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Abstract Olivine LiMPO4 (M = Co and Ni) nanoparticles
have been synthesized by the polyvinylpyrrolidone (PVP)
assisted polyol method and adopted the resin coating process
for carbon coating on the surface of the nanoparticles. The X-
ray diffraction (XRD) and Fourier transform infrared (FTIR)
spectroscopy studies confirmed the phase and structural co-
ordination of bare and carbon-coated LiMPO4 (M = Co and
Ni) nanoparticles, respectively. The formation of uniform car-
bon layer of nanometer-measured thickness over nanoparti-
cles is confirmed by the high-resolution transmission electron
microscopy (HRTEM) and energy-dispersive X-ray spectros-
copy (EDS). Wagner’s polarization study explains an im-
proved electronic transport number (te) for carbon-coated
LiMPO4 (M = Co and Ni) cathodes as compared to bare sam-
ples. The electrochemical study of the Li-ion cells shows the
first cycle discharge capacities of 180 and 97 mAh/g at 0.1 C
for the cathodes LiCoPO4/C and LiNiPO4/C, respectively,
which is an improvement of 21.2 and 25.8 % as compared
to bare samples. The enhancement of electrochemical perfor-
mance of the cells is attributed to the improved electronic
properties of cathode materials due to the presence of carbon
on the surface of nanoparticles.
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Introduction

Rechargeable lithium-ion batteries (LIBs) with high energy
densities and high voltages are in great demand for portable
electronic devices, such as smartphones, tabs, etc. And, they
are also emerging applications, such as electric vehicles (EVs)
and hybrid electric vehicles (HEVs) due to smaller footprint
and quick charging characteristics of technology [1, 2]. Today,
the cobalt oxide and iron phosphate chemistries are playing
dominant role, respectively, in the portable electronic devices
and automotive applications. The cobalt oxide chemistry is
unsafe and expensive, whereas the iron phosphate-based
chemistry is safe and has high operating potential relatively
[3]. Recently, efforts have been intensified to explore alterna-
tive cathode materials with cost-effective and enhanced safety.
Among the reported chemistries of cathode materials, the
olivine-structured LiMPO4 (M = Fe, Mn, Co, and Ni) cathode
materials are favorable for high power density applications
mainly due to their high redox potentials [4 to 5 V vs. Li+/
Li], high structural stability for repeated cycling, and en-
hanced safety [4–6]. However, the low electronic and ionic
conductivities of LiMPO4 (M = Fe, Mn, Co, and Ni) cathode
materials have limited their practical applications. The poor
electrical properties of cathode materials are due to the defect
association effect, which has a strong impact onmaterial trans-
port properties [7]. In order to improve the electrical properties
of cathode materials, several approaches, such as reducing the
particle size from micro to nanosize, doping, surface treat-
ment, etc., have been attempted [8–11]. The nanosize particles
in principle provide shorter diffusion lengths for Li-ions and
high surface area contact with electrolyte for electron transfer,
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leading to an improved battery performance [2, 11, 12]. Malik
et al. reported that the small size particles exhibit improved

ionic diffusivity [7]. Another novel approach was the surface
treatment of particles with conductive agents, such as carbon,
polypyrrole (Ppy), etc., which is effective in enhancing the
electron kinetics of the electrode. The most extensive and
successful research is the special carbon coating on the cath-
ode materials of LiMPO4 (M = Fe, Mn, Co, Ni, etc.) and has
achieved a significant improvement in their electrochemical
performance [8, 13–24]. Recently, the LiFePO4/C nanocom-
posite cathode material prepared by a two-step method exhib-
ited a higher discharge capacity [25]. As reported by Ying
et al., the carbon-coated LiNiPO4 cathode exhibited higher
capacity and good rate capability as compared to bare sample
[26]. Very recently, the carbon-coated LiCoPO4 particles syn-
thesized by microwave-assisted path exhibited good electro-
chemical performance [27]. Ramesh et al. has studied the ef-
fect of carbon coating on the surface of LiMnPO4 nanorods
and observed an improvement in the battery performance
compared to bare sample [28].

