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Lithium-ion batteries offer promising opportunities for novel energy storage systems and future application
in hybrid electric vehicles or electric vehicles. Cathode materials with high energy density are required for
practical application. Herein, high-voltage LiCoPO4 cathode materials with different shapes and
well-developed facets such as nanorods and nanoplates with exposed {010} facets have been synthesized by a
one-pot supercritical fluid (SCF) processing. The effect of different amines and their roles on the
morphology-control has been investigated in detail. It was found that amine having long alkyl chain such as
hexamethylenediamine played important roles to manipulate the shape of the nanocrystals by selective
adsorption on the specific {010} facets. More importantly, the nanorods and nanoplates showed better
electrochemical performance than that of nanoparticles which was attributed to their unique
crystallographic orientation with short Li ion diffusion path. The present study emphasizes the importance
of crystallographic orientation in improving the electrochemical performance of the high voltage LiCoPO4
cathode materials for Li-ion batteries.

L
ithium-ion batteries offer promising opportunities for novel energy storage systems and future application in
hybrid electric vehicles (HEV) or electric vehicles (EV) due to its low cost, stability, lightweight, low main-
tenance, high energy density and high power density1,2. Among a variety of cathode materials, lithium

transition metal phosphates (LiMPO4, M 5 Mn, Fe, Co, Ni) with olivine structure have attracted extraordinary
attention owing to the strong P-O covalent bond and the resulting thermodynamical and dynamical stability at
high temperature and charge state. Particularly, LiFePO4 has been widely studied and commercially produced due
to its eco-friendliness and thermal stability3,4. LiMnPO4 is another promising cathode material with a higher
operating voltage at 4.1 V versus Li/Li15,6. However, LiFePO4 is limited from its low discharge potential (3.4 V vs.
Li/Li1) and LiMnPO4 suffers from Jahn-Teller distortion and large volume change during the charge-discharge
cycle5,6. For these reasons, the lithium cobalt phosphate (LiCoPO4) has attracted attention since it offers both flat
high potential (at approximately 4.8 V versus Li/Li1), good theoretical capacity (167 mAhg21) and smaller
structure volume change7,8. However, the major drawback with the LiCoPO4 cathodes is the poor lithium ion
and electronic conductivity. Therefore, efforts have been made in recent years on improvement of the electro-
chemical performance of the LiCoPO4 by cationic doping, decreasing the particle size through various synthesis
methods, and coating with electronically conducting agents9–17. Enhanced cyclic performance has been observed
by partial substitution of Co or Li in LiCoPO4 structure by Fe, V or other divalent cation18–20. Down-sizing
LiCoPO4 particles has been shown to improve the electrochemical performance due to a shortening of Li ion
diffusion distance16,17. Therefore, nanorods and nanoplates are promising owing to the advantages such as fast
charge and mass transport as well as enhancing the contact with the electrolyte and the resulting reaction kinetics.
Furthermore, the crystallographic orientation has significant effect on the electrochemical properties. In the
orthorhombic olivine structure, Li1 diffusion energy is orientation-dependent which is lowest for the pathway
along the [010] channel21. It has been also observed the movement of Li ions in the b direction at the phase
boundary by electron microscopy22, or by combining high-temperature powder neutron diffraction and the
maximum entropy method23. Thus, it is accepted that lithium ions one-dimensionally diffuse along the b axis
during the lithiation/delithiation reactions. The growth of nanorods along c-axis or nanoplates with thinnest part
along [010] direction is highly desirable to obtain nanocrystals with high energy density and high power density.
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Solution-based methods are appealing to control particles size,
shape and morphology of nanocrystals. Attempts to use solution
methods for controlled synthesis of LiCoPO4 have received a limited
success24–29 and the effect of crystallographic orientation and particle
morphology on the electrochemical performance has not been
reported. In our recent works, we have developed novel supercritical
fluid processes for controlled synthesis of various polyanion com-
pounds30–35. The supercritical fluids have been considered to be
unique reaction media for nanocrystal synthesis due to its adjustable
physicochemical properties (density, viscosity, dielectric constant) as
a function of temperature and pressure. The other advantageous
properties including low interfacial tension, excellent wetting of sur-
faces, and high diffusion coefficients, makes supercritical fluid a
potentially superior media for controlled synthesis of olivine lithium
metal phosphates34–36. In this paper, we report a fully study on the
crystal growth, characterization and investigation on crystal-
lographic orientation and exposed facets of LiCoPO4 nanocrystals.
We presented three examples of LiCoPO4 nanocrystals including
nanoparticles, nanorods, nanoplates and investigated the effect of
crystal shapes on the electrochemical performance of the cathode
material. A maximum initial discharge capacity of 130 mAhg21 at
C/10 rate (77.8% theoretical capacity) was obtained for nanorod
particles, while nanoplates showed higher rate capacity.

Results
Characterization of LiCoPO4 nanocrystals. The supercritical fluid
conditions are beneficial for the control of hydrolysis and nucleation.
Lee and Teja found that high nucleation rate and homogeneous
crystallization in smaller size particles with narrow size distribu-
tion would proceeded due to the increased hydrolysis rate at high
temperatures and reduced solubility due to the change in dielectric
constant36. At the same time, organic molecules and nuclei can be
homogeneously miscible at supercritical fluid conditions, leading
facile surface functionalization of the synthesized nanocrystals.

