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Single crystalline LiNi;,3C041,3Mn;,30, (LNCM) hexagonal nanobricks
with a high percentage of exposed {010} facets are synthesized by
using Ni;,3C01,3Mn,3(OH), hexagonal nanosheets as both template
and precursor, and exhibit excellent high rate performance as a
cathode of lithium ion batteries.

Lithium-ion batteries (LIBs) have played an important role in
portable electronics, and they are intensively pursued as a
power source for vehicle applications.”* However, the presently
available cathodes with limited capacity could not meet the
high energy requirements of practical applications, and there is
therefore immense interest in developing cathode materials.
Layer-structured LiNi,;3C04,3Mn4,30, (LNCM), owing to its high
theoretical capacity (278 mA h g™ '), structural stability and
thermal stability, is regarded as one of the most promising
alternative cathode materials in the past decades.*® Neverthe-
less, the sluggish diffusion of electrons and lithium ions within
LiNi;3C04/3Mn; 30, results in a rapidly fading capacity and
inferior rate capability.”® To solve these problems and improve
the electrochemical performances of LNCM materials, many
attempts, such as surface coating®** and fabricating nano-
particles>*® have been conducted. However, the surface coating
tends to lower the overall capacity, and the high specific surface
area of nanomaterials could cause undesirable side reactions.
As a consequence, these strategies can only improve the
performance to a certain extent.'*'* Since the properties depend
strongly on the structure of nanomaterials, to design and
control rationally the structure and morphology of LNCM
nanomaterials presents an effective route to enhance the
capacity retention and rate performance.
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LNCM hexagonal crystallites possess a layer-structure with
the R3m space group, as shown in Fig. S1 in ESLT The structure
is made up of MO, oxygen layers perpendicular to the ¢ axis,'***
indexed as {001} planes that include the (001) and (001) facets at
the top and bottom, respectively of the hexagonal crystal. The
{001} planes are formed by NiOs, CoOs and MnOg octahedra,
which interconnect to each other by corner-sharing oxygen
atoms, and consist of a close-packed structure that hinders Li"
insertion along the ¢ axis. The close packed {001} planes are
therefore not electrochemically active for Li* transportation.
The 6-sided facets of the hexagonal crystal, i.e. (010), (010),
(100), (110), (110) and (100) facets, are denoted as {010} facets,
which are perpendicular to the {001} planes and have an open
structure with a wide window between the layers for Li®
migration. This structural analysis indicates that Li" transport
in LNCM is two-dimensional parallel to the Li" layers along the
a (or b) axis. Due to the low surface energy of the {001} planes,
LNCM nanomaterials are normally exposed mainly with {001}
facets. Therefore, to promote the growth of the LNCM crystal
along the c-direction and inhibit the growth along the a and »
directions will produce LNCM crystals with a high percentage of
exposed {010} facets which could facilitate the fast and efficient
transportation of Li*, and achieve superior electrochemical
performance. In our previous studies, we have demonstrated
that lithium Mn-rich metal oxides with a high percentage of
exposed {010} facets exhibit superior rate-performance.*

Although the directed particle growth can be manipulated
with the aid of hard or soft templates, it is very difficult to grow
LNCM along the ¢ direction owing to its intrinsic lamellar struc-
ture and the high surface energy of the {010} planes.”” As the
crystal growth rate of a high-energy plane is faster than that of a
low-energy plane, the high-energy planes have a tendency to
disappear during growth, and the surface of the resulting crystal
will be dominated by low-energy planes.* To the best of our
knowledge, well-defined LNCM nanocrystals with a high
percentage of {010} facets have never been reported yet. As a
consequence, it remains a big challenge to synthesize single-
crystalline LNCM with controlled crystal size along the ¢ direction.

This journal is © The Royal Society of Chemistry 2013
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In the present paper, we present a precursor-template
method for the synthesis of LNCM hexagonal nanobricks that
have a percentage of exposed {010} facets as high as ca. 58.6%,
and exhibit excellent high rate performance as a cathode of
lithium ion batteries.