Fig. 3 FTIR spectra of pure and carbon-coated a LiCoPO4 and b
LiNiPO4 nanoparticles

Fig. 1 Schematic representation of the Wagner’s polarization method

Fig. 2 XRD patterns of the pure and carbon-coated LiCoPO4 and
LiNiPO4 nanoparticles
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In this paper, we have made an attempt to prepare pure and
carbon-coated LiMPO4 (M = Co and Ni) nanoparticles by
polyol and novel resin coating processes, respectively, and
study their efficiency as positive electrode (cathode) in LIBs.
The synthesized cathode nanoparticles were subjected to the
characterization by XRD, FTIR, and TEM-EDS to evaluate
the phase purity, structure, particle size, and the presence of
conductive coating on the surface of the particles, respectively.
Further, the Wagner’s polarization technique has been used to
evaluate the transport number of the bare and coated samples.
The Li-ion cells (2032) have been fabricated with bare and
carbon-coated LiMPO4 (M = Co and Ni) cathode materials,
and the electrochemical study has been carried out in the po-
tential range 4.5 to 5.0 V, at room temperature.

Experimental

The LiMPO4 (M = Co and Ni) nanoparticles have been
synthesized by the polyol process with respective pre-
cursors, lithium acetate, metal acetates, and ammonium
di-hydrogen phosphate materials and were dissolved in
ethylene glycol. The polyvinylpyrrolidone [(C6H9NO)n,
MW 40,000)] is used as surfactant and added to the
glycol solution, in order to optimize the particle size
and also to avoid agglomeration of nanoparticles. The
mixture has been heated up to 190 °C under constant
stirring for 2 h to form a precipitate and then separated
from solution by centrifugation. The resultant precipitate
has been rinsed several times with de-ionized water
followed by acetone and then dried out at 55 °C for
12 h. The dried powder was further calcined at

600 °C for 3 h to form pure crystalline phase of
LiMPO4 (M = Co and Ni) nanoparticles.

In order to coat thin carbon layer over LiMPO4 (M = Co
and Ni) nanoparticles, novel resin coating process has been

Fig. 5 a HRTEM image and b EDS spectrum of the carbon-coated
LiCoPO4 nanoparticles

Fig. 4 SEM images of the a pure
LiCoPO4, b carbon-coated
LiCoPO4, c pure LiNiPO4, and d
carbon-coated LiNiPO4

nanoparticles
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deployed. The acrylic acid and ethylene glycol, for 2 %
carbon coating, are mixed with well-dispersed LiMPO4

(M = Co and Ni) nanoparticles under constant stirring.
The resultant mixture has been heated to 80 °C to form
a resin on the surface of the nanoparticles. Further, the
obtained powder has been calcined at 350 °C to form
thin carbon layer over the LiMPO4 (M = Co and Ni)
nanoparticles. The prepared samples have been subject-
ed to characterization to understand the structural, par-
ticle morphology, and electrical properties by deploying
XRD, FTIR, scanning electron microscopy (SEM),
TEM, and Wagner’s polarization techniques. The XRD
patterns have been recorded for all the prepared samples
using the PANanalyticalXpert Pro X-ray diffractometer
with Cu Kα radiation of wavelength 1.5418 Å and
scanned in the range 10°–80°. The FTIR spectra have
been recorded on thin transparent pellet samples using
the FTIR spectrometer (Shimadzu FTIR 8300/8700) in
the range of 4000–400 cm−1 with resolution of 2 cm−1

for 20 scans. The particle size, distribution, and mor-
phology of the samples have been examined on SEM
(Hitachi S3400N). Further, the presence of carbon in the
carbon-coated LiCoPO4 nanoparticles has been con-
firmed using the high-resolution transmission electron
microscopy (HRTEM: JEOL 2010F) with 200 kV as

an operating voltage. The number of transported elec-
trons and ions in the pure and carbon-coated LiMPO4

(M = Co and Ni) nanoparticles has been measured
using Wagner’s polarization method, and the schematic
diagram of the Wagner’s polarization method is shown
in Fig. 1. As shown in Fig. 1, the sample (pure and/or
carbon-coated LiMPO4 (M = Co and Ni) nanoparticles)
has been placed between two electrodes (ion blocking
and non-ion blocking) and applied a DC potential. The
current measured is a function of time for a fixed ap-
plied DC potential. The initial observed current is called
total current (iT), and it is found to decrease with time
and then reaches to saturation after some time. The
decrease of current (iT) with time may be due to the
polarization of ions at the ion blocking electrode. The
extrapolation of saturation current curve to y-axis gives
the electronic current (ie) [29].

