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Lithium-rich layered oxide (LLO) is a promising cathode for high energy density batteries due to its

combined large specific capacity (>250 mA h g�1) and high discharge voltage; however its application is

limited by drawbacks including low rate capability, poor cycling stability and rapid voltage decay. To

address these issues, a novel architecture, cross-like hierarchical porous LLO microsized aggregates

made of �100 nm primary particles with highly exposed (110) crystal planes, has been successfully

developed by a morphology-conserved solid-state Li implantation method. Electrochemical

performances demonstrate that the as-synthesized LLO exhibits a high initial capacity of 276 mA h g�1 at

0.1C, a remarkable rate capability of 143 mA h g�1 at 20C, a good cycling stability of 132 mA h g�1 after

300 cycles at 20C, and no significant voltage decay after 200 cycles at 0.5C. When it is coupled with

a graphite anode, an energy density of 436 W h kg�1 (based on the total active materials of the cathode

and anode) and an energy retention of 83% after 100 cycles are achieved. This architecture establishes

a great strategy to engineer LLO for its application in high energy density batteries.
1. Introduction

High energy density batteries are of great interest to meet the
growing demands in various applications such as portable
electronics and electric vehicles.1–8 Due to its high specic
capacity (>250 mA h g�1) and high discharge voltage (>3.5 V),
lithium-rich layered oxide (LLO) with the formula of xLi2-
MnO3$(1 � x)LiMO2 (M ¼ Mn, Ni, Co, etc.) has been attracting
much attention, and is composed of the intergrowth of the
LiMO2 phase (R�3m space group) and Li2MO3-like phase (C2/m
space group).9–17 However, there remain some challenges with
this cathode, including low rate capability, poor cycling stability
and rapid voltage decay.18–20 To mitigate these issues, various
strategies have been proposed and investigated, such as surface
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coating,21–25 element doping,26–30 nanocrystallization,31 and
morphology control.32–38

A micro/nanosized porous structure is important, since not
only can the nanosized particles of cathode materials provide
short ion transport paths and efficient active mass–electrolyte
contact, but the porous structure also releases the strain
generated during repeating charge/discharge processes. The
unique architecture also reduces agglomeration upon cycling
and decreases interfacial contact resistance. Additionally, the
electrode materials comprising micro/nanostructures possess
a higher tap density compared with the single nanoparticle
counterparts, showing great potential for commercial applica-
tions.39 Recently, considerable efforts on micro/nanostructure
porous cathodes have been made by morphology-conserved
method based Li implantation into precursors in a solid-state
reaction.33,34 The precursors can usually be prepared with
tailored morphologies, which are then transcribed to the nal
products,34,40,41 but it is still a challenge to tailor the precursor
morphologies to be benecial for performance delivery and
exhibit high stability. Designing cathode materials with pref-
erentially oriented crystal planes is another attractive approach,
because some crystal planes provide an open structure for
charge transfer while others do not.42–46 In a layered cathode
material for lithium ion intercalation/de-intercalation, for
example, the crystal plane (110) in the hexagonal layered a-
NaFeO2 structure offers an open channel for lithium ion
This journal is © The Royal Society of Chemistry 2019
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intercalation/de-intercalation and charge transfer. However, it
is difficult to develop such active planes because they are highly
unstable during preparation processes.43,45,46

In this work, we report a novel conguration, cross-like
hierarchical porous LLO with highly oriented (110) planes
(CHP-LMNO), via Li source implantation of the manganese–
nickel oxide originating from thermal decomposition of a cross-
like structured manganese–nickel oxalate precursor. This
unique hierarchical porous architecture with highly exposed
(110) planes has been veried bymeans of various spectroscopic
techniques, and electrochemical measurements reveal its
excellent properties and performance as a cathode for high
energy density batteries. The as-prepared CHP-LMNO exhibits
better rate capability compared with conventional counterpart
sample (denoted as LMNO) and can deliver a high capacity as
high as 143 mA h g�1 at a discharge rate of 20C. Moreover, when
it is coupled and assembled in a full cell with a graphite anode,
an energy density of 436 W h kg�1 (based on the mass of the
cathode and anode active material) and a retention of 83% aer
100 cycles have been achieved. These results demonstrated here
represent an opportunity for the commercial application of
lithium-rich materials.