The main process of synthesizing the LNCM nanobricks is
illustrated in Fig. 1, in which the Ni;;3C04,3Mn;,3(OH), hexag-
onal nanosheets served as both template and precursor. The
synthesis can be approximately divided into two stages: (1)
adsorbate-directed synthesis of the Ni;;3Coy3Mny/3(OH),
precursor, and (2) growth of Ni;;3C0,,3Mn,,3(OH), template
crystals into nanobricks. In the adsorbate-directed synthesis of
the precursor, the surface-capping agent poly(vinylpyrrolidone)
(PVP) plays a crucial role in the formation of a plate-like Ni, ;-
Co4/3Mn,3(OH), structure. The addition of a relatively large
amount of PVP into the reaction solution causes a quite viscous
environment, allowing slow nucleation of the precursor.>* Soon
after the plate-like structure is formed, PVP molecules imme-
diately adsorb on its negatively charged {001} surfaces via the
amine groups,** thus reducing the growth rate along the [001]
direction and leading to the formation of (001)-plane-domi-
nated nanoplates (Fig. S2 in ESIT). These nanoplates are about
50-200 nm in edge length and 10 nm in thickness. The crystal
structure of the precursor was identified by powder X-ray
diffraction (XRD), as shown in Fig. S3 in ESL.T The main peaks of
the XRD pattern can be indexed as hydroxide phases, which are
the most probable structures that can form during co-precipi-
tation. A small amount of Mn;0, spinel could also be observed
in the XRD pattern and this is inevitable, because Mn>* can be
easily oxidized.**** Then the produced precursor Ni;;3C0;/3Mny/3-
(OH), mixed with lithium is calcined at high temperature. After
heat treatment at 450 °C, the polymer PVP is decomposed and a
few lithium ions have inserted into the precursor (Fig. S4 in
ESIf). With increasing calcination temperature, the mass
mobility quickens and the high mobility Li* continues to insert
into the space between the layers of Ni;;3Co,,3Mn,,3(OH), along
the [001] direction, accompanied by the formation of LNCM
nuclei on its surface.” When the calcination temperature is
higher than 800 °C but does not exceed 1000 °C, the parent
crystals, i.e. the Ni;;3C043Mn;,3(OH), hexagonal nanosheets
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Fig. 1 Schematic illustration of the formation of LNCM nanobricks by a
precursor-template process.
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with the insertion of Li" along the [010] direction, are converted
completely into LNCM nanobricks and resulted in a significant
increase in the percentage of lateral {010} facets. The atomic
arrangements of the {001} and {010} planes clearly reveal that
the close packed {001} planes are unfavorable for Li* trans-
portation, and the open {010} planes with many channels along
the a or b directions are active planes for Li* transportation.

When annealing at a relatively low temperature such as
450 °C, the obtained products exhibit nanoplate morphology
with sidewall thickness of only around 21.7 nm (Fig. S5a in
ESIt). It is worth pointing out that the ratio (H/L) of the sidewall
thickness (H) over the edge length (L) of the nanobrick is a direct
reflection of the percentage of {010} facets on the surface of
nanobrick. We found that with increasing annealing tempera-
ture, the H of the nanocrystals gradually increases, while the
edge length (L) changes very little, resulting in an increase in
H/L. When the annealing temperatures are at respectively 800
and 900 °C, the sidewall thicknesses of the nanobricks are
correspondingly measured as 67.2 and 141.7 nm (Fig. S5b and c,
S6 and S7 in ESIT), and the H/L is proportionally increased from
0.365 to 0.709. At the same time, the proportion of the active
surface area, that is, the surface area of {010} facets over the
total surface area of the nanobricks is increased from 42.2%
to 58.6%.

