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Abstract A series of supervalent cation doped Li1–x
M0.01Fe0.99PO4/C composites (M=Ti, Zr, V, Nb, and W)
were synthesized by solid-state reaction. The effects of the
heteroatoms were studied by X-ray diffraction, cyclic
voltammetry, and electrochemical impedance measurement.
After doping, the lattice structure of LiFePO4 is not
destroyed and the reversibility of lithium ion intercalation
and deintercalation is improved. The diffusion coefficient
of lithium ions depends on the radius of the heteroatoms.
As the radius of the heteroatom is larger, the diffusion
coefficient increases.
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Introduction

Presently, lithium ion batteries as widely used as advanced
power sources for portable electronic applications are
mostly based on LiCoO2 cathode and carbon anode

materials. Because of cost and toxicity of LiCoO2 [1],
many alternative materials were investigated to substitute
the current cathode materials. Layered LiNiO2 [2–4] and
spinel LiMn2O4 [5–8] have been identified as positive
electrode materials for high power applications. The
olivine-structured LiFePO4 was examined as cathode
materials in 1997 [9, 10], and it was considered as the
most likely promising substitute for LiCoO2 because of its
high operating voltage (about 3.5 V vs. Li+/Li) attributed to
the Fe3+/Fe2+ redox couple, large theoretical capacity
(170 mAh/g), good stability of the phosphate when in
contact with common organic electrolytes, low cost, and
environmental benignancy [11, 12].

One of the key drawbacks of LiFePO4 is its low
intrinsic electronic conductivity. Various synthesis and
processing approaches have been employed to overcome
this problem. Initially, additives were introduced to synthe-
size LiFePO4/conductive material composites, such as
dispersed carbon [13–17], metal powders [18, 19], and
intrinsically conducting polymers [20]. However, only the
bulk conductivity improved, not the intrinsic one of the
LiFePO4 lattice. Another method is doping where Li ions
(on the M1 site) and/or Fe ions (on the M2 site) are
substituted. It was reported that low-level doping of
LiFePO4 by a range of supervalent ions (e.g., Mg2+, Al3+,
Ti4+, Zr4+, Nb5+) increases the electronic conductivity to
values greater than 10–2 S/cm at room temperature [21].
Besides, investigations of doping of other heteroatoms
indicate that the electrochemical properties of LiFePO4

could be improved by the modification [22–24].
However, to our knowledge, details of the effects of

doping have not been reported. We recently reported that
the electrochemical properties of LiFePO4/C composite
were improved by Zn doping and the doping effects were
fully explored [25]. In the present study reported here, we
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synthesized a series of doped Li1-xM0.01Fe0.99PO4/C
materials (M=Ti, Zr, V, Nb, W), and their doping effects
were investigated for the first time.

Experimental

Virginal and 1% doped Li1-xM0.01Fe0.99PO4/C composites
(M=Ti, Zr, V, Nb, and W) samples were prepared by a solid-
state route. The starting material Li2CO3, FeC2O4·2H2O,
NH4H2PO4, metal oxide (TiO2, ZrO2, V2O5, Nb2O5, WO3),
and 5 wt.% acetylene black were mixed in atomic ratio of Li:
(Fe+M):PO4=1:(0.99+0.01):1, and the mixtures were
milled in inert atmosphere to avoid the oxidation of Fe2+ to
Fe3+ in a planet mixer (QM-BP) for 24 h. After milling, the
mixtures were calcined in a tube furnace at 400 °C for 10 h
in an inert atmosphere to decompose oxalate and phosphate.
Finally, the precursors were ground again and sintered at
750 °C for 15 h in an inert atmosphere.

Cathodes were prepared by mixing 90 wt.% active
material, 5 wt.% acetylene black, and 5 wt.% polyvinyli-
dene fluoride binder in N-methylpyrrolidone solvent to

form a homogeneous slurry. The mixtures were coated on
an aluminum foil and cut to pieces. After drying under
ambient condition, the pieces were further dried under
vacuum oven at 120 °C for 12 h. Finally, coin-type cells
were assembled in a glove box using lithium foil as the
counter and reference electrode, Celgard 2400 as the
separator, and LIB315 (Guotai Huarong Chemical Plant)
as the electrolyte.