The formation of the LiCoPO4 nanocrystals in supercritical eth-
anol can be explained as a three-step mechanism as schematically
illustrated in Fig. 1. In the initial stage, rapid heating under the
supercritical fluid promotes the supersaturation of reactant species,
leading to the formation of LiCoPO4 seeds. In the second step, nuclei
growth proceeds to produce small nanocrystals, which were further
grown and assembled into different shaped crystals due to the effect
of ambient solution. Under supercritical fluid condition, the particle

size, shape and crystal orientation vary significantly with the change
in reaction temperature, reaction time, solvent composition and
additive concentration30–35. We therefore maintained reaction tem-
perature, reaction time, solvent composition constant and tailored
the additive and amount of additive to clarify the effect of additive on
morphologies and effect of particle shape on the electrochemical
performance. It was reported that LiCoPO4 could be formed under
basic condition24–29. Furthermore, under high temperature and pres-
sure condition, the growth rate of LiCoPO4 was very fast resulting in
micron-size particles. Therefore, we used amines such as hexamethy-
lenetetramine (HMT) and hexamthylenediamine (HMD) as a in situ
OH2 sources to control the basic condition of the reaction solution as
well as the growth rate of LiCoPO4 nanocrystals.

The X-ray diffraction (XRD) patterns of the synthesized LiCoPO4

particles by SCF are shown in Fig. S1. All diffraction peaks were
indexed to orthorhombic Pnma space group with a 5 10.2045 Å, b
5 5.9213 Å, c 5 4.7002 Å, in agreement with reported values37,38. It is
evident from the XRD patterns that single phase of LiCoPO4 with
olivine structure has been prepared.

The particle morphology was observed using scanning/transmis-
sion electron microscopes (S/TEM). Fig. 2a and b show SEM and
TEM images of LiCoPO4 nanoparticles synthesized with 4 mmol
HMT. The LiCoPO4 nanoparticles and submicron-sized particles
with different shapes show diameters ranging from 100 nm to
300 nm evidenced from SEM image. Fig. 2c and d show the
selected-area electron diffraction (SAED) pattern and HR-TEM
image of a typical particle, respectively. SAED pattern taken from
the particles with well-defined diffraction spots can be indexed to the
[100] zone axis of single-crystal olivine structure, indicating that the
particle is single crystalline in nature. The SAED pattern confirms
that the crystal growth orientation is along the bc planes with exposed
large {100} facets in the particle. The HR-TEM image in Fig. 2d
clearly shows the interplanar spacing of (010) and (001) atomic
planes. The lattice fringes spacing is 5.9 Å and 4.7 Å along [010]
and [001] directions which is consistent with the unit cell parameter
along the crystallographic b, c directions, b 5 5.9213 Å and c 5

4.7002 Å. A corresponding model of atomic arrangement of
LiCoPO4 olivine structure projected along [100] direction is depicted
in Fig. S2 which is in agreement with the observation shown in

Figure 1 | Schematic illustrations. The crystal growth and effect of amines

on the morphology of the synthesized LiCoPO4 particles (HMT:

hexamethylenetretramine; HMD: hexamethylenediamine). The insets

shows the photograph images of supercritical fluid reactors (left) and

LiCoPO4 powder obtained by supercritical fluid process (right).

Figure 2 | Nanoparticles synthesized with hexamethylenetretramine. (a)

SEM image (scale bar 5 1 mm); (b) TEM image (scale bar 5 500 nm); (c)

SAED pattern and (d) HRTEM image (scale bar 5 5 nm).
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Fig. 2c, d. More importantly, the lattice fringes are aligned without
any dislocation and the diffraction spots are uniform, indicating the
high crystallinity of the obtained structures.

Furthermore, to verify the chemical composition of the synthe-
sized particles, the energy dispersive X-ray spectroscopy (EDS) ana-
lysis and elemental mapping of the LiCoPO4 sample by STEM were
conducted. EDS elemental mappings by STEM (Fig. S3) shows a
uniform distribution of Co, P, O, and the EDS spectrum of the
sample exhibits the characteristic peaks of Co, P, O, consistent with
the LiCoPO4 phase purity determined by XRD and electron micro-
scopy. No other element was detected in EDS analysis by STEM.
These characterizations confirm the purity, homogeneity and uni-
form elemental distribution in the obtained particles.

It should be noted that when smaller amount of HMT (2 mmol)
was used, the obtained particles is composed of inhomogeneous
mixture of different sizes and shapes (Fig. S4a, b). When 10 mmol
of HMT was added to the reaction solution, submicron-sized part-
icles are formed (Fig. S4c, d). If the more amount of HMT was added
to the solution, the mixture of blue and pink colored products was
obtained, suggesting the formation of impurity phases. The uniform
nanoparticles could be obtained with a suitable amount of HMT
(4 mmol). Thus, HMT played an important role in controlling the
size of the synthesized LiCoPO4 particles. It was reported that under
elevated temperature, HMT was hydrolyzed to form ammonia and
formaldehyde (Eq. 1, 2)39,40. The generated NH3, thus, provided the
basic condition for the crystallization of LiCoPO4. Furthermore, the
in situ release of ammonia and resulting OH2 anions in the solution
restrained the crystal growth rate, resulting in the formation of nano-
particles. To ensure the importance of in situ OH2 generation, the
control experiment using different amounts of NH3 were carried out.
Micron-sized particles were obtained, as revealed by SEM images of
the obtained product, as a result of the fast crystal growth (Fig. S5a,
b).

