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a b s t r a c t

The olivine structured LiMnPO4/C composites were prepared by a combination of spray pyrolysis and wet
ballmilling using different conductive carbons: acetylene black and two types of ketjen black. The ketjen
black with a larger specific surface area and dibutyl phthalate absorption number was found to be more
vailable online 19 May 2010
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preferable compared with other conductive carbons studied in this work. The LiMnPO4/C composite
cathode with ketjen black, which has the largest specific surface area, exhibited the largest discharge
capacity compared with other LiMnPO4/C composites. The largest discharge capacity delivered by this
composite cathode was 166 mAh g−1 at 0.05 C, which is about 97% of the theoretical value for LiMnPO4.
The performance improvement by using this conductive carbon was attributed to its extremely large
specific surface area and high ability to absorb the electrolyte, which provide enhanced charge transfer

in th
et ballmilling and lithium ion transport

. Introduction

Secondary Li-ion batteries (LIBs) are dominating the market of
ortable electronics and expanding its application for the electric-

ty powered transportation [1]. Despite this, the serious barriers
or its wider use in large scale devices such as car batteries and sta-
ionary energy storage systems remain the high cost and toxicity
f the LIBs materials, especially, the Co-based cathode materials.
he olivine LiMPO4 (M = Fe, Mn) phosphates are an ideal replace-
ent for these cathodes due to its low cost, non-toxicity, large

heoretical capacity, and thermal and electrochemical stabilities
2–6]. However, intrinsic low ionic and electronic conductivities of
iMPO4 restrict achieving high electrochemical activities. This dis-
dvantage has been successfully overcome in case of LiFePO4 by the
reparation of nanosized powders and conductive coating of the
article surface [2,7,8], and these nanoparticles exhibit a discharge
apacity close to its theoretical value. LiMnPO4 is more attractive
han LiFePO4 due to its higher operating voltage of 4.1 V. However,
iMnPO4 still remains a challenge for researchers to be developed to
he level of practical cathode for LIBs. Various synthetic routes were

pplied to prepare high-performance LiMnPO4 cathode [4,5,9,10].
reparation of nanostructured LiMnPO4/C composite particles and
onductive carbon addition during its synthesis were used to
ompensate its low conductivity [5,9–11]. These allowed the per-

∗ Corresponding author. Tel.: +81 3 5734 2155; fax: +81 3 5734 2155.
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formance improvement of LiMnPO4 cathode material. Up to date
the largest discharge capacity for LiMnPO4 has been reported to
be 149 mAh g−1 at 0.1 C in the galvanostatic charge–discharge [5],
which is about 87% of the theoretical value of 171 mAh g−1. For the
trickle charge mode conditions, the initial discharge capacity was
reported to be about 130 mAh g−1 at 0.1 C discharge rate [4,5,8,9],
which is far below of the theoretical capacity of LiMnPO4. Therefore,
further investigations to improve the electrochemical performance
of LiMnPO4 cathode are crucial. From this point of view, the inves-
tigation of the effect of different conductive carbons used in the
LiMnPO4/C composite on its electrochemical properties is very
important [12–18]. Both the abilities of the conductive carbon to
conduct electrons and transport lithium ions are crucial for the
electrochemical performance of the composite cathodes. Different
carbon additives have different physical properties such as parti-
cle size, absorption ability and specific surface area. Each of these
characteristics of the conductive carbon might have a significant
effect on the overall conductivity of the electrode, the electrolyte
absorption and, as a result, influence the overall electrochemical
performance of the cell. Jin et al. [12] reported that acetylene black
(AB) is preferable as a conductive agent for LiCoPO4 cathode com-
pared with carbon black, and the cathode with AB shows better
electrochemical performance. It was suggested by Choi et al. [13]
that the dibutyl phthalate (DBP) absorption number should be con-

sidered more significantly when selecting the carbon black for the
cathode mixture. Kuroda et al. [14] studied the effect of different
conductive carbons such as ketjen black (KB), AB, and graphite
on the electrochemical performance of LiCoO2 cathode. Among
other conductive carbons, KB has a larger surface area and DBP

dx.doi.org/10.1016/j.jpowsour.2010.05.023
http://www.sciencedirect.com/science/journal/03787753
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Table 2
Refined lattice parameters of LiMnPO4/C (C = AB, KB1 and KB2) composites materials
prepared by a combination of SP and WBM.

