
P
h

S
a

b

c

a

A
R
A
A

K
L
H
S
A
C
L

1

l
p
o
a
c
s
c
a
s
t
d

i
a
i
o
e
i
T

0
d

Journal of Alloys and Compounds 491 (2010) 668–672

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

reparation and electrochemical characterization of LiFePO4 nanoparticles with
igh rate capability by a sol–gel method

.B. Leea, I.C. Janga, H.H. Lima, V. Aravindanb, H.S. Kimc, Y.S. Leea,∗

Faculty of Applied Chemical Engineering, Chonnam National University, 300 Yongbong-dong, Gwang-ju 500-757, Republic of Korea
The Research Institute for Catalysis, Chonnam National University, 300 Yongbong-dong, Gwang-ju 500-757, Republic of Korea
Korea Electrotechnology Research Institute, 28-1 Seongju-dong, Changwon 641-120, Republic of Korea

r t i c l e i n f o

rticle history:
eceived 22 October 2009
ccepted 3 November 2009
vailable online 11 November 2009

a b s t r a c t

The synthesis of LiFePO4 nanoparticles by an adipic acid-assisted sol–gel route has been optimized
based on cycling and structural analysis. Formation of the crystalline phase was investigated through
thermogravimetric-differential thermal analysis (TG-DTA). Among the optimized conditions, a 0.5 molar
ratio of the adipic acid to total metal ions at a 670 ◦C calcination temperature under an Ar atmosphere
eywords:
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ol–gel
dipic acid
athode material

yielded LiFePO4 particles with the desired properties. The synthesized particle sizes ranged from 50 to
100 nm. The Li/LiFePO4 cell exhibited an initial discharge capacity of 150 mAh g−1 that was maintained
for 100 cycles. Elevated temperature (50 ◦C) performance of the cell is also described, showing a stable
discharge behavior up to 60 cycles without any decline in capacity. Furthermore, the cell was subjected to
rate capability studies (1–30 C) that suggested excellent capacity retention of the cell at ambient temper-
ature. We conclude that the adipic acid-assisted sol–gel process is an excellent route to product LiFePO4

ith hi
ithium secondary battery powders on large scale w

. Introduction

LiFePO4 is a promising low-cost positive electrode material for
ithium-ion batteries slated for powering HEV, electric bicycles, and
ower tools of various applications. Since the revolutionary work
f Padhi et al. [1], this material was found to possess overwhelming
dvantages given its high theoretical capacity (170 mAh g−1), good
ycle life, redox potential (3.5 V) located in the electrochemical
tability window of common non-aqueous electrolytes, flat dis-
harge profile, ability to sustain high current rates, low cost, natural
bundance, thermal and chemically stability, and environmental
oundness over cobalt. With LiFePO4 cathodes in commercial bat-
eries in place of toxic LiCoO2, battery costs could be reduced
rastically [2].

The main obstacle in obtaining this goal and theoretical capac-
ty is poor rate capability due to inferior electronic conductivity
nd low lithium-ion diffusion into LiFePO4–FePO4 interfaces. This
nherent conductivity is likely due to its crystal structure. In the

livine structure, there is no continuous network frames of FeO6
dge-shared octahedra to contribute to electronic conductivity;
nstead, the divalent Fe2+ ions occupy corner-shared octahedra.
he lithium ions are located in chains of edge-shared octahedra
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while the phosphorus ions are positioned in tetrahedral sites [3].
Several approaches have been proposed to circumvent this. In par-
ticular, partial substitution of Fe ions by transition metal elements
[4], thereby reducing the particle size to nanograins, would lead
to a diminution of the diffusion lengths for both electrons and
ions. Another approach involves the surface coating of LiFePO4
with a conductive matrix such as carbon [5]. However, LiFePO4
with carbon has proven an excellent alternative in the search of
LiFePO4 cathodes [6–8]. Vast numbers of carbon source materi-
als have been used to synthesize LiFePO4 particles via solid-state
reactions, sol–gel, hydrothermal, microwave, spray pyrolysis, pre-
cipitation, and emulsion drying [9–17]. Among them, the sol–gel
route is an effective technique to synthesize desired particles sizes
with good stoichiometry, low calcination temperatures, and high
yields [18]. Herein is reported the synthesis of LiMn2O4 and LiNiO2
with nanoparticles using adipic acid as a chelating agent to yield
excellent battery performance [18,19]. Recently, we successfully
synthesized the LiFePO4 nanoparticle by a sol–gel method with
excellent cycle characterization under harsh conditions and report
the unique powder/electrochemical properties of Li/LiFePO4 cell in
this study.
2. Experimental

Nanocrystalline LiFePO4 was synthesized from LiCH3COO, Fe(CH3COO)2, H3PO4,
and C6H10O4, all from Sigma–Aldrich (USA), using a conventional sol–gel method. A
stoichiometric amount of each material was dissolved in ethanol and mixed thor-
oughly with an aqueous solution of the adipic acid chelating agent. First, the starting