Powder samples were identified using a powder X-ray
diffractometer with monochromatized Cu Ka radiation.
Both cyclic voltammogram (CV) and electrochemical
impedance measurement (EIM) were performed in a two-
electrode cell at room temperature. The CV was carried out
with a scan rate of 0.5 mV/s in the range of 2.0–4.5 V. In
EIM, the excitation amplitude applied to the cells was
10 mV and the frequency range was between 100 kHz and
10 mHz.
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Fig. 1 X-ray diffraction patterns of the virginal and the doped
LiFePO4/C

Table 1 The lattice parameters of the virginal and doped materials
LiFePO4/C from XRD data

Sample Space
group

a/Å b/Å c/Å Volume
of unit/Å3

LiFePO4 Pnmb 5.9606 10.2043 4.7192 287.04
LiNb0.01Fe0.99PO4 Pnmb 6.0227 10.3805 4.7201 295.09
LiTi0.01Fe0.99PO4 Pnmb 6.0227 10.4059 4.7136 295.41
LiV0.01Fe0.99PO4 Pnmb 6.0282 10.3974 4.7160 295.59
LiW0.01Fe0.99PO4 Pnmb 6.0310 10.4101 4.7324 297.12
LiZr0.01Fe0.99PO4 Pnmb 6.0282 10.4059 4.7119 295.57
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Fig. 2 CV profiles of the virginal and the doped LiFePO4/C at the
scanning rate 0.5 mV/s
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Fig. 3 The Nyquist plots of the virginal and the doped LiFePO4/C in
the frequency range between 100 Hz and 10 mHz
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Result and discussion

The X-ray diffraction (XRD) patterns of virginal and doped
LiFePO4/C materials are shown in Fig. 1. All patterns are
in good agreement with standard LiFePO4 with an ordered
olivine structure indexed as orthorhombic Pnmb. No
impurity phase has been detected, which indicates that the
1% doping could not destroy the lattice structure.

It is recognized that the structure of material is crucial
for its properties. The lattice parameters of materials can be
calculated according to the Bragg equation from the XRD
data. The quantitative results are summarized in Table 1.
They indicate that doping could enlarge the volume of the
crystal lattice. According to the lattice parameters, the
values of c are less affected than those of a and b. It is
reported that the lithium ion intercalation–deintercalation
proceeds through one-dimensional pathways along the c-axis
[26]. The enlarged lattice volume, namely the enlarged a–b
plane, provides more space for the transfer of lithium ions,
which could promote the performance of the electrode at
high current density. The lattice extension is mainly
attributed to the doping heteroatoms.

Cyclic voltammograms of the virginal and doped
LiFePO4/C are shown in Fig. 2. It is well known that
the potential separation between anodic and cathodic peaks
is an important parameter to evaluate the reversibility of
electrochemical reactions. The cathodic–anodic peaks of
the virginal material are located at 3.99/2.97 V. The
separation of peaks (ΔV) is 1.02 V, which indicates high
polarization during the redox process. In contrast, all ΔV
values of the doped materials are decreased. For instance,
the narrowest ΔV (W-doped) is 0.50 V and the widest one
(V-doped) is 0.75 V. The well-defined peaks and the
smaller values of potential peak separation show that the
reversibility of the electrode reaction is greatly increased
due to lower potential, which is consistent with the reported
doping of heteroatoms [21].