C6H12N4z6H2O?6HCHOz4NH3 ð1Þ

NH3zH2O?NHz
4 zOH{ ð2Þ

In order to control the shape of the synthesized LiCoPO4, the
hexamethylenediamine was used as structure-directing agent instead
of hexamethylenetetramine. In view of molecular structure, HMD is
composed of a long alkyl chain, thus providing not only in situ OH2

source, but also shape-regulating agent. Furthermore, the melting
point of HMD is 50uC, thus, enable to mix with ethanol at any ratio
at 60uC. When 4 mmol HMD was used, a similar nanoparticles were
synthesized as shown in SEM and TEM images in Fig. S5c, d. Fig. 3
shows electron microscopy images of LiCoPO4 synthesized with
10 mmol HMD. The SEM and TEM images reveal that the obtained
sample consists of uniform LiCoPO4 nanorods with 500–1,000 nm
length and 50 nm thickness. The crystal orientation of LiCoPO4

nanorods was further characterized by HR-TEM with SAED on an
individual particle and the result is shown in Fig. 3c, d. The HRTEM
image of a portion of nanorod in Fig. 3b is displayed in Fig. 3c,
revealing the highly ordered single crystalline nature of LiCoPO4

particles. The HR-TEM image clearly exhibits the interplanar spa-
cing of (011) atomic planes. The SAED of nanorod exhibits well-
defined diffraction spots, indexed to orthorhombic Pnma space
group. The electron beam is along [100] direction. The SAED pattern
confirms that the long axis of the nanorod particle is parallel to the c
direction as indicated by arrow in Fig. 3b and the particle exposes
large {010} and {100} facets along its length.

When amount of HMD was increased to 20 mmol, the LiCoPO4

nanoplates were obtained which were assembled in superlattices in
an oriented manner. As shown in Fig. 4a and b, the product com-
prises of nanoplates with lengths of 500 nm, widths of 200 nm and a
mean thickness of 50 nm. In addition, the TEM image in Fig. 4b

suggested that the primary plate-like nanocrystals assembled
together in an oriented fashion, producing highly ordered superlat-
tices. The exposed crystal facets of LiCoPO4 nanoplates were further
studied by HR-TEM and SAED on an individual particle as shown in

Figure 3 | Nanorod particles synthesized with hexamethylenediamine.
(a) SEM image (scale bar 5 2 mm); (b) TEM image (scale bar 5 50 nm);

(c) HRTEM image (scale bar 5 5 nm) and (d) SAED pattern.

Figure 4 | Nanoplate particles synthesized with hexamethylenediamine.
(a) SEM image (scale bar 5 2 mm); (b) low-magnification TEM image

(scale bar 5 1 mm); (c) high-magnification TEM image (scale bar 5

200 nm); (d) HRTEM image of a portion of the particle shown in (c) (scale

bar 5 5 nm); (e) SAED pattern and (f) crystal structure of LiCoPO4 viewed

along [010] direction.
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Fig. 4d and e. The diffraction pattern can be indexed to the [010] zone
axis of single-crystal olivine structure, indicating that the incident
electron beam is along the b direction (Fig. 4e). The electron beam is
perpendicular to the lateral plane of the nanoplate, thus, the platelike
nanocrystals are exposed {010} facets. The high-resolution TEM
image (Fig. 4d) shows the (200) and (020) atomic planes with a lattice
spacing of 2.35 Å and 5.1 Å and an interfacial angle of 90u. The
observation by TEM is consistent with the corresponding model of
atomic arrangement of LiCoPO4 olivine structure projected along
[010] direction displayed in Fig. 4f. The results show that the thinnest
part of the nanoplates is along the b-axis, which is favorable direction
for the Li ion diffusion. It can also be observed that the ratios between
intensities of (010) with (311) diffraction peaks in the XRD pattern of
nanoplates are much higher than conventional value (Fig. S1c). The
enhancement of (010) peak intensity indicates that the LiCoPO4

nanocrystals are dominated by {010} planes. Furthermore, the EDS
spectrum of the sample confirms the LiCoPO4 phase purity and the
EDS elemental mappings by SEM (Fig. S6) reveals the uniform dis-
tribution of Co, P, O in the samples.

Discussion
H2N CH2CH2CH2CH2CH2CH2ð ÞNH2zH2O?H2N CH2ð Þ6NHz

3 zOH{ ð3Þ

Based on above results, one may understand that HMD played role as
a in situ OH2 agent through their dissociation in the solution similar
to the role of HMT discussed above (Eq. 3). Beside that, HMD also
acted as shape-controlling agent to regulate the crystallographic ori-
entation of the LiCoPO4 nanocrystals. Accordingly, the formation of
nanorods and nanoplates can be understood on the basis of capping
chemistry and crystal growth habits of LiCoPO4. In hydrothermal/
solvothermal growth, the adsorption of additive can change the order
of the free energies of different facets. The reduction of the interface
tension of specific facets due to adsorption of additives would stabil-
ize the facets and facilitate the growth of such facets. HMD might
selectively adsorb on {010} facet through the N–H???O hydrogen
bonds with oxygen atoms on LiCoPO4 surfaces. Therefore, the
growth along [010] is suppressed, leading to growth of rodlike part-
icles with favorable c direction growth or platelike particles with
exposed {010} facets. The selective adsorption of HMD on {010}
facets can be understood through the crystal structure of LiCoPO4.
Co ions on the {100} plane are coordinated by PO4

32 groups, thus,
minimize the surface energy of this facet. In contrast, Co ions with
dangling bond are observed on high-energy {010} and {001} surfaces.
However, the atomic density on the {010} facets with oxygen-rich
boundary is greater than that on the {001} plane (Fig. S7). HMD
might therefore prefers to adsorb on the {010} facets which offer
more oxygen atoms for N–H???O hydrogen bonds (Fig. 5a).
Furthermore, the Co-Co atoms distance on {010} facets (5.6 3 4.7
Å) is shorter than that on {001} facets (10.2 3 5.9 Å), which would be
appropriate space for self-assembled monolayer of HMD due to their
hydrophobic attraction. As a result, the growth of {010} facets
became predominant and the development of the {001} or {100}
planes were restrained.

