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a b s t r a c t

To improve the performance of LiFePO4, single phase Li1−xNaxFePO4/C (x = 0, 0.01, 0.03, 0.05) samples
are synthesized by in situ polymerization restriction–carbonthermal reduction method. The effects of
Na doping are studied by X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission
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a doping

electron microscope (TEM), cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS).
The results indicate that doped Na ion does not destroy the lattice structure of LiFePO4, while enlarges the
lattice volume. Electrochemical test results show that the Li0.97Na0.03FePO4/C sample exhibits the best
electrochemical performance with initial special discharge capacity of 158 mAh g−1 at 0.1 C. EIS results
demonstrate that the charge transfer resistance of the sample decreases greatly by doping an appropriate
n situ polymerization restriction
ithium-ion batteries

amount of Na.

. Introduction

Olivine-type LiFePO4 is considered to be one of the most
romising cathode materials for the next generation of lithium-

on batteries due to its low toxicity, low cost, and high safety [1,2].
owever, its power performance is greatly limited by slow diffu-

ion of lithium ions across the two-phase boundary and its low
lectronic conductivity [3,4].

Effective approaches have been introduced to improve the poor
ate performance of LiFePO4, including coating LiFePO4 particles
ith electrically conductive materials like carbon [5], metal and
etal oxides [6–8], minimizing the particle size [9,10] and dop-

ng with supervalent cations [11]. However, the performance of
he high valence metal ion doped material was not improved as
xpected. It was found that LiFePO4 possessed one-dimensional
ithium ion diffusion pathway [12,13], and the doped high valence
ransition metal ions at the Li site in LiFePO4 would block the
ne-dimensional diffusion pathway, which resulted in lower ionic
onductivity [14]. Ouyang et al. [15] have investigated the elec-
ronic structure and ionic dynamic properties of pure and Na-doped
Li site) LiFePO4 by the first-principles calculations. The calculated

esults showed that not only the electronic conductive properties
ere enhanced by Na doping, but also the ionic transport feature
as favourable for high rate performance, compared with the high

alance metal ions doping (such as Cr) and pure LiFePO4. There-
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fore, in this paper, we experimentally investigated the effects of
Na doping on the electrochemical properties of LiFePO4/C cathode
material.

In order to improve the conductivity of the solid phase by
reducing the particle size and creating conductive carbon coat-
ings, we adopt an in situ polymerization restriction–carbonthermal
reduction method for the synthesis of the LiFePO4/carbon com-
posites [16]. The FePO4/polyaniline (PANI) precursor was prepared
by in situ polymerization reaction to restrict the growth of the
FePO4 particle. Subsequent heat treatment at 700 ◦C under argon
in the presence of lithium salt, sodium salt and some glucose
led to the transformation of this FePO4/PANI composite into a
Li1−xNaxFePO4/C composite (0 ≤ x ≤ 0.05). Then the physical and
electrochemical properties of the prepared powders were inves-
tigated.

2. Experimental

The starting materials for synthesizing the FePO4/PANI compos-
ite were Fe(NO3)3·9H2O, NH4H2PO4, and aniline. In a typical exper-
iment, 100 mL of solution containing 0.025 mol Fe(NO3)3·9H2O
was slowly added, with stirring, to 200 mL of solution containing
0.025 mol NH4H2PO4 and 1 mL of aniline. The pH of the solution
was adjusted to 2.1 by adding ammonia. The reaction mixture

was then stirred for 8 h at room temperature and the result-
ing FePO4/PANI composite was filtered and washed several times
with distilled water and ethanol successively. The Li1−xNaxFePO4/C
(x = 0, 0.01, 0.03, 0.05) composites were synthesized from the pre-
pared FePO4/PANI composite by mixing with an equimolar amount

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:huangkelong@163.com
dx.doi.org/10.1016/j.jpowsour.2010.01.019
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Table 1
Lattice parameters of Li1−xNaxFePO4/C.

Sample a (Å) b (Å) c (Å) V (Å3)

LiFePO4/C 10.2923 6.0085 4.7126 291.4332

3.2. SEM and TEM morphology
Fig. 1. XRD patterns of Li1−xNaxFePO4/C (0 ≤ x ≤ 0.05).

f CH3COOLi (with respect to the amount of FePO4 in the pre-
ared composite), a certain amount of NaNO3 and some glucose.
fter mixing uniformly, the precursors were heated at 350 ◦C for
h under argon. The mixture was then milled for 5 h and finally
alcined at 700 ◦C for 10 h under argon to obtain the LiFePO4/C
omposite.

