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Selection of nitrogen source and PVP-assisted sol-gel method
synthesis of LiFe0.65Mn0.35PO4/C as cathode material for lithium ion
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Abstract
LiFe0.65Mn0.35PO4/C composites with porous structure have been successfully prepared through a facile sol-gel method. After
comparison, the non-ionic surfactant polyvinylpyrrolidone (PVP) was selected as the best nitrogen source. The structures, morphol-
ogies, and electrochemical performances of the composites were characterized by XRD, XPS, SEM, charge/discharge tests, and
electrochemical impedance spectroscopy. The LiFe0.65Mn0.35PO4/C composite which is decorated with suitable amount of PVP has
higher discharge capacity andmore stable cycling performance. The results show that in the voltage range of 2.5–4.5 V, the discharge
capacities of 148, 149.3, 139.3, and 130mAhg−1 in the amount of 20% PVP could be delivered at 0.1, 0.2, 0.5, and 1 C, respectively.
A remarkable rate capability was exhibited with 87.84% capacity retention at 1 C rate. The composites owned an optimum
performance with a high rate capacity of 146.8 mAhg−1 when it returns to 0.1 C after 40 cycles of discharge at different rates.
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Introduction

Development of advanced lithium-ion batteries that guarantee
high energy density, long-term stability, and low cost has

turned into the most important issue due to their versatile
use in various devices, such as portable electronics and
electric/hybrid vehicles [1–3]. As for the cathode materials
of advanced lithium-ion batteries, olivine-structured
LiFePO4 has been extensively studied because of its promis-
ing properties, including high theoretical capacity, superior
safety, long cycle life, and low cost [4–9]. However,
LiFePO4 cathodes possess relatively low redox potential
(3.4 V versus Li+/Li), thus exhibiting a low energy density.
To solve this problem, utilizing several material-processing
methods, including conductive layer coating, such as carbon
[10–12] polyamide [13], polydopamine [14] melamine [15],
poly (vinyl pyrrolidone) [16], could enhance the electronic
conductibility of LiFePO4 and then display better electro-
chemical performance. Simultaneously, controlling the nano-
particles by surfactants could improve the electronic conduc-
tivity and ionic conductivity of the materials [17–22], for in-
stance cation surfactant CTAB [23, 24], anion surfactant SDS
[25] and neutral polyvinylpyrrolidone (PVP) [26, 27].
However, cationic or anionic surfactants would produce
Na+, Cl−, Br−, or CH3COO

− ions in the solution, which may
partially replace Li+, Fe2+, Mn2+, or PO4

3− in LiFe1-xMnxPO4/
C [16, 28–30]. PVP is a kind of widely used non-ionic surfac-
tants, which generate little ion and are affected less by elec-
trolytes, inorganic salts, acids, alkalis, and pH. The addition of
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PVP, can form a carbon-nitrogen layer as a nitrogen source,
which can improve the coating structure of the material, there-
by enhancing the conductivity of the electrode and the diffu-
sion of lithium ions. Moreover, metal cation doping [31–38],
for exampleMn2+, possessing ionic radius slightly higher than
Fe2+ and Fe3+, would facilitated a wider channel for lithium-
ion diffusion, thereby increasing the mobility of lithium ion.
Furthermore, major Jahn-Teller lattice distortions induced by
Mn3+ resulted in poor cycling stability [39, 40]. In recent
years, many efforts have been devoted to research the LiFe1-
xMnxPO4 solid solution system, compared with some other
materials [41–45], because of the combination between the
advantages of high electronic conductivity of LiFePO4 and
high voltage of LiMnPO4. There are two reasons for the ma-
terial to be superior: one is the relative high potential of Mn3+/
Mn2+ couple, and the other is the raised potential plateaus of
Fe3+/Fe2+ couple because of the changed lattice parameters
and M–O (M=Mn or Fe) bond lengths [46]. Therefore, vari-
ous LiFe1-xMnxPO4 (0 < x < 1) solid solutions were synthe-
sized, such as LiFe0.6Mn0.4PO4 [47–49], LiMn0.5Fe0.5PO4

[50–56], and LiFe0.4Mn0.6PO4 [57], which exhibited much
better electrochemical performances than that of the pristine
LiFePO4 and LiMnPO4. Zhou et al. [58] successfully synthe-
sized LiFe0.65Mn0.35PO4 materials, which showed better dis-
charge special capacity of 107.46 mAhg−1 at 5 C and capac-
itance conservation rate about 95.47% after 100 cycles at 1 C.
This interaction makes the material exhibit excellent electro-
chemical performances. The structure of LiFexMn1-xPO4 is
olivine, which is similar to LiFePO4 (or LiMnPO4).