In order to verify the proposed mechanism, Fourier transform
infrared spectroscopy (FTIR) spectra of the synthesized LiCoPO4

particles were investigated. Fig. 5b shows the FTIR spectra of nanor-
ods and nanoplates (synthesized with HMD) in comparison with
that of HMD (Table 1). The FTIR peaks of PO4

32 can be found such
as a symmetric stretching mode at 971 cm21, a doublet at around
468 cm21 and two triplets in the region 1,055–1,106 cm21 and at
641 cm21. More importantly, the peaks around 2,934 cm21 and
2,859 cm21 (observed on spectra of nanorods and nanoplates) can
be assigned to the asymmetric and symmetric stretching vibrations of
C–H of the alkyl chain. Moreover, the absorption band at 3,445 cm21

was broadened due to the interaction of hydrogen bonds –NH???O.
The peak at 1,569 cm21 is attributed to the bending vibration of

–NH2. It is suggested that –NH2 coordinates with Co(II) on the
surface of the particles. These absorption bands are not observed
in the FTIR spectra of particles synthesized with HMT or after cal-
cination (Fig. S8). The FTIR results verified that HMD molecules
were adsorbed on the surface of LiCoPO4 and may play an important
role on the formation of the high aspect ratio rodlike and platelike
nanostructures and their assembly.

The self-assembly of nanoplates into superlattices can be under-
stood from the unique structures of hexamethylenediamine. As dis-
cussed above, HMD may bind to oxygen atom on the surface of the
LiCoPO4 nanocrystals via hydrogen bonding. Thus, HMD may
cover the surface of the primary nanocrystals at {010} facets during
the crystal growth prohibiting further growth into larger crystals. It
should be noted that HMD has two amine groups located at molecu-
lar ending. Therefore, HMD may provide hydrogen bonding for
interconnected LiCoPO4 nanocrystals, with both ends bound to
the surface of the primary nanocrystals (Fig. 1). Although, it is dif-
ficult to confirm this binding configuration by the FTIR spectra. The
further structural analysis may confirm this proposed binding
model. The similar oriented assembly of nanocrystals into super-
lattices has also been observed in supercritical hydrothermal syn-
thesis41. It is also possible that the oriented arrangement of the
primary nanocrystals occurs to minimize the interfacial strain
energy. The assembly of such well-developed facet particles is ener-
getically and entropically favoured because the maximize face-to-
face contact may reduce the surface tension42. Many ligand molecules
have been found to enable the stabilization of nanocrystals in solu-
tion and provide mutual interaction via hydrocarbon chains to gen-
erate an effective attraction between the nanocrystals41–43.

The amount of HMD on the surface of LiCoPO4 nanocrystals can
be estimated from TGA (Fig. S9). TGA curves show a weight loss
from 300 to 700uC with exothermic peak, which is attributed to the
combustion of organic molecules. This results further confirm that
LiCoPO4-HMD are bound through chemical bonds rather than via
physisorption.

Electrochemical performance of LiCoPO4 nanocrystals. To pre-
pare the carbon coating (about 3 wt.%), the LiCoPO4 particles
were mixed with 10 wt.% sucrose in ethanol, then the dry mixture
was carbonized at 650uC for 1 h in Ar atmosphere. It should be noted
that higher amount of sucrose resulted in the reduction of lithium
metal phosphate to form cobalt phosphide due to the carbothermal
reduction during heat-treatment44 (Fig. S10). The SEM images of the
LiCoPO4/C particles reveal that the morphology of particles was
retained after the heat treatment (Fig. S11). In addition, Raman
spectra of the coated samples showed D band at 1,354 cm21 and G
band at 1,570 cm21, revealing the presence of an amorphous carbon
layer covered the surface of the LiCoPO4 particles (Fig. S12). The
electrochemical performance of the synthesized LiCoPO4/C has
been measured and investigated by galvanostatic charge-discharge
method. The recent studies showed that the hydro/solvothermal or
low-temperature synthesized olivine LiMPO4 suffers from the cation
exchange antisite defects45–47. The occupation of Li sites by Co cations
unexpectedly block the lithium transport along the b direction,
resulting in the fading of the capacity45–47. It was suggested that a
post-heat treatment temperature can be used to eliminate cation
disorder48. Therefore, the carbonization step in inert atmosphere at
650uC for 1 h may also improve the ordering of cations in the
frameworks. Particularly, the sample after heating at high tempera-
ture show improvement in both discharge voltage and discharge
capacity (Fig. S13).

The typical charge and discharge curves of the LiCoPO4/C sam-
ples at 0.1 C rate with cut-off voltage window of 3.0 to 5.1 V are
shown in Fig. 6a. All the samples possess two voltage plateaus, indi-
cating two-step lithium deintercalation. The cyclic voltammograms
of the cell containing LiCoPO4 shows two oxidation peaks at 4.8 V

ð3Þ
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and 4.9 V versus Li/Li1 and one reduction peak at 4.60 V (Fig. 6b), in
agreement with cyclic voltammograms reported by other groups49–51.
This two-step behavior of lithium extraction from LiCoPO4 was
associated with the transitions: LiCoPO4 « Li0.7CoPO4 and
Li0.7CoPO4 « CoPO4

16,51.

All the LiCoPO4 samples exhibited a wide and flat voltage plateau
at around 4.75 V versus Li/Li1 with a initial discharge capacity up to
130 mAhg21 at 0.1 C rate for LiCoPO4 nanorods. The discharge
capacity of the nanoparticles and nanoplates is 105 mAhg21 and
121 mAhg21, respectively. The discharge capacity of nanoplates
and nanorods are higher than that of nanoparticles. The higher dis-
charge capacity of the nanoplates and nanorods is presumably due
to their crystallographic orientation. The nanorods with b axis along
the shortest dimension or nanoplates exposed {010} facets result in
short lithium ion diffusion lengths and enhance the diffusion rate.
The nature of nanorods also promoted fast charge transport52.
Nevertheless, the discharge capacity is only 77.8% of the theoretical
capacity. The low discharge capacity of the obtained material is
believed due to the presence of antisite defects47. The partly occu-
pation of Li sites by Co atoms inevitably blocks the lithium ion
diffusion pathway, thus, only partly Li ions were extracted and rein-
serted into the frameworks.