2. Results and discussion
2.1 Material structure and composition

The morphologies of the synthesized products were investi-
gated by scanning electron microscopy (SEM). As shown in
Fig. 1a–c, the resulting LLO obviously exhibits a cross-like
hierarchical porous architecture. To our knowledge, LLOs with
Fig. 1 (a and b) SEM images of CHP-LMNO, (c) the SEM image of an indiv
of CHP-LMNO in three selected areas of 1, 2 and 3 in (c).

This journal is © The Royal Society of Chemistry 2019
common spherical-like and rod-like morphologies have been
reported but this unique morphology has not been described in
the previous reports.20,32,43,45–47 The magnied SEM image in
Fig. 1b shows the cross-like LLOs with an average length of
about 5 mm and width of roughly 800 nm, consisting of
numerous subunit nanoparticles of approximately 100 nm
(inset in Fig. 1b). The hierarchical porous structure was further
determined by Bruner–Emmett–Teller (BET) measurement
(Fig. S1†). The pore sizes are distributed from 2 nm to 200 nm.
The tap density of the as-prepared cross-like hierarchical porous
LLO is �2.0 g cm�3, higher than that of the conventional
counterpart sample of �1.8 g cm�3 described in the following
Experimental section. The energy dispersive X-ray spectroscopy
(EDS) quantitative results (Fig. 1g–i) from three different
selected areas are almost identical, suggesting the uniform
distribution of Mn, Ni, and O elements. The atomic ratios of Mn
and Ni from EDS are veried and agree with the results from
inductively coupled plasma atomic emission spectroscopy (ICP-
AES, Table S1,† Mn : Ni ¼ 2.3 : 1). The elemental maps of
a single cross (Fig. 1d–f) show that Mn, Ni, and O are homo-
geneously distributed in CHP-LMNO.22

The microstructure of the CHP-LMNO was characterized by
transmission electron microscopy (TEM) and high resolution
TEM (HRTEM). Fig. 2a further shows the resulting LLOs with
a hierarchical porous cross-like structure. The primary nano-
particles in the magnied TEM image (Fig. 2b) have a hexag-
onal shape with a particle size of �100 nm and the edge of
each particle is clear. The HRTEM (Fig. 2c) image of the region
marked by a green rectangle in Fig. 2b shows noticeable lattice
fringes with a lattice distance of 0.42 nm which is assigned to
idual cross-like CHP-LMNO, (d–f) element maps, and (g–i) EDS results

J. Mater. Chem. A, 2019, 7, 13120–13129 | 13121
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Fig. 2 (a and b) TEM images of CHP-LMNO; the green and blue rectangular areas in (b) show the frontal and lateral planes of a single nano-
particle, (c) the HRTEM image and (d) SAED pattern of the frontal plane shown in the green rectangular area, and (e) the HRTEM image and (f)
SAED pattern of the lateral plane shown in the blue rectangular area.
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the (020) planes of the monoclinic Li2MnO3.32,37,43,48 The cor-
responding selected area electron diffraction (SAED) pattern
(Fig. 2d) represents a superposition of the hexagonal R�3m
space group of the LiMO2 phase and the monoclinic C2/m
space group of the Li2MnO3 phase, which reects an alter-
nately ordered arrangement of lithium ions and transition-
metal (TM) cations in the TM layer along the c axis in the
LiMO2 array.32,37,46,49 The above results indicate that the frontal
plane of the nanoparticles is the (003) plane of the LiMO2