In this article, LiFe0.65Mn0.35PO4/C was employed as the
research substrate synthesized by using the sol-gel method.
Based on the different effects of urea, melamine, and PVP
on the morphologies and properties of the prepared materials,
the optimal material was selected as the nitrogen source. At
the same time, the effects of different contents of the substance
on the electrochemical performance of the materials were fur-
ther explored to market needs.

Experimental

Synthetic materials

First, LiFe0.65Mn0.35PO4/C composites were synthesized by
adding urea, melamine, and PVP, which respectively
accounted for 10% of the mass of the produced materials by
using a sol-gel method. After the optimal nitrogen source is
selected, different concentrations are explored by adding this
substance to the mass of 10%, 20%, 30%, and 40% of the
generated material, respectively. The stoichiometric amount
of Mn(CH3COO)2·4H2O (A.R.), NH4H2PO4 (A.R.), FeCl2·
4H2O (A.R.), CH3COOLi·2H2O (A.R.), NH4H2PO4 (A.R.),
and C6H8O7 (A.R.) (carbon to product molar mass ratio of

3:10) was sequentially dissolved in 150 mL of deionized wa-
ter, and the corresponding amount of urea, melamine, and
PVP (A.R.) was added to the mixed solution in front. The
obtained solution was heated in a 70 °C water bath until a
gel was formed. The products were further dried at 80 °C in
a vacuum oven. After this, the mixture was calcined in a tube
furnace at 350 °C for 5 h under argon atmosphere and then
cooled to room temperature. The calcined samples were
remilled and dried in the same condition with the first milling.
After re-agate grinding, the dried powders were calcined in a
tube furnace at 750 °C for 10 h under an argon atmosphere and
then cooled to room temperature. For comparison, by ensuring
that the previous conditions are consistent, a series of material
is synthesized by controlling the amount of different PVP
additions.

Preparation of positive film and battery assembly

The as -p repared pure LiFe0 . 6 5Mn0 . 3 5PO4 /C , or
LiFe0.65Mn0.35PO4/C, composite (80 wt%) was mixed with
acetylene black (10 wt%) and polyvinylidene fluoride
(PVDF) (10 wt%) using N-methyl-2-pyrrolidone (NMP) as
dispersant to prepare the working electrode. The formed uni-
formly dispersed slurry was pasted onto an aluminum foil and
dried at 102 °C for 12 h in a vacuum oven. The aluminum foil
was pressed into a small disk with a diameter of about 10 mm
by pressing the tablet machine, and the positive film was ob-
tained. The CR2032 coin cells were assembled in a glove box
filled with pure argon with moisture and oxygen levels con-
trolled less than 1 ppm. And the battery was sealed and
allowed to stand for 24 h. One mole per liter of LiPF6 in
ethylene carbonate (EC), diethyl carbonate (DEC), and di-
methyl carbonate (DMC) (1:1:1, v/v) was used as the electro-
lyte solution.

Physical characterizations and electrochemical tests

The crystal structures were measured by an X-ray diffraction
(XRD) analyzer (D8-Fouse, made in Germany), using Cu Ka
radiation ranging from 10 to 80° at a scan rate of 12°/min. The
materials were analyzed by using X-ray photoelectron spec-
troscopy (XPS), and the atomic and nitrogen species of the
samples were obtained through this process. The microstruc-
ture and particle size distribution were examined by using the
scanning electron microscopy (SEM, Nova Nano SEM 450
FEI). The CT-2001 battery test system was used to evaluate
the constant current charge/discharge performance of the ma-
terial, with a voltage range of 2.5–4.5 V (versus Li+/Li). The
specific surface areas and the pore size distributions were
evaluated by using a Brunauer-Emmett-Teller (BET) test an-
alyzer (ASAP 2460, USA). The C content and N content of
the material are tested and analyzed by using an element an-
alyzer (American Thermoelectric Company FLASHEA1112).
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The cyclic voltammograms (CV) and electrochemical imped-
ance spectroscopy (EIS) measurements were both carried on a
CHI660C electrochemical workstation at room temperature.
The CV was tested in the voltage range of 2.5–4.5 V (versus
Li+/Li) at a scan rate of 0.1 mVs−1, and the EIS measurements
were in the frequency range from 0.01 Hz to 100 kHz. The
software ZsimpWin 3.10 was used to analyze the EIS data.