The total current (iT) in any given system is the sum of the
current due to ions (ii) and the current due to electrons (ie)

iT ¼ ii þ ie ð1Þ

The ionic current of each sample can be obtained using the
relation [ii = iT−ie] from Eq. (1) and also evaluated the total
current (iT) and electronic current (ie).

Fig. 6 Current versus time plots
of a pure LiCoPO4, b carbon-
coated LiCoPO4, c pure LiNiPO4,
and d carbon-coated LiNiPO4

nanoparticles
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The ionic (ti) and electronic (te) transport numbers of each
sample can be calculated using Eqs. (2) and (3).

Ionic transport number tið Þ ¼ ii=iT ð2Þ
Electronic transport number teð Þ ¼ ie=iT ð3Þ

From Eqs. (1), (2), and (3), the total (iT), ionic (ii), and
electronic current (ie) values will be calculated.

The CR2032 coin-type Li-ion cells have been assembled in
an argon-filled glove box (Vacuum Atmospheres Co. (VAC),
USA). The lithiummetal is used as negative electrode, and the
pure and carbon-coated LiMPO4 (M = Co and Ni) are used as
positive electrode (cathode). The positive electrode consists of
80 wt% active materials, 15 wt% conductive carbon (Super P,
Timcal), and 5 wt% of poly(vinylidene fluoride) (PVDF)
binder in N-methyl pyrrolidone (NMP) solvent. A Celgard-
2340 μ porous three-layered polymer (PP/PE/PP) membrane
has been used as separator. The separator is placed in between
the two electrodes subjected to soaking in an electrolyte solu-
tion of 1 M LiPF6 in EC/DMC (1:1 v/v). The electrical tests
are carried out galvanostatically on the fabricated lithium-ion
cells using multi-channel battery tester (ARBIN BT2000) at a
current load of 0.1 C, in the potential range 4.0–5.3 V (vs. Li/
Li+), at ambient conditions.

Results and discussion

Structural analysis

Powder XRD patterns of the bare and carbon-coated LiMPO4

(M = Co and Ni) samples and also the Joint Committee on
Powder Diffraction Standards (JCPDS) data are shown in
Fig. 2. From Fig. 2, the formation of crystalline phases of
LiCoPO4 and LiNiPO4 could be confirmed by comparing
the observed XRD patterns of the test samples with respective
JCPDS data. The average crystallite size of the samples has
been calculated using Scherrer’s formula and is found to be
60 nm for both pure and carbon-coated LiMPO4 (M = Co and
Ni) nanoparticles. The XRD patterns of carbon-coated
LiMPO4 (M = Co and Ni) samples have showed two extra
peaks at 28° and 31.5°, which correspond to the crystalline
phase of carbon in the samples. Hence, XRD results con-
firmed the formation of crystalline phases of LiCoPO4 and
LiNiPO4 and also the presence of carbon in the carbon-
coated LiMPO4 (M = Co and Ni) particles.

TheFTIRspectraofbareandcarbon-coatedLiMPO4(M=Co
and Ni) samples are shown in Fig. 3. From Fig. 3a, b, the FTIR
spectra of the bare and carbon-coated LiMPO4 (M = Co and Ni)
nanoparticlesshowIRbandsat950and1070cm−1,whicharedue
to symmetrical and asymmetrical stretching vibrations of PO4

−3,
respectively. The IR bands between 641 and 480 cm−1 are due to
the asymmetric bending modes of O–P–O [28]. Thus, FTIR

results haveconfirmed thepresenceofPO4
−3 structure in thepure

and carbon-coated LiMPO4 (M=Co andNi) nanoparticles.
The broad peak observed from 3582 to 3236 cm−1 in pure

LiMPO4 (M=Co and Ni) samples is assigned to the stretching
vibrations of O–H groups (due to the adsorbed moisture) [30].
The carbon-coated LiMPO4 (M = Co and Ni) nanoparticles
have showed an extra bands at 1728 and 1621 cm−1, which are
attributed to the symmetrical stretching vibrations of C–O and
C–C, respectively [31]. Also, the IR band observed at
745 cm−1 correspond to the P–O–C symmetric
stretching vibrations, which further confirmed the pres-
ence of carbon in the carbon-coated LiMPO4 (M = Co
and Ni) nanoparticles [31].

