-
lytes. Meanwhile, designing micro–nano hierarchical structure
materials can preserve the characteristics of nanostructures and
combine the advantages of micrometer structures.29–32 Besides,
the crystal facets of the LNMO also affect its electrochemical
performance. Previous studies have shown that choosing crystal
facets with lower surface energy can help stabilize the crystal
structure and reduce the occurrence of interfacial side
reactions.33–35 Crystal facets with high surface energy become
unstable, and controlling their growth helps to stabilize the
crystals. Among the predominant crystallographic facets, the
{111} facets improve electrochemical performance due to their
low surface energy and quick Li+ intercalation/deintercalation.
Additionally, the porous cathode material area enhances the
utilization of the active electrode material. The presence of pores
also facilitates ion diffusion and transport, thereby enhancing
electrochemical performance.36 In terms of the above research,
designing micro–nano hierarchical LNMO porous spherical
© 2024 The Author(s). Published by the Royal Society of Chemistry
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particles with exposed stable {111} facets can achieve outstanding
rate performance, cycling stability, and high energy density.37–40

Nevertheless, the issue of accurately controlling the design of
these composite structures remains unresolved.

Herein, we precisely design micro–nano hierarchical LNMO
porous spherical particles with exposed {111} facets via
a carbonate co-precipitation method combined with high-
temperature calcination. By controlling the decomposition
kinetics, the loss of lattice oxygen can be regulated, thereby
precisely adjusting the disordered structure and giving preference
to exposing {111} facets. This material is a secondary spherical
particle formed by stacking multiple octahedral primary particles,
and voids are formed inside the particles due to the release of
internal CO2. This unique structure inhibits crystal structure
decay, enhances Li+ migration, and alleviates the dissolution of
TM ions. Through the integration of advanced structural charac-
terization techniques, including high-angle annular dark-eld
scanning transmission electron microscopy (HAADF-STEM) ach-
ieved using spherical aberration-corrected electron microscopy,
bright points in the annular bright-eld scanning transmission
electron microscopy (ABF-STEM), and high-resolution trans-
mission electronmicroscopy, the special structure of the designed
material was conrmed, and its superior electrochemical perfor-
mance and structural stability were elucidated through the elec-
trochemical system and high temperature in situ X-ray diffraction.
The designed LNMO cathode exhibits excellent cycling stability
and still has a 90.6% capacity retention rate aer 500 cycles at 1C.
It shows excellent rate performance, with a signicant discharge
capacity of 107.86 mA h g−1 at 10C. The designed LNMO cathode
exhibited exceptional rate capability and unprecedented long-
term cycling stability, showcasing its promise for practical appli-
cations in high-performance LIBs. These ndings offer valuable
insights for future studies on accurately controlling crystal growth
to create high-performance cathodes.

