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Abstract 

Olivine-type LiFePO4 is one of the most popular cathode materials for high power Li-ion batteries. 

However, its intrinsic properties of poor conductivity and low lithium-ion diffusion limit its practical 

applications. In order to improve these disadvantages, we prepared the LiFe0.99La0.01PO4/C composite 

materials by a solid state reaction method using La-ion as a metal dopant and organic diacids as carbon 

coating sources. In this work, the composite materials were characterized by XRD, DSC, SEM/mapping, 

TEM/EDS/SAED, and total organic carbon (TOC). Further, their electrochemical performance was 

examined. The conductivity results of the doped composites showed a distinct enhancement from 3.97×10-8 

to 2.60×10-5 S cm-1. The LiFe0.99La0.01PO4/C composites using malonic and sebasic acids as carbon sources 

displayed an initial discharge capacity of 151 and 145 mAh g-1, respectively, between 2.8 and 4.0 V at a 0.2 

C rate. This is a significant improvement compared to the initial discharge capacity of 100 mAh g-1 of the 

un-doped bare LiFePO4 sample, and it may be related to electronic conductivity enhancement by carbon 

coating and charge transfer kinetics improvement by La-ion doping. 

Keywords: lithium battery, battery charge, energy storage 

1 Introduction 
Nowadays, rechargeable Li-ion cells are 
important components of portable devices, such 
as notebooks, entertainment and, 
telecommunication equipment . With the growth 
in applications worldwide, the science of battery 
technology is studied to take advantage of a 
growing market [1]. 
Lithium-ion batteries have been widely used in 
various devices due to the high energy density 
and excellent cyclic performance [2, 3]. To date, 
layered lithium cobalt oxide is still the main 

cathode used in commercial lithium-ion batteries 
[4]. The other Li-ion cathodes, such as lithium 
nickel oxide [5], lithium manganese oxide [6], and 
lithium iron phosphate also have been widely 
studied for various applications. However, most of 
the cathodes have shown structural instability, high 
material costs and significant capacity fading 
during cycling [7-9]. Lithium iron phosphate 
(LiFePO4), since they were first proposed by 
Goodenough’s group in 1997 [10], has been a 
popular cathode material because it is highly safe 
[11,12], low cost [10], environmentally benign 
[10], long cycle life[12], and has a flat 
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charge/discharge plateau (at 3.5 V) [13] and 
moderate theoretical capacity (170 mAh g−1). 
Despite the intrinsically poor electronic 
conductivity and lithium ion diffusion coefficient 
of pristine LiFePO4, the electrochemical 
performance can be significantly improved by 
carbon coating [7] particle size optimizing [14], 
and transition metal doping [15, 16].  The above 
mentioned methods have been achieved by a 
solid-state reaction [17, 18], co-precipitation 
reaction [19], hydrothermal synthesis [20], 
solution synthesis [21], and sol-gel method [22].  
In this work, we combined both metal doping 
and carbon coating methods to synthesize 
LiFe0.99La0.01PO4/C composite materials. 
Through our work, we have significantly 
improved the cell performance of LiFePO4. 

2   Experimental 
LiFe0.99La0.01PO4/C composites were synthesized 
by a solid state reaction. The precursors were 
prepared by stoichiometric amounts of the 
reactants of Li2CO3 (99 wt.%, Aldrich), 
FeC2O4•2H2O (98.5 wt.%, Aldrich), NH4H2PO4 
(98.5 wt.%, Aldrich) and La(NO3)3•6H2O (99 
wt.%, Aldrich). The above materials were mixed 
by ball-milling for 3 h. The mixtures were pre-
heated in a tube furnace with a flowing Ar/H2 
mixture (95:5, v/v) at 320  for 12 h. After ℃
cooling down to room temperature, the 
precursors were grounded with malonic acid 
and/or sebasic acid in acetone for 30 min. The 
mixed precursors were pressed into pellets and 
annealed at 600  for 12 h under ℃ a Ar/H2(95:5, 
v/v) atmosphere. 
The cathodes are prepared by mixing a 85 wt.% 
active material, 10 wt.% conductive carbon black, 
and 5 wt.% poly(vinylidene fluoride) and binding 
in N-methyl-2-pyrrolidone (NMP) to form a 
homogeneous slurry. The slurry was coated on 
aluminum foil and dried at 383 K for 3 h in an 
oven. Meanwhile, the dry mixtures were cut into 
the needed size. We used the lithium foil as a 
counter electrode, Celguard 2400 microporous 
polypropylene membrane as separator, then took 
ethylene carbonate : diethyl carbonate (EC:DEC) 
(Tomiyama Chemicals)  in the volume ratio 1:1 
with 1M LiPF6 as the electrolyte.  Finally, the 
coin cells were assembled in a glove box within 
argon atomosphere. All the cycling tests were 
measured at a current of 0.2 C with cut-off 
voltages of 2.8-4.0 V (versus Li/Li+) at 25 °C in 
multi-channel battery taster (Maccor 4000). 
LiFe0.99La0.01PO4 samples were identified for the 
phase purity by X-ray diffractometer (XRD), 