The cyclic performance of the LiCoPO4/C samples were also eval-
uated and the result is shown in Fig. 6c and Fig. S14. The discharge
capacity of LiCoPO4 nanorods is 73 mAhg21 at 20th cycle with a
current rate of 0.1 C and the capacity retention is 56.6% of initial
discharge capacity. The great capacity fading were observed in the
first 5th cycles, and then the discharge retentions gradually become

Table 1 | Infrared vibrational assignments

Vibrational modes
Frequency (cm21)

LiCoPO4 hexamethylenediamine

nas(NH2), ns(NH2) 3,390; 3,345
nas(C–H), ns(C–H) 2,934; 2,859

d(NH2) 1,569; 798
d(CH2) 1,484

triplet nas(PO4) 1,085–1,144
d(C–N) 1,071

singlet ns(PO4) 971
d(C–C) 722

triplet das(PO4) 641
doublet ds(PO4) 468

nas 5 asymmetric stretching vibration; ns 5 symmetric stretching vibration; d 5 bending vibration.

Figure 5 | The adsorption of hexamethylenediamine. (a) Schematic illustration of the adsorption configuration of hexamethylenediamine on {010}

facets of the LiCoPO4 olivine and (b) FTIR spectra of (i) hexamethylenediamine, (ii) nanoplate particles.

www.nature.com/scientificreports
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stable. The LiCoPO4 cathodes have generally suffered from poor
cycling stability51. It was also demonstrated that the capacity fading
of LiCoPO4 is due to the instability of electrolyte at 5 V. The side
reactions between electrolyte and electrode may produce a solid-
electrolyte interface (SEI)53, leading the lithium loss. Recently,
Dimesso et al. performed the ac-impedance measurement of
LiCoPO4 particles after cycling to reveal the formation of SEI-layers
which hinder the kinetics of the (de)intercalation processes53.
Fig. 6d–f present the rate capacities of the cells containing
LiCoPO4 at various discharge rates ranging from 0.1 C to 1 C. At
high discharge rate of 0.5–1 C, the cell exhibited a reduced discharge
voltage at 4.5–4.4 V. Notably, the nanoplates delivered highest capa-
city at high rate, although nanorod particles showed better discharge

capacity at 0.1 C rate. The nanorods exhibited initial discharge capa-
city of 98, 76, 60 mAhg21 at 0.2, 0.5, 1 C, respectively, while nano-
plates delivered the capacity of 107, 92, 72 mAhg21 at 0.2, 0.5, 1 C,
respectively. The result is in good agreement with previous report
that the nanoplates with exposed {010} facets showed the enhanced
rate capacity54,55. Furthermore, the oriented aggregation of nano-
plates in superlattices facilitated the charge and mass transfer
between particles and increase the tap density of overall particles56–58.
The result indicates the important impact of crystal orientation on
the rate capacity of the cathode materials.

In summary, we demonstrated an one-pot supercritical fluid pro-
cessing for the controllable synthesis of LiCoPO4 nanoparticles,
nanorods and nanoplates. The amines played important roles as

Figure 6 | Electrochemical performances of the synthesized LiCoPO4 in Li-ion batteries tested in the potential range of 3.0–5.1 V. (a) typical first

charge/discharge profiles; (b) cyclic voltammograms of the cells containing nanorod LiCoPO4; (c) cyclic performance of LiCoPO4 at 0.1 C rate. The

initial discharge curves of LiCoPO4 at different current rates: (d) nanoparticles; (e) nanorods and (f) nanoplates.

www.nature.com/scientificreports
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in situ OH2 source and shape-directing agent for tuning the crystal
orientation. Nanorods and nanoplates with dominant {010} surfaces
have been obtained with the aid of hexamethylenediamine. Inspired
by the unique shape with short transport path length, the LiCoPO4

particles were used as cathode materials for lithium batteries, and the
cells exhibited initial discharge capacities up to 130 mAhg21 at 0.1 C
rate. The nanoplates have superior rate capacity owing to their
unique structural features and assembly. We believe that the
LiCoPO4 material with an optimal size and appropriate crystal ori-
entation may have good potential for LIBs with high energy density
and high power density.

Methods
The synthesis of LiCoPO4 materials. LiCoPO4 materials were directly synthesized by
one-pot supercritical fluid method with a reaction time of 6 min. Typically, 2 mmol
cobalt acetate tetrahydrate (Co(Ac)2.4H2O, Wako, Japan) and 2 mmol lithium
acetylacetonate (LiAcac, Wako, Japan) was dissolved in 15 ml ethanol and the
solution was heated at 60uC with continuous stirring. The solid salts was completely
dissolved within 1 min, followed by addition of solution of phosphoric acid (H3PO4,
aqueous solution, 85%, Wako, Japan) in 4 ml ethanol. The molar ratio of
Co(Ac)25LiAcac5H3PO4 is of 15151. Hexamethylenetetraamine (HMT) or
hexamethylenediamine (HMD) were used as in situ OH2 sources and structure-
directing agent to control the growth rate as well as morphology of LiCoPO4. The
obtained blue suspension was heated with continuous stirring at 60uC for 10 munities
then 5 ml each solution was transfer to a batch reactor (10 ml, 4 reactor) and heated
at 400uC and 38 MPa pressure for 6 minutes. After which reactors were allowed to
cool to room temperature by water quenching. The resultant powder was separated by
centrifugation and washed with distilled water and ethanol until the pH of the
solution became neutral. Finally, the obtained specimen was dried at 60uC for 1 day.
The above synthesis condition has been optimized to obtain the LiCoPO4 particles
with good homogeneity and superior cathode performance.

