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a b s t r a c t

Carbon free composites Li1−xMgxFePO4 (x = 0.00, 0.02) were synthesized from LiOH, H3PO4, FeSO4 and
MgSO4 through hydrothermal route at 180 ◦C for 6h followed by being fired at 750 ◦C for 6 h. The sam-
ples were characterized by X-ray diffraction (XRD), high-resolution transmission electron microscopy
(HRTEM), flame atomic absorption spectroscopy and electronic conductivity measurement. To investi-
gate their electrochemical properties, the samples were mixed with glucose as carbon precursors, and
fired at 750 ◦C for 6 h. The charge–discharge curves and cycle life test were carried out at 23 ± 2 ◦C. The
Rietveid refinement results of lattice parameters of the samples indicate that the magnesium ion has been
successfully doped into the M1 (Li) site of the phospho-olivine structure. With the same order of mag-
nitude, there is no material difference in terms of the electronic conductivities between the doped and
undoped composites. Conductivities of the doped and undoped samples are 10−10 S cm−1 before being

−9 −1 ◦ −1 −1
ydrothermal synthesis fired, 10 S cm after being fired at 750 C, and 10 S cm after coated with carbon, respectively.
Both the doped and undoped composites coated with carbon exhibit comparable specific capacities of
146 mAh g−1 vs. 144 mAh g−1 at 0.2 C, 140 mAh g−1 vs. 138 mAh g−1 at 1 C, and 124 mAh g−1 vs. 123 mAh g−1

at 5 C, respectively. The capacity retention rates of both doped and undoped samples over 50 cycles at 5 C
are close to 100% (vs. the first-cycle corresponding C-rate capacity). Magnesium doping has little effects on
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. Introduction

Lithium iron phosphate has been recognized as a promising
andidate to replace lithium cobalt oxide as the cathode material
f Li-ion batteries, which is now attracting commercial interests
ue to such advantages as possibly lower cost, improved safety,
nd highly reversible and repeatable property. However, the low
onic and electronic conductivity has greatly inhibited its high-
ate applications [1]. Efforts to increase conductivity of electrode
ade from LiFePO4 have focused on particle size reducing [2–5],

ntimate conducting phase coating [6–9], and metals supervalent
oping [10–17]. The mechanism and effect of coating on the par-
icles to enhance the electronic conductivity and reducing the
article size to overcome the weak ionic conductivity have been
idely approved. However, the mechanism and effect of superva-
ent cation doping on electronic conductivity reported so far are
till in controversy. The mechanism and positive effect of superva-
ent cation doping on conductivity of LiFePO4 were firstly suggested
y Chiang et al. [10] in 2002, and then questioned by Herle et al.
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11] in 2004, which has attracted much attention. Chiang et al.
10] and others [12–20] hold that the improvement of electronic
onductivity is due to the fact that the ion dopant mainly takes
he site of Li (M1), leading to the co-existence of Fe2+ and Fe3+ in
ingle phase. It is well known that trace amount of Fe3+ can be
etected easily by thiocyanate colorimetric method. Unfortunately,
ll the reports offered little adequate evidence to prove that the
e3+ content increases after supervalent cation doping. Moreover,
he results showed the improvement of electronic conductivity to
arying degrees. For example, Chiang et al. [10] reported an increase
y 8 orders of magnitude in the electronic conductivity of the cation
oped olivine-type materials Li1−xMxFePO4 (M = Nb, Mg, Al, Ti, W,
tc.) regardless of the valence and radius of the ion. Whereas, Zhou
t al. [13] reported that the effect of cation (Mg, Sm, Zr and Nb)
oping on electronic conductivity relates not only to ion radius but
lso to valence. LiFePO4 doped with ions with smaller radius and
igher valence showed better electrochemical characters. They also
ynthesized Li1−xMxFePO4 (M = Mg, Cu and Zn), whose conductiv-

ty increased 3 orders of magnitude [16]. Yuan et al. [17] reported
hat the conductivity of Li0.99Mo0.01FePO4 is greater than that of the
ndoped sample by 2 orders of magnitude. Chen et al. [19] carried
ut a series of theoretical and experimental research in Cr3+ ion
oped LiFePO4. These various results cannot support the argument