Siemens D-5000, Mac Science MXP18, with a 
nickel-filtered Cu-K radiation source (λ= 1.5405 
Å). The diffraction patterns were measured by X-
ray diffractometer with Cu-Kα radiation 
identifying the crystalline phase of the materials at 
a scan rate of 4°/min between 15° to 80°. The 
morphology of the LiFe0.99La0.01PO4/C composite 
materials were observed by scanning electron 
microscope (SEM; Hitachi S-3500 V) and 
analyzed atomics element by energy dispersive 
spectroscopy (EDS) with Link Isis apparatus 
(Oxford). The microstructure, lattice phase and 
carbon coating thickness were observed by high 
resolution transmission electron microscope 
(HRTEM, Hitachi HF 2000) equipped with a LaB6 
gun. Furthermore, electron diffraction patterns and 
cathode materials composition were measured by 
selected area electron diffraction (SAED) and 
nanobeam energy dispersion X-ray (EDX).  
The carbon content investigation was measured by 
an OIA Model Solids module for the total organic 
carbon (TOC) with an oxygen gas rate of 40 kgf 
cm-2. The Raman spectra were recorded by ISA 
T64000 double beam pass spectrometer provided 
with a microscope stage for examining samples 
which was applying 180◦ incident geometry. The 
physical argon-ion laser was used for exciting laser 
Raman spectra with a 515 nm laser beam at an 
incident power of ca. 10 mW. The scanning rate 
was 10 cm-1 min-1 for measuring the spectra. 
CV experiments were carried out by slow scan 
cyclic voltammetry  with three-electrode glass cell 
in order to determine the phase transitions. The 
experiments were performed by using the lithium 
metal foil as the counter and reference electrodes, 
and put into electrolyte which we mention above 
while assembling cells. The linear potential sweep 
patterns were performed by Solartron 1287 
Electrochemical Interface with the scanning rate of  
0.1 mVs-1 between 2.8 and 4.0 V. The particle size 
was measured by a dynamic light-scattering 
particle size analyzer (Malvern Zetasizer Nano). 

3   Results and Discussion 

3.1. Concentration of La-ion doping  
The specific capacity vs. number of discharge 
cycles were shown in Fig. 1. It is obvious the 1 
mol% La-doped LiFePO4/C materials show the 
greatest performance with malonic acid （1st 
D.C.=151 mAh g-1）or sebasic acid（1st D.C.= 
145 mAh g-1）as the carbon source due to the 
improvement of conductivity, as shown in Table 1.  
The samples with other doping concentrations  
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present slightly capacity decay after cycling, 
which is similar to the results of Co-ion doping 
[23].  Although the conductivity is proportional 
to the amount of La-doping, the over amount of 
La-ion doping might cause the lattice distortion 
of LiFePO4/C, which would inhibit the Li+ 
diffusion during the charge/discharge process 
[24].  
 

 

 
Figure 1: The synthesis of La-ion doping amount 
effects on LiFePO4 for (a) malonic acidand (b) sebasic 
acid. 