X-ray diffraction of the product was carried on a RigaKu
/max2550VB+ 18 kW using graphite-monochromatized Cu K�

adiation (40 kV, 250 mA). The morphology of the as-prepared
iFePO4 powder was observed by a JEM-2010 transmission elec-
ron microscope (TEM) and a JSM-6360-LV scanning electron

icroscopy (SEM) equipped with an energy dispersive spectrom-
ter (EDS), respectively. The content of carbon was determined by
-S 800 infrared carbon sulphur analyzer. Electronic conductivity
easurements were carried out by four-point probe method using
RTS-9 Digital Instrument.

The composite cathodes were prepared by mixing the prepared
owders with acetylene black, and polyvinylidene fluoride (PVDF)

n the weight ratio of 80:10:10. The slurry was then coated onto a
on-corrosive stainless steel current collector (Ø 9 mm) at 15 MPa
nd dried at 120 ◦C for 12 h in a vacuum oven. The CR2016 coin
ells were assembled in an argon-filled glove box (Mbraun, Uni-
ab, Germany) with a lithium foil as the counter electrode. The
lectrolyte was 1 M LiPF6 in a mixture of EC–DMC–DEC (volume
atio of 1:1:1) electrolyte. The cells were galvanostatically charged
nd discharged between 2.5 and 4.2 V at 28 ◦C on the electrochem-
cal test instrument (CT2001A, Wuhan Land Electronic Co. Ltd.,

hina). Cyclic voltammetry measurements were performed using
lectrochemical workstation (Shanghai Chenhua Instrument Co.
td., China) at a scan rate of 0.1 mV s−1 between 2.5 and 4.2 V.
lectrochemical impedance spectroscopy was performed with a

Fig. 2. SEM images of LiFePO4/C (a) and Li0.97Na0.03F
Li0.99Na0.01FePO4/C 10.2945 6.0083 4.7159 291.6898
Li0.97Na0.03FePO4/C 10.3219 6.0014 4.7239 292.6220
Li0.95Na0.05FePO4/C 10.3003 6.0144 4.7208 292.4571

ZAHNER-IM6 electrochemical workstation (Germany). The sinu-
soidal excitation voltage applied to the cells was 5 mV with a
frequency range of between 0.01 Hz and 100 kHz. All potentials are
cited in this paper with respect to the reference Li+/Li. In order
to examine if the sodium ion was inserted and extracted during
the charge–discharge process, the element of Na in the electrolyte
extracted from the home-made cells was analyzed using a PS-6
inductively coupled plasma (ICP) spectrometer (BAIRD, American).

3. Results and discussion

3.1. X-ray diffraction

Fig. 1 shows the XRD patterns of Li1−xNaxFePO4/C (x = 0, 0.01,
0.03, 0.05) samples. The crystal phases of all the samples were to
be an ordered olivine structure indexed by orthorhombic Pnma, and
no other impurities were detected. There was no evidence for the
formation of crystalline or amorphous carbons. This was undoubt-
edly because the content of the residual carbon was about 3.8 wt.%,
determined by element analysis. It was obvious that doping a low
amount of Na did not affect the structure of the samples. The dop-
ing of Na would be inclined to occupy Li sites because the phase
of NaFePO4 was structurally analogous to LiFePO4 [17,18] and that
Na and Li atoms had the same outer electronic structure. Table 1
shows the cell parameters of the samples calculated by XRD anal-
ysis. As can be seen, the lattice parameters changed slightly with
the increasing amount of Na, which was in agreement with the
fact that Na ion (r = 0.97 Å) had larger radius than that of Li ion
(r = 0.68 Å) in octahedral coordination. However, when the doping
amount is too high, perhaps the structure of the formed LiFePO4
will be different, and unfavourable results will appear [19]. The
values a, c, and v of the Li0.97Na0.03FePO4/C sample were the largest
among all the prepared powders, indicating the doped one had the
widest Li ion pathway [15]. While decrease of the lattice parameter
b would shorten the diffusion distance of Li ion and enhance the Li+

intercalation/de-intercalation [20].
Fig. 2 shows SEM images of LiFePO4/C (Fig. 2(a)) and
Li0.97Na0.03FePO4/C (Fig. 2(b)). It can be seen clearly that the particle
was a kind of secondary particle composed of small size particles.