Carbon composite a (Å) b (Å) c (Å) Volume
(Å3)

�2

T
P
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dsorption number, and the composite electrode used this conduc-
ive carbon had an enhanced performance due to the extremely
igh mesopore area and electrical conductivity of KB [14]. It was
hown that a large mesopore specific surface area of carbon could
rovide favorable and quick pathways for ions to penetrate [15],
nd the electrolyte adsorbed mesopore carbon provides intimate
ontact between lithium ions and the cathode material particles
nd improves the composite cathode conductivity [16]. Therefore, a
igh conductive carbon with larger specific surface area and meso-
ore structure could be preferable choice when selecting a better
onductive agent to formulate a composite cathode for the LIBs
pplication.

In our previous works [2,3,5,11,17], we have successfully pre-
ared the LiMPO4/C (M = Fe, Mn) composites by a combination of
pray pyrolysis (SP) and ballmilling (BM) with AB as a conduc-
ive carbon. It was shown that a combination of SP and BM is a
ersatile method to obtain a high performance olivine structured
athodes for LIBs. In the present work, we report on the prepa-
ation of LiMnPO4/C composites by a combination of SP and wet
allmilling (WBM) with different conductive carbons and study its
hysical and electrochemical properties.

. Experimental

Schematic diagrams of the SP facility and powder preparation
ave been described elsewhere [18,19]. A stoichiometric ratio of
iNO3 (98%), Mn(NO3)2·6H2O (98%) and H3PO4 (85% solution, all
rom Wako Pure Chemical Industries) were dissolved in distilled
ater with a total concentration of 0.6 mol L−1 and used as a pre-

ursor solution for SP in a tubular furnace at 400 ◦C in a N2 + 3%H2
tmosphere. The as-prepared powder was milled with ethanol and
0 wt.% of conductive carbon: AB (DENKA BLACK, Denki Kagaku
ogyo Kabushiki Kaisha, Japan) and two types of KB (EC300J and
C600JD, both from Ketjen Black International Company, Japan),
enoted further as KB1 and KB2, at 800 rpm for 6 h in a zirconia
essel using zirconia balls. The WBM samples were thereafter heat-
reated in a tubular furnace at 500 ◦C for 4 h in a N2 + 3%H2 gas.
hysical properties of the final samples (LiMnPO4/C, C = AB, KB1,
B2) were examined by X-ray diffraction analysis (XRD; Rigaku,
ltima IV with D/teX Ultra) using CuK� radiation with a scan

peed of 5◦ min−1 ranging from 10◦ to 70◦, field-emission scan-
ing electron microscopy (FE-SEM, Hitachi, S-800) operated at 8 kV,
nd transmission electronic microscopy (TEM, JEM-200CX, JEOL,
td.). The geometric mean diameter, dg,p, and geometric standard
eviation, �g, were determined by randomly sampling around 500
articles from the SEM pictures from the equations:

n dg,p =

N∑
i=1

ln di

N
(1)

⎡ N∑( )2
⎤1/2
n �g =
⎢⎢⎢⎢⎣

i=1

ln di − ln dg,p

N − 1

⎥⎥⎥⎥⎦ (2)

able 1
hysical properties of conductive carbon powders used to prepare the LiMnPO4/C compo

Conductive carbon Average primary particle size (nm)