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:leeys@chonnam.ac.kr
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rity peaks disappear and other main peaks sharpen upon increasing
temperature, indicating that increase in crystallinity may be a result
of growth of grain size, well ordered structure, and release of lat-
tice strain. The variation of calcination temperature on the lattice
Fig. 1. Pictorial representation of the synthetic process.

aterials were dissolved in ethanol and then mixed with different concentrations of
dipic acid (hereafter denoted AA) in the form of an aqueous solution. The solution
as evaporated at 90 ◦C for 4 h to form a transparent sol. The sol was then trans-

erred to a vacuum oven and dried at 90–100 ◦C to yield the gel precursors that were
nely ground and calcined at 400 ◦C for 1.5 h and calcined again at various temper-
tures ranging from 650 to 700 ◦C for 2.5 h under argon. The synthesis procedure
s graphically illustrated in Fig. 1. Thermal studies were carried out by means of
hermogravimetric-differential analysis (TG-DTA) using a thermal analyzer system
STA 1640, Stanton Redcroft Inc., UK). A thin Pt plate was used as the sample holder
nd the powder heated at 5 ◦C min−1 and cooled at 10 ◦C min−1. The carbon content
f the synthesized LiFePO4 particles was determined using an elemental analyzer
CHN Flash EA series, CE Instruments, Italy). Structural analysis was carried out by
owder X-ray diffraction (XRD, Rint 1000, Rigaku, Japan) using CuK� radiation. Par-
icle shape and size distribution of the resulting compound were observed using
transmission electron microscope (TEM, TecnaiF20, Philips, Netherlands) and a

article size analysis system (Mastersizer 2000E, Malvern Instrument, UK), respec-
ively. Cycling performance was studied using a CR2032 coin-type cell. The cathode
as fabricated with 20.0 mg of accurately weighed active material, 3.0 mg of Ket-

en black, and 3.0 mg of conductive binder (2.0 mg of teflonized acetylene black
TAB) and 1.0 mg of graphite). The material was pressed on a 200 mm2 stainless
teel mesh, used as the current collector under a pressure of 300 kg cm−2 and dried
t 130 ◦C for 5 h in an oven. The final cell was composed of a cathode and a metallic
ithium anode separated by a porous polypropylene film (Celgard 3401). A mixture
f 1.0 M LiPF6–ethylene carbonate (EC)/dimethyl carbonate (DMC) (1:1, v/v, Techno
emichem Co., Ltd., City, Korea) was used as an electrolyte. Cycling studies were
arried out at various current rates with a cut-off voltage between 2.8 and 4.0 V
2.5–4.0 V for rate capability testing) at ambient (25 ◦C) and elevated temperatures
50 ◦C).

. Results and discussion

Thermogravimetric-differential thermal analysis (TG-DTA) was

sed to establish the temperature for precursor preparation. Fig. 2
hows the TG-DTA curves performed on the LiFePO4 precursor, in
hich the thermal traces clearly shows three main stages. First,

tage contains multiple endothermic events that begin near 100 ◦C
Fig. 2. TG-DTA analysis of starting materials in an Ar atmosphere. The molar ratio
of adipic acid to total metal ions was 0.5.

and end at 250 ◦C; this steep weight loss of ∼28% is ascribed to
the removal of residual moisture (including water absorbed dur-
ing sample loading) and decomposition of acetate groups from the
starting materials. This weight loss was also inclusive of the melt-
ing of AA. The second melting event that began between 251 and
450 ◦C can be attributed to the decomposition of the reactants with
carbonization of AA and crystallization of LiFePO4, with a weight
loss of about 21%. Finally, the slow and gradual weight loss above
450–650 ◦C, with one kink-like appearance of a melting event, cor-
responds to decomposition of the remaining reactants and carbon
oxidation, producing either carbon monoxide or carbon dioxide
[20]. From the TG-DTA analysis, the precursor was heat-treated at
temperatures above 650 ◦C for the synthesis of LiFePO4 with AA as
the chelating agent.

Fig. 3 displays the XRD patterns of the LiFePO4 powders treated
at different calcination temperatures. Optimization of temperature
was necessary to obtain material with good crystallinity and with-
out impurities. The lower temperature XRD pattern (650 ◦C), as
well as higher temperature (700 ◦C), presents many impurity peaks
(marked with * in Fig. 3), such as iron(II, III) pyrophosphates or
phosphates (Li Fe (PO ) or Li PO ) [21]. However, these impu-
Fig. 3. XRD patterns with various calcination temperatures for 2.5 h under argon:
(a) 650 ◦C, (b) 660 ◦C, (c) 670 ◦C, and (d) 700 ◦C (*impurity phases, likely Li3Fe2(PO4)3

or Li3PO4).
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Table 1
Powder properties of LiFePO4 materials obtained at different calcinations
temperatures.