2. Results and discussion
2.1. The formation process of LiNi0.5Mn1.5O4 (LNMO)

The Ni0.5Mn1.5CO3 precursor has been obtained through
carbonate co-precipitation, and the synthesis method is in the
ESI.† X-ray diffraction (XRD) revealed the structural features of
the Ni0.25Mn0.75CO3 precursor and the diffraction peaks of the
precursors were identied as hexagonal carbonate structures
with the R�3c space group (Fig. 1a).41 Scanning electron micros-
copy (SEM) and transmission electron microscopy (TEM) tests
were also carried out to observe the morphology of the precur-
sors. The results showed that the precursor exhibited a spherical
shape with most of the particles being around 3–5 mm (Fig. 1b, c
and S1†). Moreover, to understand the structural changes in the
formation of the LNMO cathode, the precursor was analyzed
using high temperature in situ XRD. Upon analysis, it was found
that as the temperature increased to 400 °C, the peaks (012),
(104), and (116) in the precursor gradually disappeared, while the
peak (111) began to emerge. During the temperature increase to
850 °C and the subsequent cooling process, a noticeable increase
in the intensity of the (111) peak was observed compared to the
(311) peak. This observation suggested a preference for the
© 2024 The Author(s). Published by the Royal Society of Chemistry
exposure of {111} facets during the materials' formation process.
Furthermore, with the temperature raised to 900 °C and the
material held at this temperature, the level of crystallinity
exhibited a progressive increase (Fig. 1d, e, S2 and S3†). The
decomposition process of the LNMO cathode was veried using
thermogravimetric (TG) curves (Fig. S4†). Initially, 5.1% weight
loss from room temperature to around 230 °C was observed,
which was attributed to the removal of hydrate water. Subse-
quently, a signicant weight loss of 28.6% was identied, related
to the thermal decomposition of MnCO3 and the lithiation
process. Interestingly, the TG test displayed a slight loss in
quality above 800 °C, indicating the release of lattice oxygen. In
particular, this situation would cause migration of TM ions and
structural reconstruction, forming a disordered spinel phase
with the space group of Fd�3m. The morphological analysis con-
ducted on the precursors at different temperatures found that the
crystallinity of the precursors increases, the surface becomes
smoother and the octahedral structure gradually forms as the
temperature increases (Fig. S5†). Analysis of the crystal structures
of Fd�3m and P4332 from the [100] and [111] axis showed that the
Fd�3m space group exhibits higher symmetry than the P4332 space
group (Fig. 1f–i). Furthermore, P4332 has a Mn valence of +4,
while Fd�3m contains traces of Mn3+. The presence of Mn3+ in the
Fd�3m structure of LNMO increases the electronic conductivity,
which is typically 2.5 orders of magnitude larger than that in the
Fd�3m structure than in the P4332 structure. Due to this differ-
ence, Li+ diffusion in Fd�3m spinel is faster than that of P4332.42,43
2.2. Structural analysis of LNMO-111