http://www.sciencedirect.com/science/journal/03787753
mailto:ouxiuqin@hebut.edu.cn
dx.doi.org/10.1016/j.jpowsour.2008.02.077
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ut forward by Chiang et al. [10]. The interpretation of the increase
f intrinsic electronic conductivity was suspected by Herle et al.
11], who synthesized the Zr-containing composite using identi-
al method to Chiang’s [10]. They hold that the conducting phases
iron phosphides and/or phosphocarbides), not carbon, is primar-
ly responsible for the increase of electronic conductivity, due to
i-deficient LiFePO4 reduction at the surface of the particles, rather
han a mixed-valent metal M2+/3+ in single phase. Similar views
ave been reported. For example, Masquelier et al. [21] reported
hat the doping of Nb in LiFePO4 lead to the formation of crys-
alline �-NbPO4 and/or an amorphous (Nb, Fe, C, O and P) ‘cobweb’
round LiFePO4, which is responsible for superior electrochemi-
al activity, rather than the formation of crystalline Li1−xNbxFePO4.
he electronic conductivity of pure LiFePO4 and LiFePO4/�-NbPO4
omposites was∼10−9 S cm−1 while that of Nb-and/or C-containing
iFePO4 composites increased up to 1.6 × 10−1 S cm−1. Franger et
l. [22] synthesized the LiFePO4 composite using Li3PO4 and fresh
ron phosphate as the source of the main components and sucrose
nd boron phosphate as the source of electronic conductor pre-
ursor. Electrochemical results indicated that the specific capacity
s less sensitive to an increase of the discharge rate in the case
f boron composite LiFePO4. The enhancement of the electronic
onductivity and the noticeable improvement of the lithium ionic
iffusion into the host lattice are responsible for the formation of a
ighly conductive boron-based wrap around the particles. Yang et
l. [23] synthesized LiFePO4-based powders with vanadium addi-
ion using solution method. The sample obtained was composed
f well-mixed LiFePO4 and Li3V2(PO4)3 phases instead of doped
aterial in a single phase.
The cause leading to the various results cited above is related to

he preparation process. The researchers referred to above obtained
heir samples mostly from the solid-state reaction at high temper-
ture using ferrous oxalate as raw material and alkoxide as dopant.
mall amounts of carbon contaminant that invariably result from
oth the oxalate precursor and the alkoxide in the metal dopant
ave been considered as a contributing factor to conductivity, and
herefore, factors based on sources of carbon are suspicious. More-
ver, metal phosphates have a propensity to undergo carbothermal
eduction at high temperature, leading to the formation of con-
ucting nanophases, which in turn interferes with the effects of
upervalent cation doping on electronic conductivity and electro-
hemical properties.

In order to clarify the effect of supervalent cation doping on
iFePO4 composites, the hydrothermal method was applied to pre-
are LiFePO4, which is believed to be a useful method for preparing
ne particles. This method has been chosen for two additional
dvantages: the products are formed at low temperature, and
he precursors contain no organic reactant. This method can also
void the effects of carbon residue resulting from organic precursor
ecomposition and those of subsidiary products resulting from the
arbothermal reaction at high temperature.

. Experimental

LiFePO4 doped with magnesium was prepared through a
ydrothermal process in a 10 L stainless steel autoclave (Weihai
o., China, Model WHF-10L). Starting materials were LiOH·H2O
purity > 99.5 wt%), FeSO4·7H2O (purity > 99.5 wt%), H3PO4 (o-
3PO4, 85 wt%), and MgSO4·7H2O (purity > 99.5 wt%). The molar

atio of Li:Fe:P:Mg in the precursor solution was 3:0.98:1:x

x = 0.00, 0.02), the concentration of Fe2+ in the reaction solu-
ion was controlled to be 0.5 mol L−1. LiOH·H2O, FeSO4·7H2O and

gSO4·7H2O were dissolved in deionized water separately. LiOH
olution, H3PO4 solution were mixed in autoclave, then FeSO4
olution and MgSO4 solution were added subsequently. All the
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peration processes were carried out under the protection of N2
tmosphere. The autoclave was sealed and heated at 180 ◦C for
h. Afterwards, the solution was cooled down to room temper-
ture. The precipitate was filtered and washed several times with
eionized water. The filter cake was dried at 120 ◦C for 12 h in a vac-
um oven. The dried sample was fired at 750 ◦C for 6 h under a N2
tmosphere. In order to evaluate the electrochemical properties of
iFePO4, LiFePO4/C composite was prepared by firing LiFePO4 with
lucose (LiFePO4:glucose = 1:0.3, w/w) under the same conditions.