phase and the (001) plane of the Li2MnO3 phase;32,43,50 there-
fore the lateral planes will be perpendicular to the (001) plane
13122 | J. Mater. Chem. A, 2019, 7, 13120–13129
that belongs to {010} planes in the hexagonal unit cell. Fig. 2e
displays the lattice fringes of a lateral plane with an inter-
planar spacing of 0.47 nm, which can be ascribed to the
distance between TM layers of LiMO2 along the [001] direc-
tion.45,46,51 These observed characteristics reveal that the
lateral plane of the nanoparticles belongs to {010} planes, and
the further determination of the SAED pattern (Fig. 2f)
demonstrates that it is the (�110) plane.43,45,46,51 The
morphology in SEM images and the microstructure in the TEM
image all reveal that the designed LLO has a cross-like hier-
archical porous structure with an exposed {010} plane.
This journal is © The Royal Society of Chemistry 2019
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The crystallographic phase of the as-prepared samples was
also analyzed using power X-ray diffractometer (XRD)
measurement. Fig. 3a shows the typical XRD pattern of LLO.
The observed strong peaks can be indexed to the a-NaFeO2

structure with a space group symmetry of R�3m (PDF#09-0063)
and several weak peaks around 20–25� can be assigned to
a monoclinic system with the space group C2/m (PDF#27-1252),
which reects the ordering of lithium ions in the TM layer.52,53

In addition, the pair peaks of (006)/(012) and (018)/(110) in
Fig. 3b and c clearly split in the XRD patterns indicate the
resulting LLO with a highly ordered layered structure.28,54,55 The
(110) plane has an open layered interspace for Li+ ions to
intercalate into the bulk of LLOs, but there is no straight tunnel
for the (018) plane due to the dense stacking of atoms in this
plane, as shown in the inset of Fig. 3c.45 The ratio of I(110)/I(018)
being more than 1 further demonstrates CHP-LMNO with (110)-
oriented active planes.46 The rened hexagonal lattice parame-
ters are displayed in Table S1.† The hierarchical porous CHP-
LMNO with active planes will provide a more unhindered
pathway for Li+ transport, thus enhancing the reactive kinetics
and the porous structure accommodates enough space to buffer
volume changes during repeated cycling. The Raman spectrum
in Fig. 3d displays that CHP-LMNO contains three peaks near
600, 484 and 432 cm�1, which correspond to two Raman active
vibrations of A1g and Eg in LLOs with R�3m symmetry and
a ngerprint vibration of the superlattice, respectively.56 In
general, A1g represents the symmetrical stretching of M–O and
Eg represents symmetrical deformation. The strongest peak
near 605 cm�1 corresponds to A1g without any splitting indi-
cating a uniform layered structure in CHP-LMNO. The peak
around 488 cm�1 corresponds to Eg and a small peak at 430
cm�1 originates from the Mn-rich region in the Li2MnO3-like
C2/m structure.42,50 To investigate chemical states, X-ray photo-
electron spectroscopy (XPS) was also carried out (Fig. 3e and f).
The observed peak bonding energies of Ni 2p and Mn 2p are
854.9 eV and 642.3 eV, respectively, which are in good agree-
ment with Ni2+ and Mn4+ reported in the LLOs.47,57,58
Fig. 3 (a) XRD patterns of CHP-LMNO and local magnification (b and c
typical XPS patterns for Mn 2p (e) and Ni 2p (f) of CHP-LMNO.

This journal is © The Royal Society of Chemistry 2019
For comparison, a sample with microsphere morphology
(LMNO) was also prepared by co-precipitation and character-
ized with XRD, TEM, SEM, and ICP. The obtained results are
displayed in Fig. S2 and Table S1.† It can be found that there
are no obviously oriented crystal planes in the LMNO sample.
As seen in Table S1,† there is no signicant difference in
chemical composition between LMNO and CHP-LMNO.
Therefore, any differences in electrochemical performance
between the two samples should be attributed to their
different structure.39,59,60
2.2 Formation process of CHP-LMNO