In practical applications, the intermediate transformation
involving the Fd�3m structure that occurs inside the P4332
structure will increase the strain and surface area impedance,
resulting in a signicant decrease in capacity. The electro-
chemical properties of the electrode with the Fd�3m structure are
better than those of P4332, which prompts further research on
the disordered structure of Fd�3m. For comprehensive consid-
eration, the precursor is calcined at 900 °C for the synthesis of
LiNi0.5Mn1.5O4 (denoted as LNMO-111). LNMO-111 exhibited
good crystallinity as conrmed by XRD, showing diffraction
peaks consistent with the spinel phase in the Fd�3m space group.
It has been shown that the ratio of the (311) peak to the (400)
peak reects the crystallinity and structural stability of the
material. In particular, the I(311)/I(400) ratios of LNMO-111
reduced to 0.96, compared to the normal reports of 1.10, sug-
gesting that the material possesses good crystallinity and
structural stability (Fig. 2a).44,45 And the calculated lattice
parameter of LNMO-111 (a = 8.1726 Å) is close to that of stan-
dard LNMO (Fd�3m, a= 8.172 Å) (Table S1†).46 In the Fd�3m space
group structure, Li is located at position 8a and diffuses along
the 8a-16c pathway. Meanwhile, Ni and Mn are randomly situ-
ated at position 16d, and O is found at position 32e. In contrast,
in the P4332 space group structure, Li is situated at position 8c
and diffuses along the 8c-12d and 8c-4a pathways and Ni
occupies position 4b, Mn is located at position 12d, and O is
present at positions 8c and 24e. Compared with the P4332
structure, the Fd�3m structure showed a disordered structure
Chem. Sci., 2024, 15, 11302–11310 | 11303
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Fig. 1 The structural evolution of the precursor. (a) Powder XRD pattern. (b) SEM image. (c) TEM image. (d) High temperature in situ XRD. (e)
Contour maps of the corresponding area. (f) Fd�3m and (g) P4332 crystal structures viewed along the [100] axis. (h) Fd�3m and (i) P4332 crystal
structures viewed along the [111] axis.
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(Fig. 2b and c).47,48 Additionally, LNMO-111 with disordered
structures (Fd�3m) typically exhibited high {111} facet expo-
sure.49,50 Notably, it was found by SEM that the primary particle
of LNMO-111 with a disordered spinel structure shows
a complete octahedron, and multiple octahedral particles are
closely linked and aggregated into spheres. The proximity of
particles enhances the transport of ions and electrons through
the interface, which decreases stress accumulation and
promotes uniform charge distribution within the secondary
particles (Fig. 2d and e). The cross-section of LNMO-111
11304 | Chem. Sci., 2024, 15, 11302–11310
observed by focused ion beam scanning electron microscopy
(FIB-SEM) revealed that the octahedral shapes are well main-
tained, and the cross-section exhibits a porous morphology,
which is mainly attributed to the irregular arrangement of
primary particles in micro–nano spherical particles (Fig. 2f and
g).51 It is observed that there are also voids inside the cross-
sections at different sites of LNMO-111 through the FIB test,
which further proves the porous morphology of LNMO-111 (Fig.
S6†). X-ray photoelectron spectroscopy (XPS) was used to
examine the chemical composition and valence states. The Ni
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Structure of LNMO-111. (a) Powder XRD pattern and Rietveld refinement plot. (b) Fd�3m and (c) P4332 crystal structures viewed along the
[110] axis. (d) SEM image. (e) Schematic diagram of Li+ and electron transport. (f and g) Cross-sectional SEM images by FIB. (h) TEM image and (i–
k) EDS maps. (l) Size distribution. (m) Raman spectrum and (n) FT-IR spectra.
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2p XPS spectrum shows two distinct peaks corresponding to Ni
2p3/2 and Ni 2p1/2, respectively. TheMn 2p XPS spectrum reveals
two distinct peaks corresponding to Mn 2p3/2 and Mn 2p1/2. The
deconvolution of both the Mn 2p3/2 and Mn 2p1/2 regions
demonstrates the presence of different chemical states of Mn.
Specically, the peaks at 641.2 eV and 642.7 eV in the Mn 2p3/2
spectrum are indicative of Mn3+ and Mn4+ states, respectively,
while the peaks at 652.5 eV for Mn3+ and 654.2 eV for Mn4+ are
observed in the Mn 2p1/2 spectrum. Furthermore, the O 1s XPS
spectrum displays two major peaks, which are associated with
the oxygen present in the M–O (M refers to the metal ion) bonds
© 2024 The Author(s). Published by the Royal Society of Chemistry
within the crystal lattice and with organic oxygen, respectively
(Fig. S7†). Energy dispersive spectroscopy (EDS) mapping
conrmed the homogeneous distribution of the elements Ni,
Mn, and O in LNMO-111 (Fig. 2h–k).52 Besides, the atomic ratios
of LNMO-111 were analyzed by EDS, demonstrating that the
material composition is consistent with the theoretical design
(Fig. S8†). The disordered structure of LNMO-111 can be
analyzed by Raman spectroscopy. It can be observed through
Raman spectroscopy that the highest band generated by the
Mn–O tensile vibration has moved from 625 cm−1 to about
633 cm−1, which is due to the manganese valence being
Chem. Sci., 2024, 15, 11302–11310 | 11305
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increased from +3.5 to +4. The bands at 491 cm−1 (F(2)2g) and
398 cm−1 (F1g) can be attributed to the Ni2+–O stretching mode
in LNMO-111. In addition, the Raman peaks with the space
group of P4332 are sharper and stronger and will split into two
small peaks between 580 cm−1 and 610 cm−1. However, it can
be observed from Fig. 2m that there is only one small peak of
590 cm−1 (F32g) within the above range, which proves that the
space group of LNMO-111 is Fd�3m. The ratio of the intensities of
the two bands near 621 cm−1 and 586 cm−1 shown by Fourier
Transform Infrared Spectroscopy (FT-IR) can be used to quali-
tatively assess the degree of ordering of the spinel structure.
Typically, the higher intensity of the band at 586 cm−1 and the
lower intensity of the band at 621 cm−1 are attributed to the
ordering of the Mn4+ and Ni2+; in this case, the lower intensity of
the band at 586 cm−1 and the higher intensity of the band at
621 cm−1 suggest the presence of disordered Fd�3m phase in
LNMO-111 (Fig. 2n). Previous research has indicated that there
are three peaks of the P4332 space group near 646 cm−1,
464 cm−1, and 430 cm−1. However, these three peaks are not
observed in Fig. 2n, which further proves that LNMO-111 is of
the Fd�3m space group.53 Inductively coupled plasma-mass
spectrometry (ICP-MS) was used to analyze the proportions of
Li, Ni, and Mn elements of LNMO-111 and the result was
consistent with the design principle (Table S2†).
2.3. Morphology and crystal orientation analysis of LNMO-
111