AB 35
KB-1 (EC300J) 40
KB-2 (EC600JD) 34
LiMnPO4/AB 6.1011(3) 10.4490(2) 4.7441(7) 302.444 1.6
LiMnPO4/KB1 6.1016(4) 10.4493(2) 4.7442(6) 302.509 1.5
LiMnPO4/KB2 6.1026(4) 10.4487(7) 4.7447(3) 302.524 1.3

respectively, in which N is the total sample number. The specific
surface area was determined by the Brunauer–Emmett–Teller (BET)
method (Shimadzu, Flow Sorb II 2300). The lattice parameters of
the materials were refined by Rietveld analysis using an integrated
X-ray Powder Diffraction Software Package PDXL (Rigaku, Version
1.3.0.0). The carbon content was analyzed by CHN Corder (MT-
6, YANACO). The cathode was prepared by coating of a slurry of
LiMnPO4, polyvinylidene fluoride and conductive carbon in a total
weight ratio of 70:10:20 onto an aluminum foil, which thereafter
was dried at 110 ◦C in a vacuum oven for 6 h, cut into circles and
assembled in the lithium coin-cell (CR2032). It should be noted
that the composite electrodes with different conductive carbons
were prepared to make their weight and thickness the same by
precise weighing and roll pressing, and the active surface area of
all electrodes was equal to 1 cm2. The thickness of electrode was
approximately 20 �m and the mass of active material in the com-
posite electrode was approximately 1 mg. These measures were
supposed to reduce the errors of the comparison of the cyclic
voltammetry (CV) and ac impedance data for different electrodes
[20,21]. A 1 M LiPF6 solution in ethylene carbonate–diethyl car-
bonate (EC:DEC = 1:1, Tomiyama Pure Chemical) was used as the
electrolyte. The cells were assembled in the high purity argon
filled dry box, and cycled at various C rates (1 C = 171 mAh g−1)
galvanostatically and under the trickle charge mode in the cutoff
ranges 2.5–4.4 and 2.5–4.9 V vs Li+/Li at room temperature. CV was
measured between 2.5 and 4.4 V using the Solartron SI 1287 electro-
chemical interface with a scan rate of 0.1 mV s−1. The same facility
was used for the ac impedance spectroscopy (AIS) measurements
by applying an ac voltage of 10 mV over the frequency range from
0.1 Hz to 1 MHz. The AIS data fitting was performed using the ZPlot
software (Scribner Associates, Inc.). All the electrochemical mea-
surements were carried out in three parallel cells to ensure data
reproducibility.

3. Results and discussion

3.1. Materials characterization

Table 1 presents the physical properties of the conductive
carbon powders used in this work to prepare the LiMnPO4/C com-
posites. While the average particle size decreases in the series
AB–KB1–KB2, the specific surface area and DBP absorption num-
ber drastically increase, and for KB2 these characteristics are about
21 and 3 times larger, respectively, than that of AB.

The XRD data (Fig. 1) has confirmed the single phase orthorhom-

bic structure with a Pnmb space group of the LiMnPO4/C composites
(C = AB, KB1 and KB2) prepared in this work, and all the XRD peaks
could be indexed respectively. The refined lattice parameters (ICDD
33-0804) of these composite materials are presented in Table 2
along with the goodness of fit �2, which is the square of the stan-

sites.

BET surface area (m2 g−1) DBP adsorption number (cm3 100 g−1)

68 175
800 365

1400 495
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3.2. Electrochemical properties of the LiMnPO4/C composite
Fig. 1. XRD spectra of LiMnPO4/C (C = AB, KB1 and KB2) composite materials.

ard deviation between the experimental data and the calculated
arameters:

2 =
(

Rwp

)2

(3)

Rexp

The lattice parameters agree well with the literature data
9,10,22].

Fig. 2. FE-SEM images of (a) as-prepared LiMnPO4, (b) LiMnPO4/AB
er Sources 195 (2010) 7445–7451 7447

Fig. 2 presents the FE-SEM images of the as-prepared LiMnPO4
and the LiMnPO4/C composites prepared by a combination of SP
and WBM. It can be seen that the as-prepared LiMnPO4 consists
of spherical particles. After WBM with different conductive car-
bon additives, the nanosized powders of the LiMnPO4/C composites
were formed. The particle size distribution of the as-prepared
LiMnPO4 and LiMnPO4/C composites is shown in Fig. 3. The pow-
ders have a narrow particle size distribution. The geometric mean
diameter of the as-prepared LiMnPO4 is about 1 �m (Fig. 3a) while
for the carbon composites this value is about 100 nm. The geomet-
ric mean diameter of the as-prepared LiMnPO4 has become about
one-tenth in the WBM process (Fig. 3b–d). The TEM observation
data of LiMnPO4/C (C = KB2) are presented in Fig. 4. From the TEM
images, one can confirm that the LiMnPO4/C composite can be suc-
cessfully prepared by the present method. The average particle size
of the composites is about 100 nm. The carbon content was about
20 wt.% in all the LiMnPO4/C (C = AB, KB1, KB2) composites.