Materials characterization. The crystalline phase of the samples were characterized
using powder X-ray diffraction (Rigaku RINV-2200, 40 kV and 30 mA) with CuKa
radiation (l 5 1.5406 Å). Data were collected in the 2h-h scanning mode with a scan
speed of 4u min21 and a step size of 0.02u. The morphology of particles was observed
using field-emission SEM (Hitachi S-4800 with EDS) at an accelerating voltage of
5 kV. TEM (Hitachi H7650) and high-resolution TEM (JEOL JEM 2100F, 200 kV
and TOPCOM EM-002B, 200 kV) were conducted using specimens dispersed in
ethanol and then dropped onto Cu microgrid coated with a holey carbon film,
followed by the evaporation of the ethanol. Elemental mapping, energy dispersive
spectroscopy were observed using STEM JEOL JEM-2100F. IR spectra were recorded
with a FT/IR 6200 spectrophotometer (JASSO, Japan) within the range of 400–
4000 cm21. Samples in the solid state were measured in KBr matrix pellets were
obtained with hydraulic press under 40 kN pressure. Raman spectra were evaluated
in the range of 400–2000 cm21 using NRS-3100, JASSO, Japan.

Electrochemical measurements. The electrochemical performance of LiCoPO4 was
investigated using coin-type cells (CR2032, Fig. S15). The working electrodes is
composed of 80 wt.% LiCoPO4, 10 wt.% PTFE (poly(tetrafluoroethylene)) as a
binder and 10 wt.% acetylene black. These materials were ground by conventional
agar motor to make electrode paste. The prepared paste was spread uniformly, rolling
into sheet then dried in a vacuum oven for 4 h at 160uC. The cathode sheet was
punched into circular discs and cut into wafers (7 mm in diameter, 0.025 mm in
thickness, 5–6 mg). The tested cell was assembled inside an argon-filled glove box.
For electrochemical measurements, the cell is composed of lithium metal counter,
reference electrodes and a LiCoPO4 positive electrode. The cathode and reference
electrodes were separated by a microporous polypropylene film. 1 M solution of
LiPF6 in a mixed solvent of ethylene carbonate (EC) and dimethyl carbonate (DMC)
with 151 in volume ratio (Tomiyama Pure Chemical Co., Ltd.) was used as the
electrolyte. The charge-discharge cycling were performed galvanostatically between
3.0 and 5.1 V versus Li/Li1 on multi-channel battery testers (Hokuto Denko, Japan)
at various charge/discharge rates ranging from 0.1 to 1 C (1 C 5 167 mAhg21).
Current densities and specific capacities were calculated on the basis of the weight of
LiCoPO4 cathode in the electrode.

1. Devaraju, M. K. & Honma, I. Hydrothermal and solvothermal process towards
development of LiMPO4 (M 5 Fe, Mn) nanomaterials for lithium-ion batteries.
Adv. Energy Mater. 2, 284–297 (2012).

2. Goodenough, J. B. & Park, K. S. The Li-ion rechargeable battery: a perspective.
J. Am. Chem. Soc. 135, 1167–1176 (2013).

3. Delmas, C., Maccario, M., Croguennec, L., Le cras, F. & Weill, F. Lithium
deintercalation in LiFePO4 nanoparticles via a domino-cascade model. Nat.
Mater. 7, 667–671 (2008).

4. Oh, S. W. et al. Double carbon coating of LiFePO4 as high rate electrode for
rechargeable lithium batteries. Adv. Mater. 22, 4842–4845 (2010).

5. Doan, T. N. L. & Taniguchi, I. Cathode performance of LiMnPO4/C
nanocomposites prepared by a combination of spray pyrolysis and wet ball-
milling followed by heat treatment. J. Power Sources 196, 1399–1408 (2011).

6. Rangappa, D., Sone, K., Zhou, Y., Kudo, T. & Honma, I. Size and shape controlled
LiMnPO4 nanocrystals by a supercritical ethanol process and their
electrochemical properties. J. Mater. Chem. 21, 15813–15818 (2011).

7. Amine, K., Yasuda, H. & Yamachi, M. Olivine LiCoPO4 as 4.8 V electrode
material for lithium batteries. Electrochem. Solid-State Lett. 3, 178–179 (2000).

8. Okada, S. et al. Charge–discharge mechanism of LiCoPO4 cathode for
rechargeable lithium batteries. Electrochemistry 71, 1136–1138 (2003).

9. Tadanaga, K., Mizuno, F., Hayashi, A., Minami, T. & Tatsumisago, M. Preparation
of LiCoPO4 for lithium battery cathodes through solution process.
Electrochemistry 71, 1192–1195 (2003).

10. West, W. C., Whitacre, J. F. & Ratnakumar, B. V. Radio frequency magnetron-
sputtered LiCoPO4 cathodes for 4.8 V thin-film batteries. J. Electrochem. Soc. 150,
A1660–A1666 (2003).

11. Lloris, J. M., Vicente, C. P. & Tirado, J. R. Improvement of the electrochemical
performance of LiCoPO4 5 V material using a novel synthesis procedure.
Electrochem. Solid-State Lett. 5, A234–A237 (2002).

12. Koleva, V., Zhecheva, E. & Stoyanova, R. Ordered olivine-type lithium–cobalt and
lithium–nickel phosphates prepared by a new precursor method. Eur. J. Inorg.
Chem. 26, 4091–4099 (2010).

13. Lee, H., Gyu, K. M. & Cho, J. Olivine LiCoPO4 phase grown LiCoO2 cathode
material for high density Li batteries. Electrochem. Commun. 9, 149–154 (2007).

14. Shui, J. L., Yu, Y., Yang, X. F. & Chen, C. H. LiCoPO4-based ternary composite
thin-film electrode for lithium secondary battery. Electrochem. Commun. 8,
1087–1091 (2006).