 

 

 

 

 

 

 

 

 

3.2. Amount of carbon sources 
The discharge profiles of LiFe0.99La0.01PO4/C 
composites prepared at 873 K for 12 h and coated 
with various weight percents of malonic and 
sebasic acids are displayed in Fig. 2. Based on the 
discharge capacity at 50 cycles at a 0.2 C-rate 
between 4.0-2.8 V, the best coating level was 60 
wt.% for malonic acid, which had a discharge 
capacity of 160 mAh g-1 as shown in Fig. 2(a). On 
the other hand, the best coating level was 36 wt.% 
for sebasic acid, which had a discharge capacity of 
144 mAh g-1 as shown in Fig. 2(b).  
Carbon coating can effectively inhibit of particle 
size [25], as confirmed in Table 2. Small particle 
size allows easy penetration of the electrolyte and 
provides a short pathway for Li+ diffusion in the 
active material crystals. The first-cycle discharge 
capacity of the bare LiFePO4 sample was near 100 
mAh g-1, while the 50, 60 and 70 wt.% malonic 
acid-coated samples had first-cycle discharge 
capacities of 148, 150 and 146 mAh g-1, 
respectively. After the first cycle, the discharge 
capacity of 60 wt.% malonic acid-coated samples 
increased from 150 to 160 mAh g-1 and remained 
steadily even after 100 cycles. As shown in Fig. 
1(b), the 32, 34, 36, and 38 wt.% sebasic acid-
coated samples had first-cycle discharge capacities 
of 128, 141, 144, and 141 mAh g-1, respectively. 
The capacity decreased more at higher coating 
levels because of the presence of inactive residual 
carbon in the electrode, adversely affecting 
charging and discharging efficiencies [25, 26].  
 
 
 
 

Table 1: Comparison of conductivity, carbon content, and ID/IG ratios of La-doped samples. 
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Figure 2: Discharge capacity vs. cycle number for 
pure LiFePO4 and 1 mol.% La-doped materials treated 
with various wt.% (a) malonic acids and (b) sebasic 
acids. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

3.3. Synthesis temperature  
Fig. 3 shows the cyclic discharge performance of 
LiFe0.99La0.01PO4/C synthesized at 823, 873 and 
923 K. The samples synthesized at 873 K with 
malonic acid and sebasic acid deliver the best 
initial discharge capacities of 151 and 145 mAh/g, 
respectively. It was known LiFePO4 particles 
agglomerate under a high temperature environment, 
which might lead to large particle size, as 
confirmed in Table 2. However, lower temperature 
might result in poor crystalline structure. As a 
result, too high or too low temperatures are not 
beneficial to the cell performance of La-doped 
LiFePO4/C composites [11, 26, 27]. Yamada et al. 
reported an obvious growth in particle size when 
the sintering temperature rose above 873K [11], 
which is similar to what happened in our study. 

3.4. X-ray diffraction 
Fig. 4 shows the XRD profiles of bare and 
different carbon coated LiFe0.99La0.01PO4 prepared 
at 873 K for 12 h. All diffraction lines are indexed 
to the orthorhombic Pnma space group (JCPDS 
card no. 40-1499), indicating La-ion doping did 
not affect the structure of the samples. According 

Table 2:  Conductivity, carbon 
content, specific capacity and 
particle size of LiFe1-

xLaxPO4/C samples synthesized 
with (a) malonic acid  and (b) 
sebasic acid. 
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to the Scherrer’s law, The crystallite size (D) cab 
be calculated from the follow equation:  

βcos(θ)=kλ/D                   (1) 
where B is the full-width-at-half-maximum 
(FWHM) of the XRD peak (1 1 1) and k is a 
constant (0.91). The calculated crystalline sizes 
of La-doped LiFePO4/C composites with free 
carbon, 60 wt.% malonic acid and 36 wt.% 
sebasic acid  were 27.6, 25.4 and 25.6 nm, 
respectively. It was reported that the particle size 
of LiFePO4 materials could be restrained by the 
carbon coating method [29]. 
 

 

 
Figure 3: Discharge capacity vs. cycle number for 1 
mol% La-doped LiFePO4/C composites synthesized at 
550, 600, and 650 ℃  with (a) malonic acid; (b) 
sebasic acid. 

3.5. TOC and Conductivity analysis 
The total organic carbon (TOC) and electronic 
conductivity of LiFe0.99La0.01PO4/C synthesized 
at various conditions are presented in Table 2. 
All La-doped samples show better electronic 
conductivity than the bare one because the 
doping method could assist with charge 
transferring and enhance electric conductivity 
[30]. It was shown that the conductivity is 
roughly proportional to the amount of La-doping, 
but the over amount of La-ion doping might 

Figure 4: X-ray powder diffraction patterns of 
LiFe0.99La0.01PO4/C composites with (a) Sebasic acid 36 
wt.%；(b) Malonic acid 60 wt.%；(c) Carbon-free ；(d) 
JCPDS(40-1499). 
 
cause a lattice distortion of LiFePO4/C, which 
would lead to a lower discharge capacity. 
The TOC results indicated that the residual carbon 
content in cathodes increased as increasing 
amounts of carbon source were added. However, 
there was no direct relationship between the 
electrochemical performance of cathode materials 
and electronic conductivity or residual carbon 
amounts.   It demonstrated that the electrochemical 
performance is a complex function affected by 
more factors, such as the particle size of the active 
material, the thickness of the carbon coating layer, 
the kind of conductive carbon network, and the 
surface area of the carbon precursor. 