In order to understand the formation process of CHP-LMNO,
the morphologies and crystal structures of the precursor were
also characterized by SEM, XRD and FTIR. The SEM image of
the precursor (Fig. S3†) exhibits a cross-like structure with an
average length of �5 mm and width of �800 nm for each rod.
The XRD pattern and FTIR spectrum of the precursor are dis-
played in Fig. S4 and S5.† The primary peaks can be indexed to
the mixed phases of MnC2O4$2H2O and NiC2O4$2H2O. When
pre-calcined at 450 �C, the MC2O4$xH2O can be easily trans-
formed into manganese–nickel oxide via dehydration and
release of carbon oxides.33 Aer thermal decomposition, the
structure with the cross-like shape is preserved and the surface
becomes rough, as shown in Fig. S6a.† The Mn : Ni ratio in the
oxides from EDS (Fig. S6b†) is about 2.3 : 1, which is well in
agreement with the results of ICP (Table S1†) but lower than the
mole ratio of MnCl2 (0.15 M) : Ni(NO3)2 (0.05 M) for the prep-
aration of oxalates. This discrepancy can be ascribed to the
better solubility of manganese oxalate than of nickel oxalate in
ethanol and deionized water used for ltration, which causes
the partial loss of manganese. The Mn : Ni ratio from EDS
(Fig. S6b†) is in good agreement with that of the nal products
of 0.583 : :0.250 (Table S1†). The selected elemental maps for O,
Mn, and Ni in Fig. S6c–e† show that the elements are uniformly
distributed.
and inset in a), (d) Raman spectrum of CHP-LMNO, and (e and f) the

J. Mater. Chem. A, 2019, 7, 13120–13129 | 13123
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The oxalate group as a bidentate bridging ligand is known to
play an important role in interlinking metal ions, giving rise to
a chain-like structure.32,47 The numerous chain-like structures act
as building blocks which assemble via molecular interac-
tions.61–63 In the present study, the interaction between metal
ions and oxalate groups is vital for the cross-like morphology.
When only MnCl2$4H2O was present in the system during the
reaction, the solid products had a heterogeneous cuboid shape
(Fig. S7a†). Aer calcination and Li and Ni source implantation,
the nal products would not retain the cuboid morphology with
aggregated particles (Fig. S7c†). When Ni(NiO3)2$6H2O was used
as a single component to coordinate with oxalate, the
morphology of the product had an irregular uniaxial shape made
of nanorods (Fig. S7b†), and the nal product remained as
irregular shaped particles aer calcination and Li andMn source
implantation (Fig. S7d†). Although the exact formation mecha-
nism is unknown at the moment, the experimental data and
results strongly indicate that the presence and coexistence of
both MnCl2$4H2O and Ni(NiO3)2$6H2O are critical for the
formation of the cross-like morphology. Different attractive
interactions in the growth orientation possibly exist and the
direct anisotropic growth kinetics of the metal oxalate promote
the formation of the cross-like shape during the microemulsion
reaction/synthesis. The oriented plane can be assigned to the
surfactant cetyltrimethyl ammonium bromide (CTAB) with
hydrophilic groups adsorbed on some crystallized planes which
change the surface energy.42,61,63–65 Due to the oriented growth
kinetics of the metal oxalate nanostructure and surface passiv-
ation by CTAB, the cross-like structure in this case is thought to
be a result of their synergic action. The formation of hierarchical
porous CHP-LMNO consists of two sequential steps: (1) the cross-
like precursor preferentially forms during the microemulsion
reaction; (2) CHP-LMNO inherits the morphology of the
precursor and is endowed with a porous structure in the thermal
decomposition process due to the release of CO2 and H2O. Fig. 4
schematically illustrates the whole formation process.
Fig. 4 Schematic illustration of the microemulsion reaction coupled w
a cross-like hierarchical porous structure.