We found that the calcination temperature could not be too
high; otherwise the LNCM crystalline structure would be
changed. When calcined at 1000 °C, the layered structure has
been transformed into a spinel structure, as shown in Fig. S5d
(ESIT). The above results indicate that an appropriate calcina-
tion temperature is the engine that drives the crystal growth
along the [001] direction, and 900 °C is found to be the preferred
temperature for the growth of {010} planes. With more active
{010} planes formed at 900 °C, the character of the LNCM
nanobricks prepared at this annealing temperature is system-
atically investigated thereafter.

Fig. 2a and b show the scanning electron microscopy (SEM)
images of the as-prepared LNCM sample. We observe clearly
that the sample consists of nanobricks of well-defined hexag-
onal shape with smooth surface and extended sidewalls. The
insets to Fig. 2a and b illustrate clear views of the LNCM
nanobricks, which further confirm that they have a perfect
hexagonal shape with sharp corners and edges. The crystal
structure of the LNCM nanobricks was studied by XRD. All
reflections in the XRD patterns (Fig. 2¢) can be indexed as the
a-NaFeO, phase. The peak intensity ratio 1(003)/1(104) (equal to
2.07) and the clear splitting of (006)/(012) and (108)/(110)
doublets suggest the well-ordered layer-structure of the
prepared LNCM.*">°

The transmission electron microscopy (TEM) characteriza-
tion of the LCNM nanobricks is displayed in Fig. 3. Well-defined
hexagonal nanobricks with thick sidewalls can be seen from the
images in Fig. 3a and ¢, which are in good agreement with the
above SEM findings. The HR-TEM image (Fig. 3b) of the frontal
plane displays two sets of clear lattice fringes with the same
interplanar distance of 0.246 nm at an angle of 120°, corre-
sponding to the (010) and (100) planes of LNCM, respectively.
These observations indicate that the frontal plane of the
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Fig. 2 (a) SEM image of the frontal view of LNCM nanobricks and a magnified
image of a single nanobrick. (b) SEM image of the lateral view of LNCM nano-
bricks and a magnified image of a single nanobrick. (c) XRD pattern of LNCM
nanobricks.
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Fig. 3 (a) TEM images of the frontal view of LNCM nanobricks and a magnified
image of a single nanobrick. (b) HRTEM image and SAED pattern of the frontal
plane of a single nanobrick shown in (a). (c) TEM images of the lateral view of
LNCM nanobricks and a magnified image of a single nanobrick. (d) HRTEM image
and SAED pattern of the lateral plane of a single nanobrick shown in (c).

nanobricks is the (001) plane. The corresponding selected area
electron diffraction (SAED) pattern (Fig. 3b, inset) showing an
array of hexagonal symmetry dots proves that these nanobricks
are single-crystalline, and have a hexagonal structure capped by
a (001) plane. Fig. 3d depicts lattice fringes of one lateral plane
with spacings of 0.475 and 0.244 nm, respectively. Such values
coincide with the interplanar distances of the (003) and (101)
planes of LNCM, and confirm that this lateral plane is the (010)
plane. The other five lateral planes are (010), (100), (110), (110)
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and (100), which can be inferred according to the hexagonal
structure of the LNCM. These {010} lateral planes parallel to the
¢ axis are normal to the facile pathway for lithium ion migra-
tion, and hence electrochemically active. Moreover, from the
HR-TEM results, it is worth noting that the (001) planes possess
dense atom arrangements, whereas the (010) planes have rela-
tively loose packing, especially along the [001] direction, which
consequently has large channels along the [001] direction. Such
character reflects the openness of the structure. These results
are in good agreement with the simulated crystal structure of
LNCM (Fig. S1 in ESI{), and experimentally confirm that Li* can
only intercalate/deintercalate through the tunnels perpendic-
ular to the [001] direction. The increased thickness of the
nanobricks in the [001] direction provides more channels for
lithium ion migration, and consequently enhances the elec-
trochemical performance of the LNCM.