3.6.  Morphology 
The morphology of the LiFe0.99La0.01PO4/C 
synthesized with malonic acid and sebasic acid 
was studied by SEM and TEM/EDS images, as 
shown in Fig. 5 to Fig. 8. The SEM images (Fig. 5 
and 6) show that numerous nano-sized particles 
aggregate to form micron sized clusters. Each 
element (C, Fe, and La) has a similar contour in 
the element mapping analysis, verifying a uniform  
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distribution and homogeneous existence of La 
ion dopant in LiFePO4 crystal.  
In Fig. 7 and Fig. 8, the EDS analyses in Fig. 7(d) 
and Fig. 8(d) confirmed that the dark areas 
include Fe, P, O, C and La components, and the 
grayish area has only a C peak. The SAED 
analysis images of grayish layer show a halo ring, 
which confirmed a presence of amorphous 
carbon. The dark region shows a distinct lattice 
image, indicating a well-crystallized LiFePO4/C 
structure [32]. The grain sizes of our both 
samples were around 25~30 nm, which was 
consistent with the XRD analysis. We could 
observe the samples coated with 3~6 nm thick 
carbon layers. R. Dominko et al. [31] reported 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 the thinner carbon layer is a key to higher specific 
discharge capacity.  

3.7. Cyclic voltammetry 
Fig. 9 and 10 show the cyclic voltammetry（CV）

of LiFe0.99La0.01PO4/C materials synthesized with 
malonic acid and sebasic acid. Only a pair of 
anodic and cathodic peaks was observed due to the 
Fe2+/Fe3+ redox reaction accompanying Li+ 
insertion and extraction. The anodic peak at ~3.54 
V represents the oxidation of Fe2+ to Fe3+, while 
the cathodic peak at ∼ 3.30 V is due to the 
reduction of Fe3+ to Fe2+.  The symmetrical sharp 
redox peaks imply that kinetics of the lithium 
diffusion is fast in the LiFe0.99La0.01PO4/C structure  

Figure 5: The LiFe0.99La0.01PO4/C 
powders synthesized with malonic 
acid (a) SEM; (b) EDS; (c) 
elemental mapping. 

Figure 6: The LiFe0.99La0.01PO4/C 
powders synthesized with sebasic 
acid (a) SEM; (b) EDS; (c) 
elemental mapping. 
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with better reversibility for lithium intercalation/ 
deintercalation. The voltage difference (ΔV) 
between the anodic and cathodic peaks is only 
0.24 V, indicating less polarization of the 
LiFe0.99La0.01PO4/C materials. 
 

 
 
Figure 9: Cyclic voltammetry of LiFe0.99La0.01PO4 
synthesized with malonic acid as a carbon source. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 10: Cyclic voltammetry of LiFe0.99La0.01PO4 
synthesized with sebasic acid as a carbon source. 

3.8. Raman spectroscopy 
Fig. 11 and 12 were the Raman spectra of 
LiFe0.99La0.01PO4 coated with different weight 
percents of malonic acid and sebasic acid. All 
Raman spectra show two intense and broad bands 
located at ~1350  and ~1590cm−1, respectively, 

Figure 7: LiFe0.99La0.01PO4/C 
synthesized with malonic acid: 
(a)(b)(c)TEM micrographs ; (d)(e) 
SAED and EDS patterns. 

Figure 8: LiFe0.99La0.01PO4/C 
synthesized with sebasic acid: 
(a)(b)(c)TEM micrographs ; (d)(e) 
SAED and EDS patterns. 
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which can be deconvoluted into four peaks at 
around 1190, 1350 (D band), 1518, and 1590 
cm−1 (G band), and the results are shown in 
Table 1. The ID/IG ratio can be used to determine 
the degree of carbon disorder on the surface of 
the materials. A lower ID/IG ratio in Raman 
spectrum indicates more graphene clusters in the 
structure of carbon, which would enhance the 
electronic conductivity of the residual carbon. A 
slight peak located at 940 cm-1 was the 
intermolecular vibration of PO4 called symmetric 
stretching mode (ν1)[33], which might be a 
signal illustrating the uniform carbon coating 
over cathode materials[34]. 
From Table 1, the minimum ID/IG ratio occurred 
when 60% malonic acid was added, indicating 
more useful graphitized carbon became coated on 
the LiFePO4. 
 