Morphology analysis

Figure 4 shows the SEM images of both bare and carbon-
coated LiMPO4 (M = Co and Ni) nanoparticles. From SEM

Fig. 7 Voltage versus discharge capacity plots of a pure and b carbon-
coated LiCoPO4 nanoparticles
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images, the LiCoPO4 sample has particle size distribution in
the range 200–300 nm, and the average particle size of
LiNiPO4 nanoparticles is found to be 100 nm and noticed that
the particles are agglomerated. The HRTEM image and EDS
spectrum of carbon-coated LiCoPO4 nanoparticles are shown
in Fig. 5. Figure 5a has confirmed the formation of nanometer-
scale thickness carbon layer uniformly on the surface of the
LiCoPO4 nanoparticles. Further, the EDS spectrum (Fig. 5b)
has also confirmed the presence of Co, P, O, and C elements in
the carbon-coated LiCoPO4 sample. It is noteworthy to men-
tion that the resin coating process is a cost-effective and sim-
ple way of coating carbon on the surface of the nanoparticles.

Transport number studies

The current versus time profile of the bare and carbon-coated
LiMPO4 (M = Co and Ni) nanoparticles is shown in Fig. 6.
The transport numbers of ions and electrons for the bare and
carbon-coated LiCoPO4 nanoparticles are respectively found
to be ti = 0.9602 and te = 0.0397 and ti = 0.8921 and
te = 0.1078 (Fig. 6a, b). Similarly, the ionic and electronic
transport numbers of bare and carbon-coated LiNiPO4 nano-
particles have been obtained and found to be ti = 0.9821 and
te = 0.0178 and ti = 0.8641 and te = 0.1358, respectively
(Fig. 6c, d). These results indicate that the carbon-coated sam-
ples exhibited improved electronic conductivity in compari-
son with bare samples, which is due to the presence of carbon
on the surface of the nanoparticles.

Electrochemical performance

The discharge profiles of bare and carbon-coated LiCoPO4

nanoparticles, performed at 0.1 C, are shown in Fig. 7. From
Fig. 7, it is observed that the bare and carbon-coated LiCoPO4

nanoparticles exhibited typical voltage plateau at 4.83 V ver-
sus Li/Li+, attributed to the Co2+/3+ redox couple [27, 32]. The
carbon-coated LiCoPO4 delivered a first cycle discharge ca-
pacity of 180 mAh/g at the mid-point voltage of 4.76 V. The
voltage characteristic for many batteries is such that the mid-
point voltage is the approximate average voltage for the pla-
teau of the discharge curve. This makes it possible to estimate
an average performance in terms of voltage delivery to the
load. The first cycle discharge capacities of bare and carbon-
coated LiCoPO4 nanoparticles are found to be 142 and
180 mAh/g, respectively. The carbon-coated LiCoPO4 nano-
particles delivered 21 % higher discharge capacity as com-
pared to bare sample and also higher than the theoretical ca-
pacity (167 mAh/g) of LiCoPO4. The observed additional
capacity may be due to the contribution from surface effect
or other reasons which is to be probed. However, the cycling
performance of both bare and carbon-coated LiCoPO4

nanoparticle-based cells is found to decrease with cycle num-
ber, which may be due to the instability of the electrolyte at

higher potentials [33]. As reported by Truong et al., LiCoPO4

nanoparticles, nanorods, and nanoplates prepared by one-pot
supercritical fluid method exhibited an initial discharge capac-
ities of 105, 130, and 121 mAh/g, respectively, at 0.1 C rate
[32]. In the present study, the prepared LiCoPO4 nanoparticles
exhibited higher discharge capacity (142 mAh/g) compared to
these reported values.

Figure 8 shows the discharge curves of the bare and
carbon-coated LiNiPO4 nanoparticles at 0.1 C rate. From
Fig. 8, it can be observed that both bare and carbon-coated
LiNiPO4 nanoparticles exhibit a voltage plateau at 5 V, corre-
sponding to Ni2+/3+ redox couple [34–36]. The initial dis-
charge capacities of bare and carbon-coated LiNiPO4 nano-
particles are 72 and 97 mAh/g, respectively. It indicates that
the carbon-coated LiNiPO4 nanoparticles exhibited 25.8 %
higher discharge capacity as compared to bare LiNiPO4.
Further, the capacity fading is observed with cycling due to

Fig. 8 Voltage versus discharge capacity plots for the a pure and b
carbon-coated LiNiPO4 nanoparticles
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instability of electrolyte in the studied potential range [33].
The observed initial discharge capacities of bare and carbon-
coated LiNiPO4 nanoparticles are higher than the recently
reported values [36].