The details of lithium ion migration dynamics were
investigated by impedance method. Typical Nyquist plots
of the doped and the virginal LiFePO4 electrodes are shown
in Fig. 3. All plots exhibit a semicircle in the high-
frequency region and a line in the low-frequency region.
The impedance data fit the equivalent circuit as shown in
Fig. 4. The constant phase angle element is commonly used

to describe the depressed semicircle that results from a
porous electrode [27, 28]. The depressed semicircles in the
high frequency region are attributed to the charge transfer
process. The decreased diameters of the semicircles indicate
the reduction of charge transfer resistance (Rct). The linear
plots in the low-frequency region are ascribed to typical
Warburg behavior, which is attributed to the diffusion of
lithium ions in the cathode material. The lithium ion
diffusion coefficient could be calculated from the low-
frequency plots according to the following equation:

D ¼ R2T2
�
2A2n4F4C2σ2 ð1Þ

where R is the gas constant, T is the absolute temperature, A
is the surface area of the cathode, n is the number of
electrons per molecule during oxidation, F is the Faraday
constant, C is the concentration of lithium ion, σ is the
Warburg factor which is relative with Zre.

Zre ¼ RD þ RL þ σw�1=2 ð2Þ

The relationship between Zre and reciprocal square root
of the angular frequency (w�1=2) in the low-frequency
region is shown in Fig. 5. The diffusion coefficients of
lithium ions in the virginal and the doped LiFePO4/C
materials were calculated and summarized in Table 2.

The diffusion coefficient of the doped materials depends
on the radius of doping cations, which are also listed in
Table 2 [29]. It is well known that the radius of both cations
and anions are based on various factors such as coordina-
tion number, electronic spin, covalent repulsive force, and
polyhedral distortion. In the LiFePO4 lattice, ferrous ions
occupying shared corner octahedral positions [9], thus the
coordination numbers of Fe3+/Fe2+ and doping cations are
six. In previous reports, it was confirmed that both Fe2+ and

Fig. 4 The equivalent circuit of the electrode system
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Fig. 5 The relationship between Zre and w1=2 at low frequency
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Fe3+ are in the high-spin (HS) state of electronic configu-
ration [28]. After analyzing the relationship between
diffusion coefficient and radius of the doping cations, as
shown in Table 2, it was concluded that larger doping
cations are beneficent to improve the lithium diffusion of
the electrode materials. This improvement is mainly due to
the pillar effect of heteroatoms [25, 30, 31]. In the case of
electrochemical impedance measurement (EIM), the inter-
calation/deintercalation processes occur at the surface of
the electrode because of alternating current applied. During
charging, Fe2+ is changed to Fe3+, causing the lattice to
shrink. In this case, the larger cation (e.g., Zr4+) provides
more space for lithium diffusion, supports the lattice
structure, and protects the structure from collapsing during
charging. The diffusion coefficient of Zr-doped material
increases to 6.18×10–13 cm2/s from the virginal 9.98×
10–14 cm2/s. In contrast, the doping cations with smaller
radius than that of Fe3+ are not so efficient to provide
enough space. There should be some defects at the interface.
So even if the radius of doping cations is as big as that of
Fe3+ (0.0785nm), the diffusion coefficient of lithium ions in
the Nb5+ (0.078nm) doped LiFePO4 also increases. Perhaps
the original valence of Nb was changed during the
synthesis process, and further research is under way.

Conclusion

Small amount of heteroatom doped Li1-xM0.01Fe0.99PO4/C
composites (M=Ti, Zr, V, Nb, and W) were synthesized
by solid-state reaction. The heteroatom doping enlarges the
volume of the crystal lattice, alleviates the redox revers-
ibility for the deintercalation and intercalation of lithium
ions, and decreases the Rct for the prepared doped materials
in the charge transfer process. However, only when the
radius of the doped heteroatom is bigger than or about
equal to that of Fe3+ can the diffusion behavior be
improved. These results provide valuable clues about
further modification of LiFePO4 as cathode materials for
lithium ion batteries.
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Table 2 The calculated diffusion coefficients of lithium ions based on
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Heteroatom Atomic radius/nm Dþ
Li

�
cm2

�
s

Virginal 0.092 (Fe2+ HS), 0.0785(Fe3+ HS) 9.98×10–14

V5+ 0.068 6.93×10–14

W6+ 0.074 9.90×10–14

Ti4+ 0.0745 7.78×10–14

Nb5+ 0.078 4.90×10–13

Zr4+ 0.086 6.18×10–13
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