The BET specific surface area of the as-prepared LiMnPO4 was
about 4 m2 g−1. For the LiMnPO4/C (C = AB, KB1, KB2) composites,
the specific surface area was 69, 73, and 87 m2 g−1 for AB, KB1,
and KB2, respectively. The change in the specific surface area of
the LiMnPO4/C (C = AB, KB1, KB2) composites follows the change
in the specific surface area of the conductive carbons (Table 1). As
expected, the largest specific surface area was shown by the KB2
added composite material, because of the largest specific surface
area of KB2 itself compared with other conductive carbons used in
this work.
cathode

Fig. 5 shows the initial discharge profiles of the LiMnPO4/C
(C = AB, KB1, KB2) composites prepared by a combination of SP

, (c) LiMnPO4/KB1 and (d) LiMnPO4/KB2 composite materials.
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Fig. 3. Particle size distribution of (a) as-prepared LiMnPO4, and (b)

nd WBM at a galvanostatic charge–discharge 0.05 C rate. The ini-
ial discharge capacity of the composite cathode changes in the
ame manner as the specific surface area and/or DBP absorption
umbers of the conductive carbon, and the composite cathode
ith KB2 showed the largest discharge capacity of 111 mAh g−1.

n order to clarify the difference in the electrochemical response
f the electrode materials, the CV examination of the LiMnPO4/C
omposites with different conductive carbons was carried out.
lectrochemical responses of the LiMnPO4/C cells during the CV
easurements are presented in Fig. 6a. It shows the electrochem-

cal processes in the Mn3+/Mn2+ region at approximately 4.1 V
nd corresponds to the data shown in Fig. 5. The peak intensi-
ies increase in the AB–KB1–KB2 series, which could indicate the
inetic improvements [12,23] and agree well with the electrochem-
cal performance improvement in this series. Fig. 6b presents the ac
mpedance spectra for the studied composite cathodes in the fresh
ithium cell with an open circuit voltage of approximately 3.1 V. The
IS spectra are represented by a compressed semicircle in high-

o-medium frequency range, and a declined line of the Warburg
mpedance in low frequency region. The studied LiMnPO4/C com-
osites consist of multiple interfaces and phase boundaries, and the
omplex impedance analysis is complicated. However, some sim-
le suggestions can be made on the basis of approaches developed

n our previous work [17] and reported for the similar systems in
he literature [4]. The equivalent circuit fitting was applied to the
IS data. Fig. 6c represents the best fitting equivalent circuit, which
ould be represented as follows:

(R CPE )(R CPE )W (4)
s 1 1 2 2 o

here Rs is a resistance associated with the impedance of the elec-
rolyte and consistent with the high frequency intercept in the
c impedance spectra; (R1CPE1)(R2CPE2) is a component of the ac
mpedance semicircle in high-to-medium frequency range consist-
O4/AB, (c) LiMnPO4/KB1, and (d) LiMnPO4/KB2 composite materials.

ing of charge transfer resistances Ri and constant phase elements
CPEi; and Wo is a Warburg element corresponded to the Li-ion
diffusion in the bulk of the electrode.