Results and discussion

Searching of the suitable nitrogen source

Structure and morphology

XRD was measured to detect the purity of the samples syn-
thesized by different nitrogen sources. Figure 1 shows the
XRD patterns for the investigated lithium iron manganese
phosphate samples after adding urea, melamine, and PVP.
The XRD peaks of the four samples are basically consistent
with the standard peaks of the olivine-type LiFePO4 (JCPDS
No. 40−1499). The three kind of the added N sources main-
tained the crystal structure of the LiFe0.65Mn0.35PO4/C mate-
rial. The sharp peaks illustrated the well-developed and per-
fect LiFe0.65Mn0.35PO4/C crystallites. The addition of urea,
melamine, and PVP exhibited little or no effect on the crys-
tallization of LiFe0.65Mn0.35PO4 within a certain concentra-
tion range. The carbon in the composite is amorphous, since
no diffraction peaks of crystalline carbon could be detected.

The lattice parameters are listed in Table 1. The similar
parameters of the crystal certified that the introduction of urea,
melamine, and PVP into the system could not change the
crystal structure. Adding the nitrogen source could provide a
larger ionic radius space for migration and accelerate the

diffusion of lithium ions due to the larger volume. Thus, the
utilization of PVP possessing the largest volume into the sys-
tem was a benefit for the ion transfer.

SEM images in Fig. 2 illustrated that the three materials
prepared by different N sources exhibited significant differ-
ence. The material added with 10% PVP possessed porous
structure obviously among particles, which could improve
the specific surface area and make it easier for the electrolyte
penetrating into the material. However, the other two samples
were just slightly lumpy.

Physical characterization

The different performances among these three samples are
evidenced by the CV curves in Fig. 3a LiFe0.65Mn0.35PO4/C
displayed two pairs of redox peaks which corresponded to the
Fe3+/Fe2+ and Mn3+/Mn2+, respectively. The redox peak sym-
metry of the two groups of prepared materials with 10% PVP
addition was better, which implied that the sample possessed
good electrochemical performances. The AC impedance spec-
tra of three different additives for electrodes to further detect
the conductivity are shown in Fig. 3b. The charge transfer
resistance of the three samples were 535.2 Ω, 881.8 Ω, and
1601.2Ω. Figure 3c and d depict charge and discharge curves
under 0.1 C the first time, and the rate performance of three
samples under different rates. The sample with 10% PVP ad-
dition exhibited higher discharge capacity and better rate per-
formances than those of other sample. Therefore, PVP was
selected as the research object to be further analyzed.

The effects of different concentrations

Structure and morphology

XRD patterns of these samples and standard LiFePO4 are
shown in Fig. 4. The positions and relative intensities of the
diffraction peaks are close to the pattern of standard LiFePO4

in the bottom. The reflection peaks were sharp and narrow,
indicating good crystalline degree of the samples, and there is
no diffraction peak of carbon in Fig. 4. The lattice parameters
are presented in Table 2. Similarly, the unit cell volume of all
samples has increased slightly compared with Fe0.65Mn0.35,
which not only provided a larger ionic radius for ion migration
but also accelerated the extraction and insertion of lithium

Fig. 1 XRD patterns of LiFe0.65Mn0.35PO4/C (adding urea, melamine,
and PVP, which respectively accounted for 10% of the mass of the
produced materials)

Table 1 Lattice parameters of the prepared samples

Samples a/(Å) b/(Å) c/(Å) V(Å3)

Fe0.65Mn0.35 10.3766 6.0422 4.7125 295.4649

Urea10% 10.3781 6.0429 4.7128 295.5610

Melamine10% 10.3792 6.0440 4.7127 295.6370

PVP10% 10.3807 6.0403 4.7151 295.6532
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ions. The 20% volume of the PVP could reach up to the largest
volume, and adding more PVP into the system would lead to
the decrease of the volume.