ePO4/C (b) with corresponding EDAX map (c).
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the Li ions diffusion similarly to high valence transition metal ions.
The increased ionic conductivity was ascribed to the expanded dif-
fusion pathway and the decreased Li–O interaction. Meanwhile, it
was found that the insertion and extraction of Na ion was hardly
Fig. 3. TEM images of Li0.97Na0.03FePO4/C, and the insets are S

he average particle sizes of two samples were around 100 nm with
phere-like morphology. The reduction of particle size could be
ttributed to in situ restrictive methods which interfered with the
rowth of the grains. The EDS result of Li0.97Na0.03FePO4/C (Fig. 2(c))
nambiguously confirmed that the particles in the selected region

ncluded Fe, P, O, and C components with a trace of Na, which were
n accord with above analysis.

The TEM images of Li0.97Na0.03FePO4/C are shown in Fig. 3.
nserts in Fig. 3 exhibit selected area diffraction patterns for
he particles and web, which indicate that the particle is crys-
alline LiFePO4 and the web is an amorphous carbon. Obviously,
ano-carbons (marked with dashed circle) were wrapping and con-
ecting particles to build the web structure. Besides, we found that
ome of particles were bonded together by carbon network which
as generated by carbonization of the PANI shell and glucose pre-

ursor. During the heat treatment process, the polymer shell was
ransformed into carbon shell that restricted the in situ crystal-
ite growth of LiFePO4. The LiFePO4 crystallites with a carbon shell
onnected together, thereby further ensured electrical continuity
round the crystallites.

.3. Electrochemical measurements

The initial charge/discharge curves of the Li1−xNaxFePO4/C
amples at 0.1 C rate between cutoff voltage 2.5 and 4.2 V are
hown in Fig. 4(a). The initial special discharge capacities for
i1−xNaxFePO4/C samples with x = 0, 0.01, 0.03, and 0.05 were
51, 154, 158, and 148 mAh g−1, respectively. As the Na content

ncreased to 0.05, the first irreversible capacities became smaller
ue to the decreasing lithium content. For comparison, the results
f capacity retention study cycled at 1 C are plotted in Fig. 4(b). It
an be seen that improvement in discharge capability and cycle
erformance was realized by appropriate amount of Na dop-

ng. Among the prepared Li1−xNaxFePO4/C (0 ≤ x ≤ 0.05) powders,
i0.97Na0.03FePO4/C sample exhibited the best electrochemical per-
ormance. Initial discharge capability and cycle performance of
i0.97Na0.03FePO4/C electrodes at various rates are displayed in
ig. 5. The Li0.97Na0.03FePO4/C sample exhibited discharge capacity
f 158, 151, 142, 134, and 105 mAh g−1 as it was discharged at 0.1,
.5, 1, 2, and 3 C, respectively.

It is obvious that the sample doped by appropriate amount of Na

on exhibits better electrochemical properties, which can be inter-
reted as the enhancement of electronic and ionic conductivity by

on doping. Based on the first-principles calculations, Ouyang et al.
15] concluded that both the electronic conductive properties and
he ionic transport feature were improved by Na doping, compared
atterns of the bulk region and particle boundary, respective.

with the high valance metal ions doping and pure LiFePO4. The fact
that the decreasing migration energy barriers for Li ions in the Na-
doped LiFePO4 indicated that the Na ions at Li sites would not block
Fig. 4. Initial charge and discharge curves of Li1−xNaxFePO4/C (0 ≤ x ≤ 0.05) elec-
trodes at 0.1 C (a) and cycle performance of electrodes at 1 C (b).
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the electrolyte and electrode. The semicircle in the middle fre-
quency range indicated the charge transfer resistance (Rct). The
inclined line in the low frequency range represented the Warburg
impedance (Zw), which was associated with lithium-ion diffu-
ig. 5. Initial discharge curves (a) and cycle performance (b) of Li0.97Na0.03FePO4/C
lectrodes at various rates.