The electrochemical performances of the LNCM nanobricks
at higher rates are shown in Fig. 4. The initial charge and
discharge capacities at a rate of 1 C (Fig. S8a, ESIf) are
measured as 208.6 mA h g~ ' and 179.2 mA h g™ ?, respectively.
The discharge capacity at 1 C demonstrates no significant loss
in the first twenty cycles, and is 165.3 mA h g~ " after 50 cycles,
which corresponds to 90.6% capacity retention (Fig. S8b, ESIT).
As shown in Fig. 4, the initial discharge capacities are measured
as 159.1, 151.3, 136.1 and 130 mA h g™, corresponding to 2, 5,
10 and 15 C rates, respectively. These specific discharge
capacities at high rates are superior to those of the highest
values reported so far for LNCM materials in the literature.***
It is found that along with the increase in cycle number, the
discharge capacity is increasing within a few initial cycles, and
then reaches its maximum. Such a phenomenon is known as
the activation of the cell at higher current density of charge/
discharge. So we take the maximum values of the discharge
capacity to calculate the capacity retention. The capacity
retentions of the LNCM nanobricks at 2 C, 5 C, 10 C and 15 C
rates after 100 cycles are then calculated as 89%, 91.2%, 93.5%
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Fig.4 (a) First discharge profiles of LNCM cycled at different rates in the voltage
range between 2.5 and 4.6 V. (b) Cycling performance of LNCM at high rates. (c)
Comparison of the rate capability of the nanobricks with different sidewall
thickness.
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and 91.9%, respectively. These results demonstrate that the as-
synthesized LNCM nanobricks exhibit intrinsically excellent
cyclic stability at high rate. This high rate performance would
be beneficial for meeting the high-power requirement for the
next generation of lithium ion batteries. The excellent cycling
performance of the nanobricks at high rate can be ascribed to
their high-quality crystallinity and relatively perfect hexagonal
shape with a high percentage of exposed {010} facets. The high
crystallinity of the nanobricks can improve the stability of the
crystallographic structure of LNCM upon cycling.***” More
importantly, the relatively perfect hexagonal shape with a high
percentage of exposed {010} facets of the LNCM ensures an
ordered atomic arrangement, which facilitates the Li ion
diffusion inside the crystal.

To investigate the effect of the {010} plane on the electro-
chemical performance of LNCM nanobricks, the discharge
capacity of nanobricks with sidewall thicknesses of 141.7 and
67.2 nm at different rates (1 C, 2 C, 5 C, 10 C and 15 C) are
compared in Fig. 4c. At all rates tested, the nanobricks with a
thickness around 141.7 nm always deliver a higher capacity
than that of the nanobricks with a thickness around 67.2 nm.
The capacity difference between the two samples at different
rates is around 30 mA h g '. This result confirms that the
nanobricks of thickness around 141.7 nm with a higher
percentage of exposed {010} facets lead to higher discharge
capacity and better rate performance. The excellent electro-
chemical performance of the nanobricks with higher thickness
could be attributed to their unique hexagonal brick structure,
which provides a high percentage of exposed {010} planes along
the [001] direction and results in more channels for fast and
efficient lithium intercalation/deintercalation.

In summary, single-crystal LNCM hexagonal nanobricks
with significantly increased sidewall thickness along the [001]
direction are synthesized by a precursor-template method.
When serving as cathode materials of lithium ion batteries, the
as-synthesized LNCM nanobricks with a thickness around
141.7 nm demonstrate excellent cyclic stability at high rate,
which is attributed to their unique nanostructures with a high
percentage of exposed {010} facets along the [001] direction,
which ensure fast and efficient lithium intercalation and dein-
tercalation. This result is of significance in the rational design
and synthesis of layer-structure LNCM cathode materials with
high discharge capacity and excellent rate performance by
increasing the exposed {010} active facets.

This work was supported by the Special Funds for Major
State Basic Research Project of China (2009CB220102), “863”
program (2011AA11A254) and a grant from NSFC (21021002).
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