Themicrostructure of LNMO-111 was observed by TEM and high-
resolution TEM (HR-TEM) images. Fig. 3a shows that there is an
obvious contrast between the inside and outside of the spheres,
conrming the porous structure of LNMO-111. The controllable
kinetics of lithiation and precursor decomposition can explain
Fig. 3 Morphology structure analysis of LNMO-111. (a) TEM image. (b) H
[111] axis. (d and e) Enlarged HAADF- and ABF-STEM image viewed along t

11306 | Chem. Sci., 2024, 15, 11302–11310
the formation of the porous spherical structure of LNMO-111.
CO2 is quickly released from the inside, resulting in the
precursor decomposition. This process leads to a hollow interior
and a compact exterior of the particle. The cavities in each porous
spherical particle can provide many additional active sites for Li+

storage, which is conducive to improving the specic capacity.
Most importantly, the voids in the porous electrodes can buffer
the local volume change during the charge/discharge process,
which enhances the cycling performance. Moreover, Fig. 3b
provided a partial magnication of the location delineated by the
rectangle in Fig. 3a. The crystal structure of LNMO-111 was
determined using the HR-TEM images, which show clear lattice
fringes with a spacing of about 0.47 nm, well matched to the
{111} facets of the spinel phase. Besides, the selected area elec-
tron diffraction (SAED) image in the inset in Fig. 3b further
validates the structural compatibility of the material with the
spinel structure. Upon analyzing the surface structure of LNMO-
111, HR-TEM images and FFT patterns of various locations on
randomly selected particles were scrutinized to conrm the
preferential exposure of the {111} facets. The examination
revealed clear lattice fringes in the HR-TEM images of different
regions, with an interplanar spacing of about 0.47 nm, providing
evidence that the {111} facets were indeed preferentially exposed
(Fig. S9†).41 An atomic structure model of LNMO-111 has been
developed along the [111] axis (Fig. 3c). HAADF-STEM and ABF-
STEM images in Fig. 3d and e obtained through spherical
aberration-corrected electron microscopy depicted the positions
of the TM ions along the crystallographic direction. These posi-
tions are found to be in high agreement with the atomicmodel in
Fig. 3f, aligning perfectly with spinel phases without any struc-
tural distortions. Moreover, the strong binding among LNMO-
111 atoms can be observed through spherical aberration, and
the increased stability of the material is attributed to its denser
R-TEM image and SAED pattern. (c) Atomic structure viewed along the
he [110] axis. (f) LNMO-111 crystal structures viewed along the [110] axis.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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atomic arrangement resulting in lower surface energy. Through
the analysis of high-resolution STEM images, line proles, and
FFT patterns, a typical spinel atomic arrangement is revealed,
demonstrating the absence of any structural distortion (Fig. S10–
S12†). These results show that the micro–nano hierarchical
LNMO porous spherical particles with exposed stable {111} facets
have been successfully prepared.
Fig. 4 (a) High temperature in situ XRD of LNMO-111. (b) Contour ma
curves versus specific capacity at 0.5C. (d) Rate performance at differen
density of 1C.

© 2024 The Author(s). Published by the Royal Society of Chemistry
2.4. Dynamic structural evolution of LNMO-111 during high-
temperature sintering and its electrochemical performance

The structural evolution of LNMO-111 was monitored by high
temperature in situ XRD during the process of gradually heating
the sample from room temperature to 1200 K and cooling to
room temperature at the same rate. As the sample is heated, it is
ps of the corresponding area. (c) First galvanostatic charge/discharge
t rates. (e) CV at 0.5 mV s−1. (f) Performance of 500 cycles at a current

Chem. Sci., 2024, 15, 11302–11310 | 11307
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observed that peaks such as (111), (311), (222), and (400) exhibit
a leward shi, indicating a gradual increase in the lattice
parameters of LNMO-111.54,55 This shi was indicative of a struc-
tural transformation that aligns well with the spinel structure of
LNMO-111 when calcined. Subsequently, the peak gradually
returns to the initial position during the cooling process, indi-
cating that the lattice parameter is restored to the pristine state;
this suggests that LNMO-111 exhibits good reversible thermal
stability (Fig. 4a, b and S13†). Furthermore, LNMO-111 offers
a generous 3D channel that enhances fast Li+ transport, leading
to superior rate performance. The galvanostatic charge and
discharge curves generated with half-cells containing the LNMO-
111 cathode exhibit clear at plateaus around 4.60–4.80 V and
deliver an excellent discharge specic capacity of 136.7 mA h g−1