 
 
Figure 11: Raman spectra of the LiFe0.9La0.1PO4/C 
composites synthesized with (a) 50%; (b) 60%; (c) 
70% malonic acid. 

3.9. Thermal stability studies 
In order to study the thermal stability of  
LiFe0.99La0.01PO4/C composites under a 
delithiation condition, DSC analysis was carried 
out. Fig. 13 shows the DSC profiles of 4.5V 
charged bare LiFePO4 and LiFe0.99La0.01PO4/C 
composites synthesized with 60% malonic acid 
and 36 wt.% sebasic acid. All exothermic heat 
flow was detected within a wide temperature 
range of 373–823 K. The total exothermic heat 
for the sample with malonic acid and sebasic acid 
as the carbon source was only 103.9 and 93.7 J g-

1, respectively, which is lower than the bare 

LiFePO4 (109.4 J g-1). Furthermore, the onset 
temperature of the La-doped sample is the lowest 
compared to bare LiFePO4, LiCoO2, LiNi0.8CoO2, 
and LiMn2O4 cathode materials [36]. The excellent 
thermal stability of the LiFe0.9La0.1PO4/C 
composites could make it commercially feasible 
for large battery applications, such as EVs. 
 

 
Figure 12: Raman spectra of the LiFe0.9La0.1PO4/C 
composites synthesized with (a) 34%; (b) 36%; (c) 38% 
sebasic acid. 

 

 
Figure 13: DSC profiles of La-doped LiFePO4/ C(a) 
malonic acid; (b)  sebasic acid. Charged to 4.5 V.   
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3.10. Rate and high temperature 
performance 
Because high current density would increase the 
charge/discharge polarization voltage which 
could mask the true rate capability of the material, 
we changed the charge/discharge cut-off voltage 
range from 4.0-2.8 V to 4.6-2.0 V, as shown in 
Fig. 14. It clearly demonstrates that Sb-doping 
and carbon coating can significantly improve the 
high rate performance of the material due to the 
enhanced electronic conductivity. Both samples 
treated with malonic acid or sebasic acid could 
sustain a 10 C-rate, and this rate capability is 
equivalent to charge or discharge in 6 min. 
Fig. 15 shows the discharge capacity of the 
LiFe0.9La0.1PO4/C composites at 60 ℃. It can be 
seen that both the samples synthesized with 
malonic acid and sebasic acid presented cycling 
stability up to 10 cycles with an initial capacity 
of 159 and 150 mAh g-1, respectively. These 
findings support the viability of these composites 
for EV or HEV battery applications. 

 
Figure 14: Rate performance of the LiFe0.9La0.1PO4/C 
composites synthesized with (a) free carbon; (b) 60% 
malonic acid; (c) 36% sebasic acid in the range of cut-
off voltages: 4.6/2.0 V. 

 
Figure 15: Discharge capacity vs. cycle number at 60 
℃ for the LiFe0.9La0.1PO4/C synthesized with malonic 
acid or sebasic acid. 

4    Conclusions 
We have successfully used a solid-state method to 
prepare LiFe0.99La0.01PO4/C cathode materials with 
malonic acid or sebasic acid as the carbon source. 
The X-ray diffractometer (XRD) results indicated 
that La-ion doping did not affect the structure of 
the samples. The thickness of carbon coating layer 
on the sample surface was about 3~6 nm, as 
confirmed by the TEM images. Electrochemical 
measurements showed the LiFe0.99La0.01PO4/C 
composites using malonic and sebasic acids as 
carbon sources displayed an initial discharge 
capacity of 151 and 145 mAh g-1, respectively, 
between 2.8 and 4.0 V at a 0.2 C rate. The 
excellent cell performance might be contributed to   
the improvement of electronic conductivity from 
3.97E-8 to 2.25E-5 S cm-1 by both La doping and 
carbon coating. Furthermore, the samples show an 
excellent thermal stability, which is suitable for 
large battery applications, such as EVs. 
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