The samples with different levels of PVP could exhibit
obvious porous structures without blocky structure (Fig. 5).
Compared with the standard Fe0.65Mn0.35, many pores oc-
curred on the surface of the sample with PVP, which meant
that the pyrolysis of PVP in the calcining process would pro-
mote the formation of porous structure. It is very likely that the

formed nitrogen-doped carbon coating could effectively im-
prove the electronic conductivity and electrochemical perfor-
mances of LiFe0.65Mn0.35PO4/C.

The XPS spectrum of the sample prepared with PVP con-
tent of 20% by mass of the synthetic material is listed in Fig.
6a. The peaks of Li1s, P1s, P2s, C1s, N1s, O1s, Fe2p, and
Mn2p3 could be clearly seen in Fig. 6a. C1s peaks around
290 eV, and N1s peaks around 400 eV, indicating that the
carbon and nitrogen elements indeed presented in the sample.

Fig. 2 SEM images of LiFe0.65Mn0.35PO4/C (adding urea, melamine, and PVP, which respectively accounted for 10% of the mass of the produced
materials)

Fig. 3 Electrochemical performance of the different nitrogen sources. a CV curves at a scan rate of 0.1 mVs−1. b Nyquist plots with testing frequency
range from 0.01 Hz to 100 kHz. c Initial charge/discharge profiles between 2.5 and 4.5 V under 0.1 C. d Rate performance from 0.1 to 1 C
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The high-resolution N1s spectrum (Fig. 6b) displayed three
different states of N element: pyridinic N (398.5 eV), pyrrolic
N (400.9 eV), and graphitic type of N (401.6 eV) [59], and the
peak area ratios were 27.70%, 44.70%, and 27.21%, respec-
tively. Generally, the pyridine-type nitrogen and pyrrole-type
nitrogen are considered as defective nitrogen; many vacancies
and dangling bonds formed with the N atom doping, which
could provide active sites for lithium ions to be embedded.
The graphite-type nitrogen could improve the conductivity
and electrochemical activity of the material [60].

In order to further investigate the porous structure, N2

adsorption/desorption isotherms are measured. As shown in
Fig. 7, the adsorption-desorption isotherms of the samples all
show a type IV adsorption-desorption isotherm with a H3-
type hysteresis loop at the range of 0.4–1.0 P/P0 [56], indicat-
ing the mesoporous structure of the material. Moreover, we
can see that the pore size distribution curve is between 2 and
140 nm from the sample BJH pore size distribution curve.
Most pore sizes are between 2 and 20 nm; a small part of
the pore sizes is between 20 and 50 nm. Simultaneously, the
structural property parameters are presented in Table 3.

The specific surface areas of all samples calculated using the
method are 15.29 m2g−1, 14.65 m2g−1, 19.88 m2g−1,
11.89 m2g−1, and 14.99 m2g−1, respectively. Compared with
other samples, when the amount of PVP added is 20%, it has

a larger surface area and pore volume. At the same time, the
surface area and pore volume of the sample are 0.13 cm3g−1 and
22.04 nm, respectively, which provide a larger contact area for
activematerials and electrolytes, and it is more conducive to ion
migration and accelerates the extraction and insertion of lithium
ions. It could effectively improve the electronic conductivity
and electrochemical performances of the material.

The C content and N content of the sample are shown in
Table 4. Since the added raw material PVP is a polymer, we
can see that with the continuous addition of PVP, the C con-
tent is continuously increasing, while the N content is con-
stantly decreasing. The changes in the content of the two ele-
ments present a more reasonable change trend. When the
amount of PVP is 20%, the N content of the synthetic material
is relatively higher, which is beneficial to the synthesis of
carbon and nitrogen layer.