The cycle life of bare and carbon-coated LiMPO4 (M = Co
and Ni) nanoparticle cathode-based lithium-ion cells has been
presented in Fig. 9. From Fig. 9a, the discharge capacity of
bare LiCoPO4 cathode can be calculated as 142 and 133 mAh/
g at the 1st and 20th cycles. The capacity retention after the
20th cycle is 93.6 %, whereas for the carbon-coated LiCoPO4

nanoparticles, the capacity retention is 90 %. As observed
from Fig. 9b, the capacity retention value for bare LiNiPO4

nanoparticles is 76.3 % after the 20 cycle (the 1st cycle dis-
charge capacity is 72 mAh/g and 20th cycle discharge

capacity is 55 mAh/g for the bare LiNiPO4). The discharge
capacities are found to be 97 and 69 mAh/g, respectively, for
the 1st and 20th cycle of the cells with carbon-coated LiNiPO4

nanoparticles, and the capacity retention is 71.1 %. The elec-
trical test results suggest that the carbon-coated LiMPO4

(M=Co and Ni) nanoparticles exhibited an increased capacity
as compared to bare samples, and also, it is observed that the
bare and carbon-coated LiMPO4 (M = Co and Ni) nanoparti-
cles exhibited good cycle ability in the studied cycles. The
superior electrochemical performance of carbon-coated
LiMPO4 (M = Co and Ni) nanoparticles is attributed to the
presence of carbon on the surface of nanoparticles, which
enhances the electron kinetics of the electrode.

The high discharge capacity and good cycle ability of the
carbon-coated LiMPO4 (M = Co and Ni) samples may be
attributed to the nanoscale particle size and also the presence
of conductive carbon on the surface of the particle, which
facilitate better kinetic properties in Li-ion batteries.
Generally, in lithium-ion batteries, both electrons and Li-ion
transfer take place during charge-discharge process. A sche-
matic representation of the electrons and Li-ion transport
through the carbon-coated nanoparticles is shown in Fig. 10.
As shown in Fig. 10, the nanosize particles provide shorter
diffusion lengths and enhance the lithium-ion transport. The
total surface area of nanoparticles increases the contact area
with electrolyte and enables the rapid transport of lithium ions
[2]. The electron transfer takes place through the grain bound-
aries, and the conductive carbon on the particle surface en-
hances the electron kinetics, and similar electrochemical per-
formance of the carbon-coated LiMnPO4 nanorods has been
reported [2, 28]. The improved kinetic properties of electrons

Fig. 10 Schematic representation of electrons and lithium-ion transport
mechanism in carbon-coated LiCoPO4/LiNiPO4 cathode electrode

Fig. 9 Discharge capacity versus cycle number plots of a pure and
carbon-coated LiCoPO4 and b pure and carbon-coated LiNiPO4

nanoparticles
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and Li-ions are responsible for good electrochemical perfor-
mance in the case of the carbon-coated LiMPO4 (M = Co and
Ni) and suggest that these high potential cathode materials are
suitable cathode for advanced lithium-ion batteries.

Conclusions

The bare and carbon-coated LiMPO4 (M = Co and Ni) nano-
particles have been synthesized by the polyol method and the
resin coating process, respectively. Structural and morpholog-
ical studies respectively showed the purity of the phase and
particle size of the LiMPO4 (M = Co and Ni) systems. The
TEM-EDS studies confirmed the formation of thin carbon
layer uniformly over LiCoPO4 nanoparticles. The carbon-
coated LiCoPO4 (180mAh/g) and LiNiPO4 (97mAh/g) nano-
particles have exhibited an improved discharge capacities
compared to bare samples, and it has been attributed to the
presence of conducting carbon on the surface of the nanopar-
ticles. The electron transport number (te) is also high for
carbon-coated LiMPO4 (M = Co and Ni) samples in compar-
ison with bare samples, indicating an improved kinetic prop-
erty of electrons which is responsible for good electrochemi-
cal performance. The carbon-coated LiMPO4 (M = Co and
Ni) nanoparticles can be promoted as a high potential cathode
materials for high-power Li-ion batteries.
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