15. Muraliganth, T. & Manthiram, A. Olivine LiM1-yMyPO4 (M 5 Fe, Mn, Co, and
Mg) Solid Solution Cathodes. J. Phys. Chem. C 14, 15530–15540 (2010).

16. Liu, J. et al. Spherical nanoporous LiCoPO4/C composites as high performance
cathode materials for rechargeable lithium-ion batteries. J. Mater. Chem. 21,
9984–9987 (2011).

17. Doan, T. N. L. & Taniguchi, I. Preparation of LiCoPO4/C nanocomposite cathode
of lithium batteries with high rate performance. J. Power Sources 196, 5679–5684
(2011).

18. Wolfenstine, J. & Allen, J. LiNiPO4-LiCoPO4 solid solutions as cathodes. J. Power
Sources 136, 150–153 (2004).

19. Kang, Y. M. et al. Structurally stabilized olivine lithium phosphate cathodes with
enhanced electrochemical properties through Fe doping. Energy Environ. Sci. 4,
4978–4983 (2011).

20. Wang, F., Yang, J., Nuli, Y. & Wang, J. Highly promoted electrochemical
performance of 5 V LiCoPO4 cathode material by addition of vanadium. J. Power
Sources 195, 6884–6887 (2010).

21. Morgan, D., Van der Ven, A. & Ceder, G. Li conductivity in LixMPO4 (M 5 Mn,
Fe, Co, Ni) olivine materials. Electrochem. Solid-State Lett. 7, A30–A32 (2004).

22. Chen, G., Song, X. & Richardson, T. J. Electron microscopy study of the LiFePO4

to FePO4 phase transition. Electrochem. Solid-State Lett. 9, A295–A298 (2006).
23. Nishimura, S. I. et al. Experimental visualization of lithium diffusion in LixFePO4.

Nat. Mater. 7, 707–711 (2008).
24. Murugan, A. V., Muraliganth, T., Ferreira, P. J. & Manthiram, A. Dimensionally

modulated, single-crystalline LiMPO4 (M 5 Mn, Fe, Co, and Ni) with nano-
thumblike shapes for high-power energy storage. Inorg. Chem. 48, 946–952
(2009).

25. Murugan, A. V., Muraliganth, T. & Manthiram, A. One-pot microwave-
hydrothermal synthesis and characterization of carbon-coated LiMPO4 (M 5

Mn, Fe, and Co) cathodes. J. Electrochem. Soc. 156, A79–A83 (2009).
26. Markevich, E. et al. Raman spectroscopy of carbon-coated LiCoPO4 and LiFePO4

olivines. J. Power Sources 196, 6433–6439 (2011).
27. Wang, F., Yang, J., Nuli, Y. & Wang, J. L. Novel hedgehog-like 5 V LiCoPO4

positive electrode material for rechargeable lithium battery. J. Power Sources 196,
4806–4810 (2011).

28. Su, J. et al. A general solution-chemistry route to the synthesis LiMPO4 (M 5 Mn,
Fe and Co) nanocrystals with [010] orientation for lithium ion batteries. J. Solid
State Chem. 184, 2909–2919 (2011).

29. Recham, N. et al. Hydrothermal synthesis, silver decoration and electrochemistry
of LiMPO4 (M 5 Fe, Mn, and Co) single crystals. Solid State Ionics 220, 47–52
(2012).

30. Devaraju, M. K., Truong, Q. D. & Honma, I. Synthesis of Li2CoSiO4 nanoparticles
and structure observation by annular bright and dark field electron microscopy.
RSC Adv. 3, 20633–20638 (2013).

31. Devaraju, M. K., Rangappa, D. & Honma, I. Controlled synthesis of
nanocrystalline Li2MnSiO4 particles for high capacity cathode application in
lithium-ion batteries. Chem. Commun. 48, 2698–2700 (2012).

32. Dinesh, R., Devaraju, M. K., Tomai, T., Unemoto, A. & Honma, I. Ultrathin
nanosheets of Li2MSiO4 (M 5 Fe, Mn) as high-capacity Li-ion battery electrode.
Nano Lett. 12, 1146–1151 (2012).

33. Devaraju, M. K., Tomai, T., Unemoto, A. & Honma, I. Novel processing of lithium
manganese silicate nanomaterials for Li-ion battery applications. RSC Adv. 3,
608–615 (2013).

34. Rangappa, D., Sone, K., Ichihara, M., Kudo, T. & Honma, I. Rapid one-pot
synthesis of LiMPO4 (M 5 Fe, Mn) colloidal nanocrystals by supercritical ethanol
process. Chem. Commun. 46, 7548–7550 (2010).

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 3975 | DOI: 10.1038/srep03975 7



35. Devaraju, M. K., Rangappa, D. & Honma, I. Controlled synthesis of plate-like
LiCoPO4 nanoparticles via supercritical method and their electrode property.
Electrochim. Acta 85, 548–553 (2012).

36. Lee, J. W. & Teja, A. S. Characteristics of lithium iron phosphate (LiFePO4)
particles synthesized in subcritical and supercritical water. J. Supercrit. Fluids 35,
83–90 (2005).

37. Han, D. W., Kang, Y. M., Yin, R. Z., Song, M. S. & Kwon, H. S. Effects of Fe doping
on the electrochemical performance of LiCoPO4/C composites for high power-
density cathode materials. Eletrochem. Commun. 11, 137–140 (2009).

38. Ehrenberg, H., Bramnik, N. N., Senyshyn, A. & Fuess, H. Crystal and magnetic
structures of electrochemically delithiated Li12xCoPO4 phases. Solid State Sci. 11,
18–23 (2009).

39. Yin, S. & Sato, T. Mild solution synthesis of zinc oxide films with
superhydrophobicity and superhydrophilicity. J. Mater. Chem. 15, 4584–4587
(2005).

40. Patete, J. M. et al. Viable methodologies for the synthesis of high-quality
nanostructures. Green Chem. 13, 482–519 (2011).