For the composite electrodes containing highly conductive
carbon coated LiMnPO4 nanoparticles, the semicircle in the high-
to-medium frequency range could be attributed to the complex
impedance of charge transfer from electrolyte to electrode active
mass [4,17] through the solid electrolyte interface (SEI) formed on
the electrodes surface, the LiMnPO4 particle-to-particle resistance
and the capacitances related to these processes [4,18]. The inclined
line in the lower frequency range is attributed to the Warburg
impedance and could be responsible for the lithium ion diffusion
in the LiMnPO4 particles. The diameter of the semicircle in high-to-
medium frequency range is the smallest for the composite cathode
with KB2, and the Warburg component of the spectra of this sys-
tem has a bigger slop compared with that of the composites with
KB1 and AB. These could indicate the enhanced charge transfer
and lithium ion conduction in LiMnPO4/KB2 composite cathode,
which agrees with the charge–discharge (Fig. 5) and CV (Fig. 6a)
data, and could be one of the main reasons of the improved dis-
charge capacity of the composite cathode with KB2 compared with
the cathodes containing AB and KB1 as a conductive carbon. Upon
cycling, the impedance semicircle diameter increases for all the
composite cathodes (not shown), which is typical for many inser-
tion composite electrodes and could be attributed to the surface
film growth upon cycling. The calculated impedance profiles are
plotted in Fig. 6b and fit with the experimental data. The impedance
measurements were carried out for the fresh cells, which were

fully charged up to 4.4 V and fully discharged down to 2.5 V, and
in each charged and discharged states, respectively. It was found
that the changes in the impedance response have the same trends
when measured in both the charged and discharged states. The Rs,
Ri and CPE values derived from the equivalent circuit fitting are
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Table 3
Impedance parameters derived from equivalent circuit for LiMnPO4/C (C = AB, KB1, KB2) composites in fresh cell and discharged cell after three charge–discharge cycles.

Conductive carbon Rs (�) R1 (�) CPE1-T (×10−6) (F) R2 (�) CPE2-T (×10−5) (F)

AB
Fresh cell 3.391 2.975 1.184 212.2 3.774
Cell after three cycles 3.359 4.266 1.505 667.3 1.586

KB1
Fresh cell 3.359 4.154 1.467 163.3 5.224
Cell after three cycles 3.363 3.969 3.779 294.4 4.748

p
L
s
e
C
c
o

KB2
Fresh cell 3.278 3.968
Cell after three cycles 3.356 3.692

resented in Table 3 for a fresh and cell after three cycles with
iMnPO4/C (C = AB, KB1, KB2) composite cathodes in the discharged
tate (2.5 V). The constant phase element consists of two param-

ters, CPEi-T and CPEi-P. The CPEi-P parameter for both CPE1 and
PE2 for all samples varies from 0.6 to 0.9 F and does not remarkable
hange upon the cell operation. Therefore, only its CPEi-T parameter
f CPE is presented in Table 3. The Rs values for all composite cath-

Fig. 4. TEM images of LiMnPO4/KB2 composite materials.
3.275 154.6 4.018
6.583 259.3 2.867

odes are close to each other and do not remarkably change upon
cycling. One can see that the R2 is much larger than R1 for all com-
posite cathodes; therefore, only R2 value could be used in the charge
transfer impedance evaluation. Furthermore, R2 is the most dras-
tically changing impedance parameter upon cycling, especially for
the LiMnPO4/AB composite cathode. The increase of charge trans-
fer resistance with cycle number may be due to the formation of
passive films upon the cell operation and could be responsible for
the cell electrochemical performance change during cycling.

The electrochemical performance for the composite cathodes
with different conductive carbons could be affected by the differ-
ence in both the specific surface area of the composite cathodes
and the DBP absorption number of the conductive carbons used to
prepare the composites. Both of these characteristics might favor
the improvement of the electrochemical performance of the cell
by increasing the electronic and ionic conductivity of the cathode.
KB1 and KB2 have a large mesopore surface area and a higher DBP
absorption number compared with AB. Therefore, the LiMnPO4/C
composite cathodes with these conductive carbons have a high
ability to absorb the electrolyte and provide easy penetration and
quick Li-ion transport into the electrode structure [13–16]. As it
was mentioned above, KB2 has 21 and 3 times larger specific sur-
face area and DBP absorption number, respectively, than AB, and
remarkably larger than that of KB1. Our studies on the electro-
chemical performance have shown that KB2 is more preferable as a
conductive additive to prepare LiMnPO4/C composite cathode than
AB and KB1.
In our previous work [5,17], we reported that the LiMnPO4/C
composite cathodes prepared by a combination of SP and WBM
exhibited enhanced electrochemical performance when charged to
a higher cutoff voltage of 4.9 V. The composite cathode with KB2

Fig. 5. Initial discharge profiles of LiMnPO4/C (C = AB, KB1, KB2) composites cath-
odes. Galvanostatic charge–discharge at 0.05 C. Cutoff voltage 2.5–4.4 V.
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Fig. 6. (a) Cyclic voltammogram, scan rate: 0.1 mV s−1, (b) AIS spectra of LiMnPO4/C
(
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to 4.9 V. It can be seen that the LiMnPO4/KB2 composite cathode
has good cyclability and rate capability.