Temperature (◦C) a (Å) b (Å) c (Å) ˛ (◦) ˇ (◦) � (◦) V (nm3)

650 10.307 6.009 4.693 90 90 90 0.2906
660 10.307 5.993 4.689 90 90 90 0.2897
670 10.322 6.005 4.691 90 90 90 0.2909
700 10.327 6.008 4.693 90 90 90 0.2912
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ig. 4. XRD patterns of different molar ratios of adipic acid to total metal ions: (a)
.2, (b) 0.5, (c) 1.0, and (d) 1.5.

onstants of the LiFePO4 materials is shown in Table 1. The lat-
ice constants of the LiFePO4 material obtained at 670 ◦C, without
mpurities, are similar to those previously reported (a = 10.3308 Å,
= 6.0081 Å, c = 4.6994 Å) [22]. In addition, this lab confirmed that

he capacity of the LiFePO4 decreased as the temperature rose above
r dropped below 670 ◦C in the electrochemical cell test (capac-
ty profiles not given in this manuscript). A possible explanation
or this is that high temperature induces the agglomeration and
rowth of such particles while reducing the reactivity of carbon
nd as such, leads to formation of impurity phases at high temper-

tures, like Fe2P [23]. Nevertheless, lower temperatures can cause
premature termination of the crystallization process and increase

he possibility of forming trivalent iron impurities due to oxidation
f Fe2+ ions [24].

Fig. 6. (a) TEM image and (b) carbon coating laye
Fig. 5. Initial discharge capacity of the Li/LiFePO4 cell obtained by various molar
ratios of adipic acid to total metal ions.

Fig. 4 shows the X-ray diffraction patterns of various molar ratios
of adipic acid to total metal ions calcined at 670 ◦C for 2.5 h under
an Ar atmosphere. The entire diffraction peaks can be attributed
to a well ordered olivine crystalline phase. It is difficult to detect
impurities like Fe2S and Fe3(PO4)2 phases in all samples by XRD
measurements. Thus, optimization of AA should be made only
through cycling performance of the material.

Fig. 5 presents the cycling performances of different concen-
trations of AA were performed at ambient temperature. At lower
molar ratios (0.2), the cell delivered a discharge capacity of only
132 mAh g−1. When increasing the AA molar ratio from 0.2 to 0.5,
the discharge capacity was remarkably improved and the differ-
ence between the two materials was approximately 18 mAh g−1.
The molar ratio of the AA exceeded 0.5 as the discharge capacity
tended to decrease. A decrease in discharge capacity beyond 0.5
may result in a higher residual carbon content from starting materi-
als and lead to the formation of more inactive phases on the surface.
This residual carbon also suppresses crystallization behavior while
excess carbon can dilute the active particle distance, leading to
capacity fading and columbic efficiency. Further, at temperatures

beyond 670 C, the residual carbon may reduce Fe and P to form an
inactive Fe2P phase on the surface [23,25].

Fig. 6 shows the particle size distribution and particle morpho-
logical features of the LiFePO4 by TEM images. The molar ratio of

r on LiFePO4 obtained by the sol–gel route.
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and 4.0 V, an enlarged cut-off voltage to create more harsh condi-
tions at room temperature. For example, as shown in Fig. 9, at a
1 C rate, the cell showed a high capacity of 148 mAh g−1 that was
reduced to 59 mAh g−1 at a high current rate of 30 C. Then, the cur-
ig. 7. The first cycle behavior of Li/LiFePO4 cells at room temperature obtained at
arious molar ratios of adipic acid to total metal ions: (a) 0.2, (b) 0.5, (c) 1.0, and (d)
.5.

dipic acid to total metal ions was 0.5. The TEM image clearly indi-
ates that LiFePO4 is mainly composed of very small polycrystalline
aterials ranging from 50 to 100 nm. The high surface area of such

venly distributed nanocrystalline materials improves the electro-
hemical performance of the cell by shortening the diffusion length
f the lithium ions. Interestingly, the particles of LiFePO4 obtained
y the sol–gel method were coated with carbon, which resulted
rom use of the adipic acid as a chelate agent during synthesis. The
arbon content of the LiFePO4 particle was analyzed by carbon anal-
sis with a content of about 2.84 wt.% when the molar ratio of the AA
as 0.5. It was expected that direct carbon coating on the LiFePO4

y residual carbon, during synthesis, may contribute to enhance-
ent of electronic conductivity, as well as improve the sluggish

inetics behavior.
Fig. 7 shows the initial charge/discharge curves of the Li/LiFePO4