41. Takami, S., Ohara, S., Adschiri, T., Wakayama, Y. & Chikyow, T. Continuous
synthesis of organic–inorganic hybridized cubic nanoassemblies of octahedral
cerium oxide nanocrystals and hexanedioic acid. Dalton Trans. 37, 5442–5446
(2008).

42. Ye, X. et al. Competition of shape and interaction patchiness for self-assembling
nanoplates. Nature Chem. 5, 466–473 (2013).

43. Saunders, A. E., Ghezelbash, A., Smilgies, D. M., Sigman, M. B. & Korgel, B. A.
Columnar self-assembly of colloidal nanodisks. Nano Lett. 6, 2959–2963 (2006).

44. Wolfenstine, J. Electrical conductivity of doped LiCoPO4. J. Power Sources 158,
1431–1435 (2006).

45. Chen, J. J. & Whittingham, M. S. Hydrothermal synthesis of lithium iron
phosphate. Electrochem. Commun. 8, 855–858 (2006).

46. Jensen, K. M. O. et al. Defects in hydrothermally synthesized LiFePO4 and
LiFe12xMnxPO4 cathode materials. Chem. Mater. 25, 2282–2290 (2013).

47. Truong, Q. D., Devaraju, M. K., Tomai, T. & Honma, I. Direct observation of
antisite defects in LiCoPO4 cathode materials by annular dark- and bright-field
electron microscopy. ACS Appl. Mater. Interfaces 5, 9926–9932 (2013).

48. Chen, J. J. & Graetz, J. Study of antisite defects in hydrothermally prepared
LiFePO4 by in situ. X-ray diffraction. ACS Appl. Mater. Interfaces 3, 1380–1384
(2011).

49. Nakayama, M., Goto, S., Uchimoto, Y., Wakihara, M. & Kitajima, Y. Changes in
electronic structure between cobalt and oxide ions of lithium cobalt phosphate as
4.8 V positive electrode material. Chem. Matter. 16, 3399–3401 (2004).

50. Bramnik, N. N., Bramnik, K. G., Baehtz, C. & Ehrenberg, H. Study of the effect of
different synthesis routes on Li extraction–insertion from LiCoPO4. J. Power
Sources 145, 74–81 (2005).

51. Bramnik, N. N., Nikolowski, K., Baehtz, C., Bramnik, K. G. & Ehrenberg, H. Phase
transitions occurring upon lithium insertion2extraction of LiCoPO4. Chem.
Mater. 19, 908–915 (2007).

52. Wang, H. et al. LiMn12xFexPO4 nanorods grown on graphene sheets for
ultrahigh-rate-performance lithium ion batteries. Angew. Chem. In. Ed. 50,
7364–7368 (2011).

53. Dimesso, L., Spanheimer, C., Becker, D. & Jaegermann, W. Properties of
LiCoPO4-non-graphitic carbon foam composites. J. Eur. Ceram. Soc. 34, 933–941
(2014).

54. Wang, L. et al. Crystal orientation tuning of LiFePO4 nanoplates for high rate
lithium battery cathode materials. Nano Lett. 12, 5632–5636 (2012).

55. Rui, X. et al. Olivine-type nanosheets for lithium ion battery cathodes. ACS Nano
7, 5637–5646 (2013).

56. Sun, C., Rareyas, S., Goodenough, J. B. & Zhou, F. Monodisperse porous LiFePO4

microspheres for a high power Li-ion battery cathode. J. Am. Chem. Soc. 133,
2132–2135 (2011).

57. Wu, Y., Wen, Z. & Li, J. Hierarchical Carbon-Coated LiFePO4 Nanoplate
microspheres with high electrochemical performance for Li-ion batteries. Adv.
Mater. 23, 1126–1129 (2011).

58. Guo, B., Ruan, H., Zheng, C., Fei, H. & Wei, M. Hierarchical LiFePO4 with a
controllable growth of the (010) facet for lithium-ion batteries. Sci. Rep. 3, 2788;
DOI:10.1038/srep02788 (2013).

Acknowledgments
This research work was financially supported by the New Energy and Industrial Technology
Development Organization (NEDO), Japan. Q.D. Truong would like to acknowledge the
Japan Society for Promotion of Science (JSPS, Grant No. 13070), Japan for awarding a
fellowship.

Author contributions
Q.D.T. and I.H. conceived and designed this work. Q.D.T. and M.K.D. carried out the
synthetic experiments and conducted the electrochemical test. Q.D.T., Y.G. and T.T.
performed HRTEM, TGA, Raman and FTIR measurements. Q.D.T. wrote the paper; all the
authors participated in analysis and discussion of the results.

Additional information
Supplementary information accompanies this paper at http://www.nature.com/
scientificreports

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Truong, Q.D., Devaraju, M.K., Ganbe, Y., Tomai, T. & Honma, I.
Controlling the shape of LiCoPO4 nanocrystals by supercritical fluid process for enhanced
energy storage properties. Sci. Rep. 4, 3975; DOI:10.1038/srep03975 (2014).

This work is licensed under a Creative Commons Attribution 3.0 Unported license.
To view a copy of this license, visit http://creativecommons.org/licenses/by/3.0

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 3975 | DOI: 10.1038/srep03975 8

http://www.nature.com/scientificreports
http://www.nature.com/scientificreports
http://creativecommons.org/licenses/by/3.0

	Controlling the shape of LiCoPO4 nanocrystals by supercritical fluid process for enhanced energy storage properties
	Introduction
	Results
	Characterization of LiCoPO4 nanocrystals

	Discussion
	Electrochemical performance of LiCoPO4 nanocrystals

	Methods
	The synthesis of LiCoPO4 materials
	Materials characterization
	Electrochemical measurements

	Acknowledgements
	References