The crystallographic structure of the samples was characterized
y an X-ray diffractometer (Rigaku D/max 2500 V/PC) with a Cu K�
adiation source (� = 0.15406 nm). The diffraction data were col-
ected for 2 s at each 0.02◦ step width over a 2� range from 20◦ to
0◦. Lattice parameters for the lithium iron phosphate were refined
y Rietveid analysis using Rietica 1.77 software. The morphology
nd the surface texture of crystal were observed by high-resolution
ransmission electron microscopy (HRTEM) (Philips, Tecnai F20)
perated at 200 kV accelerating voltage. Magnesium composition
f the samples was determined by flame atomic absorption spec-
rometry (Thermo-m6). Ferric iron (Fe3+) content was detected
y ferric thiocyanate colormetric method. 0.01 g LiFePO4 powder
as dissolved in 5 mL 10 wt% hydrochloride acid solution, and
mL 20% ammonium thiocyanate solution was added, then the

olution was diluted to 50 mL. Meanwhile, a series of ferric iron
olormetric standard solution resulted from the same procedures.
he results were obtained from comparing the color of the sam-
le with those of ferric iron colorimetric standard solution. To
easure the electronic conductivity, the powder was pressed to

isc-shaped pellet at the pressure of 50 MPa. The conductivity was
easured by two-point dc method using a Model J0410 Multime-

er (Hangzhou, China). The electrochemical performance of LiFePO4
amples was tested using a coin-type cell (size: 2430). The com-
osite electrode was prepared by mixing LiFePO4, carbon (super
-MMM Carbon) conductive additive and polytetrafluoroethylene
PTFE) in a weight ratio of 8:1:1. These film-type LiFePO4 elec-
rodes were assembled in coin cells with lithium metal as a counter
lectrode separated by a Celgard 2400 separator. The electrolyte
as a mixed solvent of ethylene carbonate (EC), diethyl carbon-

te (DEC) and dimethyl carbonate (DMC) (1:1:1, v/v/v) containing
.0 mol L−1 LiPF6. The cathode performance was investigated in
erms of charge–discharge curves and cycling capacity using an
utomatic charge–discharge instrument (Model CT2001A Land Co.,
hina,) in the cut-off voltages of 2.3 and 4.2 V. All the electro-
hemical measurements were carried out at ambient temperature
23 ± 2 ◦C).

. Results and discussion

Magnesium composition analysis results show that the mag-
esium dopant has transferred completely into the product. Fig. 1
hows the X-ray diffraction (XRD) profiles of the Li1−xMgxFePO4
x = 0.00, 0.02) samples. The XRD patterns of the samples agree
ery well with that of phospho-olivine LiFePO4 indexed with
rthorhombic Pnma space group (No. 62), and no magnesium entity
r other impurity phase was detected. Both samples have nar-
ow diffraction peaks, which indicate a good crystallinity degree.
able 1 lists the Rietveid refined lattice parameters of LiFePO4 and
i0.98Mg0.02FePO4. The results show that magnesium dopant has
een successfully doped into the Li (M1) site without affecting the
hospho-olivine structure. Low concentration magnesium doping
eads to the shrinkage of crystal cell due to the smaller radius of
g2+ ion (0.066 nm) than that of Li+ ion (0.076 nm) [13]. Addition-

lly, the Fe3+contents of unfired samples of both the doped and the
ndoped are 0.5 wt% and those of carbon coated samples of both
he doped and the undoped are 0.4 wt%, which indicates that Fe3+
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ig. 1. X-ray powder diffraction patterns of magnesium doped and undoped LiFePO
2.
ontent is not affected by magnesium doping, but is reduced by car-
othermal reaction during the carbon coating process regardless of
oped or undoped samples.

The electronic conductivities of the undoped and doped com-
ounds are shown in Table 2. With the same order of magnitude,

able 1
ell parameters of LiFePO4 and Li0.98Mg0.02FePO4 synthesized through hydrothermal
oute followed by being fired at 750 ◦C

Formula

LiFePO4 Li0.98Mg0.02FePO4

pace group Pnma (No. 62) Pnma (No. 62)

attice parameters
a (nm) 1.03221 1.03197
b (nm) 0.60039 0.60024
c (nm) 0.46904 0.46902
Unit cell volume (nm3) 0.29068 0.29052
Formula units per unit cell 4 4
Rp 0.06421 0.06457
Rwp 0.08644 0.08605
�2 0.05094 0.05152

able 2
lectronic conductivities of prepared samples (�, S cm−1)