13124 | J. Mater. Chem. A, 2019, 7, 13120–13129
2.3 Electrochemical performance of CHP-LMNO

The rst charge and discharge curve (Fig. 5a) of CHP-LMNO
shows that the initial discharge capacity is �276 mA h g�1 at
0.1C (where 1C ¼ 250 mA g�1), which is higher than the 260 mA
h g�1 for LMNO. As seen from the charge plots of CHP-LMNO
and LMNO, both samples exhibit a slope region below 4.5 V,
assigned to Li+ extraction from the LiMO2 phase accompanied
by the oxidation of Ni2+/Ni3+/Ni4+ and a long plateau region
around 4.5 V, corresponding to the activation of Li2MnO3

accompanied by the irreversible loss of oxygen.66,67 More visible
distinctness in the initial charge process is identied from the
differential charge curves (dQ/dV) in Fig. 5b. For CHP-LMNO,
the rst oxidation peak at around 3.83 V is ascribed to the
oxidation process of Ni2+ to Ni3+, the following peak at around
4.09 V is assigned to the oxidation of Ni3+ to Ni4+, and the third
sharp oxidation peak at 4.56 V is normally associated with
irreversible oxidation and decomposition of the electrolyte.24,39

However, all oxidation peaks of LMNO shi slightly towards
high voltage, which indicates that LMNO suffers a more serious
polarization compared with the CHP-LMNO.68

The prolonged cycling performance was evaluated at
a charge/discharge rate of 0.5C for 200 cycles. Prior to charge/
discharge at 0.5C, the cells were activated for 5 cycles at 0.1C.
Fig. 5c displays the cycling stability and corresponding
coulombic efficiency of the two samples. The CHP-LMNO
sample can deliver a discharge capacity of 231 mA h g�1 and
maintain a capacity retention of 94% aer 200 cycles, but only
208 mA h g�1 and 72% for the LMNO. In the charge/discharge
curve proles of the 200th cycle (Fig. 5d), the gap between the
charge and discharge plateau in CHP-LMNO is obviously
smaller than that in LMNO. The much smaller gap of CHP-
LMNO implies lower polarization and minor structural trans-
formation, indicating that the material can achieve better
electrochemical performance. The specic discharge curves and
voltage decay are clearly exhibited in Fig. 5e and f. The sample
of CHP-LMNO shows a much slower voltage decay percentage of
ith subsequent Li implantation for the formation process of LLO with

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) Initial charge/discharge curves of CHP-LMNO and LMNO at 0.1C (1C ¼ 250 mA g�1) in the voltage range of 2.0–4.8 V and (b) the
corresponding dQ/dV curves of the initial charge process; (c) cycling stability and corresponding coulombic efficiency of CHP-LMNO and LMNO
at 0.5C (after 5 cycles of activation at 0.1C); (d) the charge/discharge curves of CHP-LMNO and LMNO at the 200th cycle; (e and f) the selected
discharge curves at 0.5C and the corresponding average discharge voltage for CHP-LMNO and LMNO; (g) the average charge and discharge
voltage of CHP-LMNO and LMNO; (h) the charge/discharge curves of CHP-LMNO and LMNO at various rates; (i) rate capability of CHP-LMNO
and LMNO; (i) long-term cycling performance and corresponding coulombic efficiency of CHP-LMNO at 20C.
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5.1% compared with the 15% of LMNO from the initial to
terminal cycle. As seen in Fig. 5g, the average charge voltage of
LMNO is higher than that of CHP-LMNO and gradually
increases with cycling, while its average discharge voltage is
lower than that of CHP-LMNO and decays seriously, indicating
the lower polarization and the better structural stability of CHP-
LMNO. These results suggest that the porous micro/nano-
structured electrode material CHP-LMNO can endure long-term
cycling and resist structural evolution.69,70 As seen from the
reduction process, more clear voltage decay can be noticed in
This journal is © The Royal Society of Chemistry 2019
the dQ/dV plots of the two samples (Fig. S8†). The rst reduction
peak (Re1) around 4.5 V involves the reduction of On� (n < 2);71