aken place during the charge and discharge process, because the
CP measurements showed that the concentration of Na ion in the
lectrolyte of the cells after 10 cycles of charge and discharge was so
ow that it cannot be detected. These results suggested that the Na
ons might be played a pillar in structure. Park et al. [21] reported
hat the structure of Li1.1−xNaxNi0.2Co0.3Mn0.4O2 was stabilized
y incorporating Na ion. This kind of pillar effect provided larger
pace for the movement of lithium ions [19,25]. Consequently, the
onductivity was enhanced and the lithium ion diffusion coeffi-
ient was boosted after doping. Furthermore, the improvement of
lectronic conductivity by Na doping had been verified by four-
oint probe method. All doped compositions had the electronic
onductivity of the order of 10−2 S cm−1 at room temperature.
he electronic conductivity of Li0.97Na0.03FePO4/C and undoped
iFePO4/C were 1.9 × 10−2 and 5.54 × 10−3 S cm−1, respectively.
he results indicate that the sodium doped sample certainly obtains
arger electronic conductivity which may be attributed to the aber-
ance of the crystal structure introduced by the doped Na ions in
he crystal. The explicit mechanism remains to be further studied.

Cyclic voltammetry measurements were performed on
i1−xNaxFePO4/C electrodes to identify the characteristics of
he redox reactions in Li-ion cells as shown in Fig. 6. A couple

f redox current peaks appeared on each voltammogram curve.
mong them, the Li0.97Na0.03FePO4/C sample showed the best
lectrochemical behavior, with the highest peak current and the
arrowest potential margin between the anodic current peak
Fig. 6. Cyclic voltammograms of lithium cells with Li1−xNaxFePO4/C composite, the
second cycle at a scanning rate of 0.1 mV s−1.

(3.58 V) and the cathodic current peak (3.31 V). In the case of the
LiFePO4/C, the potential separation between anodic and cathodic
peaks is 0.29 V. As for cyclic voltammogram, the potential interval
between anodic peak and cathodic peak is an important parameter
to evaluate the electrochemical reaction reversibility. The well-
defined peaks and narrower peak separation suggested that the
reversibility of the electrode reaction was improved by Na doping.

EIS was applied to further analyze the effect of Na dop-
ing on electrode impedance. Before EIS tests, all the half-cells
were charged to 3.4 V at the second cycle and equilibrated at
3.4 V. Fig. 7(a) represents the Nyquist plots of LiFePO4/C and
Li0.97Na0.03FePO4/C samples at ambient temperature. In Fig. 7(a),
the impedance spectra curves were composed of a depressed semi-
circle in high frequency region and a straight line in low frequency
region. An intercept at the Zre axis at high frequency corresponded
to the ohmic resistance (Re), which represented the resistance of
Fig. 7. EIS spectra of LiFePO4/C and Li0.97Na0.03FePO4/C cathodes (a) and equivalent
circuit (b).
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ion in LiFePO4 particles. A simplified equivalent circuit model
Fig. 7(b)) was constructed to analyze the impedance spectra. A con-
tant phase element CPE was placed to represent the double layer
apacitance and passivation film capacitance. The charge transfer
esistances (Rct) of LiFePO4/C and Li0.97Na0.03FePO4/C composite
ere 139.6 and 53.0 �, respectively. The charge transfer resistance

s related to complex reaction process of charge transfer between
he electrolyte and the active materials [23,24]. The smaller resis-
ance indicates that Li ion and electron transfer are more feasible
n the electrode, which may be attributed to the decreasing elec-
ric resistance of the composite material measured by four-point
robe method [26]. Therefore, the electric resistance of the com-
osite cathode was reduced by doping of a certain amount of Na+,

ndicating that doping metal ion is an effective way to improve the
lectrochemical activity of LiFePO4/C [7,22].

. Conclusions

Olivine structured Li1−xNaxFePO4/C (x = 0, 0.01, 0.03, 0.05)
amples were synthesized by in situ polymerization restriction–
arbonthermal reduction method. XRD analysis showed that no
ther impurities were detected and that the lattice parameters
hanged with the amount of Na+ doping. The Li0.97Na0.03FePO4/C
ample showed the highest reversible capacity and improved rate
apability, which might be attributed to its larger lattice parame-
ers in a and c than those of other samples prepared in this study.
he Li0.97Na0.03FePO4/C sample exhibited initial discharge capac-
ty of 158, 151, 142, 134, and 105 mAh g−1 as it was discharged

ith 0.1, 0.5, 1, 2, and 3 C rates, respectively. The modified electro-
hemical performance, proved by CV and EIS tests, indicated that
a ion doping would help to improve the electrochemical activity
f LiFePO4/C.
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