Samples

LiFePO4 Li0.98Mg0.02FePO4

efore fired 10 × 10−10 6.2 × 10−10

ired at 750 ◦C 3.7 × 10−9 3.8 × 10−9

oated with carbon 2.0 × 10−1 1.9 × 10−1
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ples, hydrothermally synthesized at 180 ◦C for 6 h and fired at 750 ◦C for 6 h in pure

here is no material difference between the doped and the
ndoped in terms of electronic conductivity. The conductivities
re 10−10 S cm−1 before being fired, 10−9 S cm−1 after being fired
t 750 ◦C, and 10−1 S cm−1 after being coated with carbon, respec-
ively. The small numerical discrepancy is attributable to the

easurement error. The conductivity of the fired samples (carbon
ree) is greater than that of the unfired one by ∼1 order in magni-
ude, suggesting that the additional heat treatment increases the
onductivity of hydrothermally synthesized LiFePO4 probably due
o the crystallization of amorphous phase on the surface of the par-
icle, which can be confirmed by TEM images in Fig. 2. From Fig. 2, it
an be seen that there is a very thin film on the surface of the grains,
hich is less than 1 nm and considered as amorphous phase. The

urface become smooth, accompanying the disappearance of amor-
hous film after the sample was fired at 750 ◦C. On the basis of
onductivities measurements, it can be concluded that magnesium
oping has little effect on the improvement of electronic conduc-
ivity. On the other hand, it can also be observed from Fig. 2 that
he powders are composed of slightly agglomerated particles, and
he primary particles show flat shape and the grain dimensions of
.5–1 �m in edge and about 0.1 �m in thickness.

The electrochemical performances of the samples are shown
n Figs. 3 and 4. Fig. 3 shows the second cycle of voltage profile of
he doped and undoped LiFePO4/C composites. In the case of 5 C

ischarge, the electrode was charged at 1 C rate. Both samples have
imilar charge–discharge curves with flat plateaus corresponding
o the lithium deintercalation and intercalation. In the case of 0.2 C,
he charge voltage plateau is 3.46 V for both Li0.98Mg0.02FePO4/C
nd LiFePO4/C, while the discharge voltage plateau is 3.40 V for
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Fig. 2. TEM images of LiFePO4 particle

i0.98Mg0.02FePO4/C and 3.39 V for LiFePO4/C. The potential inter-
als are 0.06 and 0.07 V for Li0.98Mg0.02FePO4/C and LiFePO4/C,
espectively. Both samples show a smaller value of potential
nterval compared with that which has been reported in references
13,16,20], which indicates the enhancement of electrode reaction
eversibility. The specific discharge capacities of magnesium doped
i Mg FePO /C are 146 mAh g−1 at 0.2 C and 124 mAh g−1 at
0.98 0.02 4
C, and those of the undoped LiFePO4/C are 144 mAh g−1 at 0.2 C
nd 123 mAh g−1 at 5 C, respectively, indicating that there is little
ifference in specific capacity between the doped sample and the
ndoped one.

ig. 3. Charge and discharge curves of LiFePO4 and Li0.98Mg0.02FePO4. Current den-
ity = 15 mAh g−1.

v
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re and after fired at 750 ◦C in pure N2.

Fig. 4 shows the cycling behaviors of the doped and undoped
iFePO4/C composites at room temperature. At the rates of 0.2,

and 5 C, the electrode was charged up to 4.2 V at 0.2, 1, 1 C
nd discharged at 0.2, 1, 5 C rates, respectively. The carbon coated
omposites of both the doped and the undoped show compara-
le specific discharge capacities of 146 mAh g−1 vs. 144 mAh g−1

t 0.2 C, 140 mAh g−1 vs. 138 mAh g−1 at 1 C, and 124 mAh g−1

s. 123 mAh g−1 at 5 C, respectively. The capacity retention rates
ver 50 cycles at 5 C are close to 100% (vs. the first correspond-

ng C-rate capacity), which indicate the good cycling stability of
he samples whether doped or not. The excellent electrochemi-
al properties of specific discharge capacity, rate capability and
ycling stability can be contributed to the thinnest flat shape of
he crystal of the materials, and/or to the hydrothermal synthe-

Fig. 4. Cycling performances of the doped and undoped LiFePO4/C.
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is conditions under which nonstoichiometric LiFePO4 is produced.
nvestigation of the mechanism on nonstoichiometric LiFePO4 to
btain enhanced electrochemical properties will be reported in due
ourse.

. Conclusion

Well-crystalline and pure phase lithium iron phosphate and
ts doped derivative have been successfully synthesized through
ydrothermal route. The electronic conductivities of both the doped
nd undoped LiFePO4 have no material difference. Both samples
xhibit similar specific discharge capacities at various C-rates, and
he capacity retention rates are very close to 100% over 50 cycles
t 5 C at ambient temperature of 23 ± 2 ◦C. The excellent electro-
hemical properties of specific discharge capacity, rate capability
nd cycling stability could be contributed to the thinnest flat shape
f the crystal of the materials, and/or to the hydrothermal synthe-
is conditions under which nonstoichiometric LiFePO4 is produced.
agnesium doping has little effect on electronic conductivity and

lectrochemical properties of LiFePO4 synthesized by hydrother-

al route.
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