the second reduction peak (Re2) around 3.5 V is related to the
reduction of Ni4+/Ni2+, corresponding to Li occupation in octa-
hedral sites; the third reduction peak (Re3) less than 3.5 V can
be explained by the reduction of Mn4+/Mn3+.58 The Re3 peaks in
LMNO obviously shi to low voltage, which is also attributed to
more serious structural transformation from layers to
spinel.26,39,47,50 Fig. S9† presents the SEM images of CHP-LMNO
and LMNO aer 200 cycles. For LMNO, the morphology
J. Mater. Chem. A, 2019, 7, 13120–13129 | 13125
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becomes indiscernible and the aggregated particles crack into
a few pieces. However, CHP-LMNO preserves the essential cross-
like morphology aer long cycling, indicating that CHP-LMNO
might be used as a long cycling cathode material. XRD
(Fig. S10†) was also applied to identify the inner structure of
CHP-LMNO and LMNO aer cycling. Compared with standard
diffraction, the peaks around 20–25� disappear for both
samples, which could be explained by the initial irreversible
oxygen loss. For the other peaks, CHP-LMNO displays more
pronounced peaks than LMNO, especially for peaks (003) and
(104), indicating that LMNO undergoes more severe destruction
in structural integrity. Raman spectra of CHP-LMNO and LMNO
aer cycling were also obtained to identify their structural
evolution. As seen from Fig. S11,† the symmetrical stretching
peak for A1g of the cycled samples shis to a higher wavelength
than that for the fresh material (Fig. 3d). This peak can be split
into two peaks around 630 cm�1 and 580 cm�1, corresponding
to the A1g vibration mode in the spinel and layered structure,
respectively.53 Based on the peak area, the contents of these
phases can be estimated. The spinel in the cycled LMNO
constitutes 43% but constitutes only 24% in the cycled CHP-
LMNO, further conrming the integrity of the layered structure
in CHP-LMNO.

The rate capabilities were measured at various current
densities and the charge and discharge tests were carried out
with the same current density at each rate. The selected charge
and discharge voltage proles of CHP-LMNO and LMNO at
0.3C, 0.5C, 1C, 5C, 10C and 20C rates are displayed in Fig. 5h.
The capacity drops in CHP-LMNO at high current rates are
much gentler when compared with those in LMNO. Fig. 5i
shows the continuous cycling result at incremental current
densities from 0.1C to 20C then recovering to 0.1C. The
discharge capacities of the CHP-LMNO are higher than those of
Fig. 6 (a) Schematic representation of the full cell (CHP-LMNOkgraphite
mA h g�1) in the voltage range of 2.0–4.65 V; (c) the cycling performanc
lighting demonstration of the full cell.

13126 | J. Mater. Chem. A, 2019, 7, 13120–13129
LMNO especially at high rates. The CHP-LMNO can achieve the
highest discharge capacity of 143 mA h g�1 at 20C (Fig. 5j) and
shows excellent cycling stability with a capacity retention of
92% relative to the highest capacity aer 300 cycles. The
coulombic efficiency of CHP-LMNO is retained at more than
99%, indicating the good reversibility at a high current rate.
Such good rate capability can be ascribed to the unique hier-
archical porous structure of CHP-LMNO with highly oriented
planes, which provides facile Li+ transport tunnels and reduces
the Li+ diffusion pathways, thus providing more rapid charge
transfer and higher current is obtained in a short time.42–46 The
enhanced Li+ intercalation/deintercalation kinetics was further
evaluated using electrochemical impedance spectra (Table S2
and Fig. S12†). A material with a porous structure exposes more
surfaces, which might be more liable to form spinel-like struc-
tures and cause the voltage decay and deteriorate the rate
capability of the material. This drawback can be avoided in the
porous CHP-LMNO, because its surface is rich in (110)-oriented
crystal planes, which exhibit fast Li+ intercalation/dein-
tercalation kinetics, prevent the formation of spinel-like struc-
tures and suppress voltage decay. Importantly, the
electrochemical performances of CHP-LMNO are better than
those of most samples that have been reported in the literature
(Table S3†).
2.4 Full cell demonstration