ell at various molar ratios of adipic acid to total metal ions
0.2–1.5) calcined at 670 ◦C for 2.5 h under an Ar atmosphere. All
i/LiFePO4 cells exhibited the typical electrochemical behavior with
long distinct plateau near ∼3.4 V in the first charge/discharge

rocess at ambient temperature. A high initial charge capacity
f ∼159 mAh g−1 for the cell when a 0.5 molar ratio of AA was
bserved, however, presented a slightly reduced discharge capacity
150 mAh g−1). This may be due to formation of a solid electrolyte
nterface (SEI) on the surface of the electrodes. After exceeding a
.5 molar ratio, the Li/LiFePO4 cells abruptly decreased in initial
ischarge capacity with an unstable discharge curve in the 3.25 V
egion when the molar ratios were 1.5. From these results, it can
xpected that the charge/discharge behavior of the LiFePO4 mate-
ial is strongly related to the content of the adipic acid, a carbon
oating source on the LiFePO4 powder, and can determine the best
ptimized conditions of synthesis of this material.

Fig. 8 presents the cycle performance of the optimized
i/LiFePO4 cell calcined at 670 ◦C for 5 h under Ar atmosphere with
n adipic acid to total metal ions molar ratio of 0.5. Two cells were
ycled at 0.1 mA cm−2 between 2.8 and 4.0 V, at room (25 ◦C) and
igh (50 ◦C) temperatures. For the Li/LiFePO4 cell at room temper-
ture, no capacity fade was observed from the third cycle onwards
p to 100 cycles (>99.9%) as the cell experienced a stable discharge
ehavior (153 mAh g−1), appearing as a straight line. This remark-

ble cycling behavior may be attributed to the synthesis of the
iFePO4 via the AA-assisted sol–gel route [26]. Elevated temper-
ture (50 ◦C) cycling performances of the cell also present similar
ehavior compared to room temperature test. Surprisingly, the cell
xhibits stable and similar discharge behavior to that of room tem-
Fig. 8. Discharge capacity profile with number of cycles of the Li/LiFePO4 cell at (a)
room (25 ◦C) and (b) elevated temperatures (50 ◦C).

perature conditions with the same capacity of up to 50 cycles. After
that, the SEI was broken, leading to drastic capacity fade, and finally
short-circuiting of the electrodes. Although there may be various
reasons for the cell failure, it is the contention of the authors that
it is due to the dissolution of Fe2+ ions in the electrolyte [27–30]
as a trace amount of water (<1 ppm) in the electrolyte solution can
lead to the formation of dangerous HF. At high operational temper-
atures, HF can break the SEI and dissolve Fe2+ ions in the electrodes
[30]. Experimentation within this lab is underway to test and reveal
the cycle mechanism of the Li/LiFePO4 cells at high temperatures.

Recently, several authors reported the high rate capabilities of
Li/LiFePO4 cells derived from the sol–gel approach with high dis-
charge capacity and good cycle retention [15,31–34]. In particular,
Choi and Kumta [34] reported a lauric acid-assisted sol–gel route
to obtain LiFePO4 nanoparticles. This material exhibits superior
performance at a 10 C rate with a discharge capacity greater than
125 mAh g−1. However, the authors presented the cycling perfor-
mance of the cell for only 33 cycles and up to a 10 C rate only. In
this study, the rate capability of the Li/LiFePO4 cell was studied
with different current densities from 1 to 30 C and between 2.5
Fig. 9. Rate capability performance of the Li/LiFePO4 cell at room temperature.
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ent rate is again changed to 1 C in an iterative fashion; all the while,
he cell maintains the former capacity. This excellent rate capa-
ility performance of the Li/LiFePO4 cell under harsh conditions
ay be ascribed to the optimum particle size from 150 to 100 nm

nd carbon coating, a direct result of the sol–gel synthetic process
mploying adipic acid as a chelating agent [26].

. Conclusions

In conclusion, the adipic acid concentration and calcination tem-
erature were optimized based on cycling and structural studies.
anocrystalline LiFePO4 particles were synthesized by a sol–gel
rocess at 670 ◦C in an Ar atmosphere at an optimized 0.5 molar
atio of adipic acid to total metal ions. The obtained LiFePO4
omposed the vast majority of the particles between 50 and
00 nm. The Li/LiFePO4 cell experienced an initial discharge capac-

ty >150 mAh g−1 at ambient and elevated temperatures (50 ◦C).
o capacity fade was observed at ambient temperature up to 100
ycles, whereas the cell was degraded due to dissolution of Fe2+

ons at elevated temperatures beyond 60 cycles. Furthermore, the
i/LiFePO4 cell was employed at various current rates, from 1 to
0 ◦C as a cycle, and resulted in excellent capacity retention of the
ell. The adipic acid-assisted sol–gel process is an excellent route
o production of LiFePO4 particles on large scale with high rate
apability and retention.
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