at 0.5C (Fig. 4c). The performance of the material was evaluated
by subjecting it to various current densities ranging from 0.5 to
10C. The micro–nano hierarchical LNMO-111 cathode demon-
strates a stable discharge capacity at each current density and
achieves a capacity of 107.88 mA h g−1 at 10C, indicating excep-
tional performance (Fig. 4d). The CV curves clearly show three
redox peaks. The 4.0 V potential plateau corresponds to Mn3+

oxidizing to Mn4+, showing that the obtained LNMO-111 has the
Fd�3m structure. Two pairs of redox peaks at 4.78/4.57 V and 4.83/
4.68 V correspond to the oxidation/reduction reactions of Ni2+/
Ni3+ and Ni3+/Ni4+, respectively. The redox reactions of Ni2+/Ni3+

and Ni3+/Ni4+ yield anodic and cathodic current peaks with
potential differences of 0.21 V and 0.15 V, respectively. These
values suggest rapid Li+ intercalation/deintercalation kinetics.
Additionally, small redox current peaks at approximately 4.0 V
can be attributed to the redox reaction of Mn3+/Mn4+ (Fig. 4e).
Notably, the LNMO-111 cathode has a capacity retention rate of
90.6% aer 500 cycles at 1C, demonstrating strong structural
stability (Fig. 4f). LNMO-111 exhibits excellent cycling and rate
performance, primarily because of the synergistic effects of its
highly exposed {111} facets and porous spherical structure as well
as a smaller particle size which improves the interfacial stability
of the cathode material, enhances the structural stability, and
shortens the Li+ diffusion distance.56

The elevated operating voltage of spinel LNMO cathodes in
LIBs causes electrolyte decomposition and accelerates side
reactions at the electrode/electrolyte interface, which induces
poor cycle performance and limits their application.57,58 The
manganese elements dissolve in the electrolyte and migrate to
the lithium metal anode or remain on the separator driven by
concentration gradients or electric eld forces. In order to
investigate the intrinsic working mechanism of the LNMO-111
cathode, XPS tests were performed on lithium metal and sepa-
rators aer 500 cycles (Fig. S14†). The XPS analyses showed that
nomanganese elements were detected on the lithiummetal and
the diaphragm aer 500 cycles, which indicates that the dis-
solved manganese in the LNMO-111 electrode is at a low level.
This signies a critical nding in understanding the behavior of
the LNMO-111 cathode during cycling. These ndings collec-
tively support the conclusion that the micro–nano hierarchical
LNMO porous spherical particles with exposed stable {111}
facets effectively exhibit superior structural stability and
11308 | Chem. Sci., 2024, 15, 11302–11310
excellent performance. This observation underscores the
stability of the designed material and the implications for its
performance.

3. Conclusion

In summary, we have successfully constructed a unique micro–
nano hierarchical LNMO-111 porous spherical structure with
highly exposed {111} facets for the synthesis of high-performance
lithium-ion oxide cathodes through kinetically controlled
synthesis. In terms of decomposition kinetics, by controlling the
loss of lattice oxygen, the disordered structure can be precisely
tuned and the {111} facets are preferentially exposed. The
external part of the particles mainly undergoes the lithiation
kinetics, and the inside is dominated by the decomposition
kinetics, with the internal CO2 being released more quickly, thus
resulting in the formation of porous spherical particles with
internal cavities. This special micro–nano hierarchical structure
displays a smoother surface, and predominant {111} facets with
the combined advantages of lowest surface energy and Mn
dissolution, a stable cathode–electrolyte interface, and fast Li+

intercalation/deintercalation. Furthermore, its internal voids
effectively relieve volumetric strain, enhancing the stability of the
structure. As a result, the novel cathode exhibits a remarkable
reversible discharge capacity of 136.7 mA h g−1 and corre-
sponding high-energy density of 636.4 W h kg−1 at 0.5C,
outstanding cycling stability (90.6% capacity retention aer 500
cycles with 1C), and excellent rate capability (78.9% of the initial
capacity at 10C). Our study might open up new perspectives for
the design of high-performance cathode materials, which could
signicantly advance the practical application of LIBs.
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