The remarkable electrochemical performances of CHP-LMNO
indicate that the hierarchical porous CHP-LMNO cathode is
suitable for application in high power/density LIBs or even in
full cells.72 To further demonstrate the electrochemical prop-
erties in a full cell, CHP-LMNO was coupled with a graphite
anode to assemble the full cell. Fig. 6a schematically shows the
structure of the full cell. The initial charge and discharge curve
); (b) the initial charge/discharge plot of the full cell at 0.1C (1C ¼ 200
e and coulombic efficiency of the full cell at 1C. (d) Energy density and

This journal is © The Royal Society of Chemistry 2019
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at 0.1C (where 1C ¼ 200 mA h g�1) of the full cell is exhibited in
Fig. 6b. Specically, the full cell can deliver a discharge capacity
as high as 262 mA h g�1 with an initial coulombic efficiency of
75%. The plot also exhibits a slope region below 4.45 V and
a plateau region around 4.5 V, which shows the similar Li+

deintercalation behavior in half and full cells.73,74 The cycling
stability was further conrmed by long-term cycling at 1C.
Before testing at 1C, the full cell was activated for 5 cycles at
0.1C. Fig. 6c and d show the cycling and energy density
performance. The full cell can deliver a high capacity of 213 mA
h g�1, corresponding to an energy density of 436 W h kg�1

(based on the mass of cathode and anode active materials) at 1C
and a capacity retention of 83% aer 100 cycles. Impressively,
the assembled full cell CHP-LMNOkgraphite can power
a “SCNU” log consisting of 76 light emitting diodes (LEDs, 1.7 V,
60 mW each) in parallel connection. The excellent performance
of the as-prepared CHP-LMNO can be attributed to the
following reasons:31,34,37,45,46 (1) the unique hierarchical struc-
ture can enhance the surface area thus providing sufficient
active sites; (2) the porous structure facilitates electrolyte inl-
tration and provides more buffer space; (3) the highly (110)-
oriented plane enables much easier Li+ migration.

3. Conclusion

In conclusion, a novel cross-like hierarchical porous layered
lithium-rich oxide with highly (110)-oriented planes has been
successfully prepared via a morphology-conserved method and
was applied as a cathode material for high energy density LIBs.
The CHP-LMNO notably improves the long cyclability of the
electrode and exhibits a remarkably high reversible capacity and
excellent rate capability. In particular, CHP-LMNO can also
suppress voltage decay during cycling. What is more, in the full
cell, CHP-LMNO still maintains good electrochemical perfor-
mance with a high discharge capacity of 213 mA h g�1 at 1C and
a corresponding energy density of 436 W h kg�1 (based on the
total cathode and anode active material). Therefore, CHP-
LMNO, as a novel high power/energy density cathode material,
might also be applicable for ameliorating the electrochemical
properties of LLOs.

4. Experimental section
4.1 Preparation of CHP-LMNO and LMNO

Firstly, 5 g CTAB was dissolved in a mixture of 150 mL cyclo-
hexane and 5 mL of n-pentanol under magnetic stirring for 30
min. Subsequently, 5 mL of a 0.8 M H2C2O4$2H2O aqueous
solution was added to the above solution under stirring for an
additional 1 h until the mixture solution became transparent,
denoted as solution A. Finally, 5 mL of an aqueous solution B
containing 0.15 MMnCl2$4H2O and 0.05 M Ni(NO3)2$6H2O was
added dropwise into solution A under stirring. The mixture was
stirred for 16 h at room temperature. The laurel-green solid
MC2O4$H2O precursor was obtained by ltering and washing
several times with ethanol and deionized water, and then dried
in a vacuum oven at 120 �C for 10 h. The manganese–nickel
oxide was synthesized by calcining MC2O4$H2O at 450 �C for 5
This journal is © The Royal Society of Chemistry 2019
h. The nal product CHP-LMNO was obtained by implanting 5
wt% excess CH3COOLi$2H2O into manganese–nickel oxide at
800 �C for 12 h. For comparison, the counterpart LLO was also
synthesized by a co-precipitation method, and denoted as
LMNO. In brief, a stoichiometric amount of MnSO4$7H2O and
NiSO4$6H2O was dissolved in 50mL deionized water. 2 MNaOH
and a measurable amount of NH3$H2O was added into the
above solution under vigorous magnetic stirring. Subsequently,
the mixture solution was heated to 50 �C and the pH was
maintained at 11. Aer continuous co-precipitation for 16 h, the
M(OH)2 precursor was ltered, washed with deionized water,
and dried in a vacuum oven at 120 �C for 10 h. The resulting
precursor was pre-calcined at 450 �C for 5 h to obtain manga-
nese–nickel oxide and then mixed with 5 wt% excess CH3-
COOLi$2H2O. Aer mechanical mixing, the nal product LMNO
was obtained by annealing the solid mixture at 800 �C for 12 h
in an air atmosphere.