Physical characterizations

For further understanding the electrochemical properties, the
CV curves of LiFe0.65Mn0.35PO4/C (pure sample and different
PVP additions) are given in Fig. 8a. The CV curves of both
electrodes possessed two redox peaks at ∼ 3.5 and ∼ 4.1 V
versus Li/Li+.When PVPwas added at 20% content, two pairs
of redox potential peaks appeared at approximately 4.118/
3.881 V and 3.614/3.370 V, which accorded with the redox
couple of Mn3+/Mn2+ and Fe3+/Fe2+. Simultaneously, the re-
dox peaks were sharper and more symmetric, indicating the
improved reversibility, decreased polarization, and enhanced
kinetic process for lithium-ion insertion/extraction, which was
consistent with a smooth voltage platform. Figure 8c showed
t h e i n i t i a l c h a r g e a nd d i s c h a r g e c a p a c i t y o f
LiFe0.65Mn0.35PO4/C (pure sample and different amount of
PVP added) at a rate of 0.1 C between 2.5 and 4.5 V. The
20% of PVP into the system could increase charge and dis-
charge capacity than those of the original LiFe0.65Mn0.35PO4/
C at a low rate of 0.1 C, which could reach up to
148.0 mAhg−1, and both displayed relatively stable charging
and discharging platforms. Comparing the cycle of
LiFe0.65Mn0.35PO4/C (pure sample and different PVP addi-
tion) materials charged at 0.1 C rates and discharged at
0.1C, 0.2 C, 0.5 C, and 1.0 C rates performance curve in
Fig. 8d, at all charge and discharge rates, only pure samples
and PVP with 20% addition possessed better cycle rate per-
formance. Other samples experienced more severe attenuation
at high magnifications. The first-cycle discharge capacity of
the material LiFe0.65Mn0.35PO4/C (pure sample and 10%,
20%, 30%, and 40% PVP addition) was approximately
145.3, 145.1, 148.0, 143.5, and 120.5 mAhg−1, respectively
at 0.1 C. The discharge capacity of the first cycle measured at
various rates with the decreasing order pure sample > 20% >
10% > 30% > 40% at 1 C. After returning to 0.1 C, the capac-
ity retention rates are 95.46%, 85.25%, 99.19%, 83.48%, and

Fig. 4 XRD patterns of LiFe0.65Mn0.35PO4/C (pure sample, and 10%,
20%, 30%, and 40% PVP addition)

Table 2 Lattice parameters of the prepared samples

Samples a/(Å) b/(Å) c/(Å) V(Å3)

Fe0.65Mn0.35 10.3766 6.0422 4.7125 295.4649

PVP10% 10.3807 6.0403 4.7151 295.6532

PVP20% 10.3795 6.0448 4.7143 295.7859

PVP30% 10.3792 6.0433 4.7145 295.7144

PVP40% 10.3767 6.0433 4.7137 295.5933
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76.10%, respectively. By comparison, LiFe0.65Mn0.35PO4/C
(PVP addition amount is 20%) owned better rate performance.
Figure 8d showed the AC impedance spectrum of the prepared
sample LiFe0.65Mn0.35PO4/C (pure sample and different PVP
addition amount) material. Figure 8b depicts the equivalent
circuit Int. Each Nyquist diagram consists of three parts: the
abscissa intercept point in the high-frequency region, the
semicircular region in the intermediate-frequency region,
and the inclined straight line in the low-frequency region.
The fitting results of the electrochemical impedance curve
data are shown in Table 5. Electrolyte resistance, electrode
interface resistance, and charge transfer resistance are repre-
sented by Rs, Rsei, and Rct, respectively. Rct values of
LiFe0.65Mn0.35PO4/C (pure samples and different PVP addi-
tion amounts) were 716.4 Ω, 535.2 Ω, 430.7 Ω, 500.7 Ω, and

843.7 Ω, respectively. When PVP was added at 20%, the
smallest charge transfer resistance appeared compared with
other samples. The charge transfer resistance of the doped
material was smaller than that of the pure-phase material, con-
sistent with the results of previous electrochemical tests. This
showed that adding appropriate amount of PVP could effec-
tively reduce the charge transfer resistance.