The electrochemical properties of LiMnPO4/KB2 composite
cathode were also examined in the trickle charge mode conditions.
C = AB, KB1 and KB2) composite cathodes prepared with different conductive car-
on additives in fresh lithium cell, and (c) equivalent circuit model of the studied
ystems.

as examined in these conditions. Fig. 7a exhibits the effect of
he higher cutoff voltage on the initial discharge capacity of the
omposite cathode. The discharge capacity of LiMnPO4/KB2 was
emarkably increased by increasing the charge cutoff voltage, and
he largest discharge capacity of 166 mAh g−1 was achieved when
he cell was charged to 4.9 V. This is about 97% of the theoretical dis-
harge capacity of LiMnPO4 and the largest value reported to date in
he literature for this material. Further increase of the cutoff voltage
p to 5 V led to the discharge capacity decrease. This phenomenon
ight be attributed to the electrolyte decomposition at the poten-

ials close to 5 V [17], although the corresponding processes were

ot observed in the CV measurements from 2.5 to 5 V presented in
he inset of Fig. 7a. Fig. 7b presents the rate capability data for the
iMnPO4/KB2 composite cathode at 2.5–4.9 V cutoff voltages. Fig. 8
hows the cell cyclability at 0.2 C of galvanostatic charge-discharge
Fig. 7. (a) Effect of charge cutoff voltage on the initial discharge capacity of
LiMnPO4/KB2 composite cathode at galvanostatic charge–discharge, 0.05 C; inset:
initial CV curve of LiMnPO4/KB2, scan rate 0.05 mV s−1. (b) Rate capability of
LiMnPO4/KB2 composite cathode at cutoff voltage 2.5–4.9 V.
Fig. 8. Cycling performance of LiMnPO4/KB2 composite cathode at galvanostatic
charge–discharge, 0.2 C. Cutoff voltage 4.9 V.
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[
[

[
[

ig. 9. Electrochemical performance of the LiMnPO4/KB2 composite cathode under
rickle charge mode conditions. Charge at 0.2 C to 4.4 V until 171 mAh g−1, discharge
t 0.05, 0.1, 1 and 5 C.

he cell was galvanostatically charged at 0.2 C to 4.4 V, and kept at
.4 V until 1 C (171 mAh g−1), and then galvanostatically discharged
t various C rates. Fig. 9 shows the initial charge–discharge profiles
f the LiMnPO4/KB2 composite cathode at 0.05, 0.1, 1, and 5 C dis-
harge rates. The composite electrode delivers a large discharge
apacity along with a good rate capability.

. Conclusions

The olivine structured LiMnPO4/C composites were prepared by
combination of SP and WBM using three types of conductive car-
on: AB, KB1 and KB2. The LiMnPO4 nanoparticles with a narrow
article size distribution were obtained.

The use of the conductive carbon, KB2, with a larger specific sur-
ace area and DBP absorption number resulted in a larger specific

urface area of the LiMnPO4/KB2 composite cathode. The com-
osite cathode with KB2 exhibited the largest discharge capacity
ompared with the composite cathodes with AB and KB1. The
iMnPO4/KB2 composite cathode delivered the discharge capac-
ty of 166 mAh g−1 at 0.05 C in the galvanostatic charge–discharge,

[
[
[
[
[
[

er Sources 195 (2010) 7445–7451 7451

which is about 97% of the theoretical value for LiMnPO4. It also
exhibited a good rate capability and cyclability. The performance
improvement by using KB2 was attributed to its extremely large
specific surface area and high DBP absorption number, which pro-
vides conditions for enhanced charge transfer and Li-ion diffusion.
This suggestion was supported by the CV and AIS data.
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