4.2 Structural characterization

The morphologies of the prepared precursors (manganese–
nickel oxalate and manganese–nickel oxide) and the nal
products (CHP-LMNO and LMNO) were observed by SEM (ZEISS
Ultra 55 and JEOL JSM-6380, Japan). Their microstructures were
investigated by TEM and HRTEM (FEI Tecnai F20, USA). EDS
and ICP-AES were used to detect the content of the metal ions.
The tap density of CHP-LMNO and LMNO was roughly
measured in a graduated cylindrical centrifuge tube by contin-
uously tapping till the volume value remained the same. The
crystal structure of the obtained samples was investigated by
XRD (Rigaku UltimaIV, Japan) with Cu-Ka radiation in the 2q
degree range from 10� to 80� with a scanning step of 5� min�1.
The layered structure was claried using Raman microscope
(LabRAM Aramis, France) at 532 nm excitation. Chemical states
of the resulting composition were analyzed using an XPS
(Genesis2000). Basic vibrations of the groups in the precursor
were analyzed by FTIR (Nicolet 6700). The textural properties
were obtained using N2-adsorption/desorption measurement at
77 K on a BET analyzer (Micromeritics ASAP 2020 M). The total
surface area was characterized by the BET method and the
corresponding pore distribution was calculated by the Barrett–
Joyner–Halenda (BJH) method.

4.3 Electrochemical measurements

CR 2025 type button cells were assembled in a glove box
(MBraun, Germany) in an argon-lled atmosphere (H2O, O2 < 1
ppm). The cathode electrode was fabricated by casting blending
slurry on the surface of Al foil, which contained 80 wt% CHP-
LMNO or LMNO, 10 wt% polyvinylene diuoride (PVdF), and 10
wt% acetylene black in N-methyl pyrrolidone (NMP). The anode
electrode was prepared by daubing a mixture of 80 wt%
graphite, 10 wt% Super-P and 10 wt% PVDF in NMP onto a Cu
current collector. The prepared lms were dried in a vacuum
oven at 120 �C overnight. Li foil and a graphite electrode were
used as the counter electrode in the half and full cell. The areal
loadings of the cathode and graphite anode were about 3.0 and
2.0 mg cm�2, respectively. An excess capacity of about 6% of the
J. Mater. Chem. A, 2019, 7, 13120–13129 | 13127
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graphite anode was considered to fully utilize the cathode. 1 M
LiPF6 dissolved in EC, DMC, and EMC (1 : 1 : 1 in volume) was
used as the electrolyte and a single layer PP membrane (Celgard
2300) was used as the separator. The electrochemical
measurements were estimated on a battery test system (LAND
CT 2001A, China) at room temperature (25 �C). The galvano-
static charge/discharge tests were carried out at different
current rates in the range of 2.0–4.8 V (vs. Li+/Li) in the half cell
and 2.0–4.65 V in the full cell. Electrochemical impedance
spectroscopy (EIS) was performed on an Autolab (PGSTAT-30,
Eco Chemie B.V. Company) with an amplitude of 0.005 V in the
frequency range from 100 kHz to 0.1 Hz.
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