DLiþ ¼ R2 � T 2= 2A2 � n2 � F4 � C2 � σ2
� � ð1Þ

Figure 9a presents the linearity of Z′ and ω−1/2 of the pre-
pared sample fit of the graph. The lithium-ion diffusion coef-
ficient was calculated by using formula (1), where R is the gas
constant (8.314 Jmol−1 K−1), T is the absolute temperature, A
is the surface area of the positive electrode (estimated to be

Fig. 5 SEM images of LiFe0.65Mn0.35PO4/C (pure sample, and 10%, 20%, 30%, and 40% PVP addition)

Fig. 6 XPS spectra of
LiFe0.65Mn0.35PO4/C (adding
PVP which accounted for 20% of
the mass of the generated
material)
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0.785 cm2), n is the number of electrons required to participate
in the uni t reac t ion , F i s the Faraday cons tan t
(96,485.33 Cmol−1), C (0.0288 mol cm−3) [58] is the applica-
tion of lithium ions in LiFePO4, and σ is the Wahlberg factor

Fig. 7 N2 adsorption-desorption isotherms and the BJH pore size distribution curves of LiFe0.65Mn0.35PO4/C (pure sample, and 10%, 20%, 30%, and
40% PVP addition)

Table 3 Specific surface area, pore volume, and average pore size of
prepared samples

Samples SBET (m
2g−1) Vpores (cm

3g−1) dpores (nm)

Fe0.65Mn0.35 15.29 0.09 19.37

PVP10% 14.65 0.08 18.77

PVP20% 19.88 0.13 22.04

PVP30% 11.89 0.08 20.16

PVP40% 14.99 0.07 18.13

Table 4 C and N
element contents of the
prepared samples

Samples C (%) N (%)

PVP10% 12.88 2.71

PVP20% 14.10 2.15

PVP30% 14.57 1.76

PVP40% 14.91 1.44
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(Fig. 8 slope) [61]. Obviously, the proper addition of PVP
could effectively improve the lithium-ion diffusion coeffi-
cient. The Li+ diffusion coefficients of each sample were
1.091 × 10−14 cm2s−1, 2.972 × 10−14 cm2s−1, 2.342 ×
10−14 cm2s−1, 3.340 × 10−14 cm2s−1, and 1.867 ×
10−14 cm2s−1, respectively. All the PVP-added samples in-
creased the Li+ diffusion coefficient, which was consistent
with reports from some articles in previous studies [16].

Conclusion

In summary, according to a simple sol-gel method, we doped
PVP, melamine, and urea with the material mass fraction of

10% to get the final product. PVP was chosen as the nitrogen
source to further research by comparison and selection.
Comparing with different amounts of materials synthesized
by PVP, LiFe0.65M0.35PO4/C which was synthesized by
20% PVP has the best electrochemical performance. It can
effectively reduce the impedance of the material and increase
the specific capacity and cycle stability of the material. The
first discharge at 0.1 C reached 148.0 mAhg−1, and that of 1 C
was 130.0 mAhg−1. When charged and discharged are at dif-
ferent rates and returned to 0.1 C, the capacity retention rate
reached 99.20%. In addition, the Rct values and the Li+ diffu-
sion coefficient of this sample were 430.7 Ω and 2.342 ×
10−14 cm2s−1, respectively. The excellent electrochemical per-
formance should be attributed to the formation of the carbon-

Fig. 8 Electrochemical performance of the pure sample and different PVP additions. aCVcurves at a scan rate of 0.1mVs−1. bNyquist plots with testing
frequency range from 0.01 Hz to 100 kHz. c Initial charge/discharge profiles between 2.5 and 4.5 V under 0.1 C. d Rate performance from 0.1 to 1 C

Table 5 EIS fitting data of the pure sample and different PVP additions

Samples Rs (Ω) Rf (Ω) Rct (Ω) DLi+ (cm
2s−1)

Fe0.65Mn0.35 2.408 5.802 × 1014 716.4 1.091 × 10−14

PVP10% 2.613 554.1 535.2 2.972 × 10−14

PVP20% 3.102 6565 430.7 2.342 × 10−14

PVP30% 3.155 2.422 × 1012 500.7 3.340 × 10−14

PVP40% 2.978 1.922 × 1012 843.7 1.867 × 10−14
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nitrogen layer as a nitrogen source, thereby enhancing the
electrode’s electrical conductivity and lithium-ion diffusion.
The excellent cycle stability can be attributed to its use as a
surfactant, which prevents colloidal particles and carbon
sources from agglomerating to form well-crystallized
particles.
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