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Abstract Carbon free LiFe,_ Mn,PO, (x = 0, 0.05, 0.1,
0.2, 0.4) cathode materials were prepared by a direct-
hydrothermal process at 170 °C for 10 h. The structural
and electrochemical properties of the samples were char-
acterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM), charge—discharge experiments, cyclic
voltammetry (CV) and alternating current (AC) impedance
spectroscopy. The electrochemical performance of LiFe-
PO, prepared in this manner showed to be positively
affected by Mn*"-substitution. Among the Mn*"-substi-
tution samples, the LiFeyoMn, PO, exhibited an initial
discharge capacity of 141.4 mA h g~' at 0.1 C, and the
capacity fading is only 2.7% after 50 cycles.

Keywords LiFePO, - Hydrothermal process -
Mn*" substitution

1 Introduction

First proposed by Padhi et al. [1], LiFePO, has become a
very attractive cathode material for lithium-ion batteries
due to its high theoretical capacity (170 mA h g~ ') [2],
high potential (3.4 V vs. Li/Li") [3], cheapness, low tox-
icity [4], and excellent thermal stability [5, 6]. However the
low electronic conductivity and lithium-ion diffusivity
limit its commercial applications. Improvements in con-
ductivity have been achieved by carbon coating [7] or
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metal ions doping [8, 9]. The way to solve the limitation of
lithium-ion diffusion focuses mainly on particle size
reduction [3]. Although carbon coating is a common way to
enhance the electronic conductivity, it not only leads to a
loss in energy density but also helps nothing in the intrinsic
electronic conductivity or chemical diffusion coefficient of
lithium within the crystal [10]. Metal ions doping was a
feasible way to enhance the intrinsic conductivity such as
the Li-site doping with Mg, Ti, Zr, Cr, Nb and Mo [8, 11—
15]. The Fe-site doping could weaken the Li—O interaction,
resulting in high ionic mobility and diffusion coefficient
[16-20]. Recent researches have suggested that V, Ni, Co,
Mg, Zn, Al and Mn substitution of Fe can improve the
electrochemical behavior of LiFePO, by increasing the
intrinsic electronic conductivity [21-24]. For example,
Tatsuya Nakamura et al. have proposed that Mn*"-substi-
tution of partial Fe*" could enhance the bulk conductivity
[25].

More recently, hydrothermal synthesis has been chosen
to prepare LiFePO, for its advantages: simple synthesis
process and low energy consumption [26-32]. But all those
have low capacity, or require a high temperature firing after
hydrothermal process, or need to induce conducting phase
coating on LiFePO, particles in order to obtain high
capacity. However, there are few reports on hydrothermal
synthesis of LiFePO, with Mn”**-substitution (actually
concerning the effect of Mn®" on the electrochemical
properties of LiFePO, prepared via hydrothermal route).

Therefore, a series of carbon free LiFe;_ Mn,PO,
(x =0, 0.05, 0.1, 0.2, 0.4) cathode materials were syn-
thesized with a direct-hydrothermal method, which did not
require a high temperature firing after hydrothermal pro-
cess and facilitated practical application. The electro-
chemical properties of the synthesized powders were
discussed in this work and the emphasis of the current
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investigation was to study the effect of Mn*"-substitution
on capacity retention and cycle stability.

2 Experimental

LiFe; _Mn,PO, (x = 0, 0.05, 0.1, 0.2, 0.4) was prepared
by a direct-hydrothermal process from LiOH-H,O, FeSO,-
7H,0, H;PO,, and MnSO,-H,0. After LiOH-H,O was
dissolved in distilled water to obtain 1 M solution, H3PO,,
FeSO,4-7H,O and MnSO4H,O powders were added to
LiOH solution in a molar ratio for Li:Fe:P:Mn = 3:1 —
x:1:x (x =0, 0.05, 0.1, 0.2, 0.4). In order to prohibit the
conversion of Fe>™ to Fe*™, the mixing process was carried
out under Ar atmosphere. The precursor solution of 50 mL
was put into a stainless steel autoclave, and the reactor was
heated at 170 °C for 10 h. The final solution was cooled
and filtered. Then the obtained precipitates were dried at
100 °C for 2 h in a vacuum oven.

The crystalline phases were identified on a D/MAX-RC
X-ray diffraction (XRD, Rigaku) using Cu K, radiation
(A = 1.5418 A). The 20 Bragg angles were scanned over a
range of 10-80° with a step size of 0.02°. The morphology
of particle was observed with a scanning electron micro-
scope (SEM, S-4700, Hitachi). The XPS spectra were
collected on an American Electronics physical
PHIS700ESCA system X-ray photoelectron spectroscope
using AIK radiation. The source was operated at 12.5 kV
and the anode power was 250 W. The banding energy (BE)
was calibrated with the Cls peak.

The electrodes were prepared by spreading the cathode
slurry (75 wt% of the active material, 10 wt% of polyvi-
nylidene fluoride (PVDF) in N-methyl pyrrolidone (NMP),
and 15 wt% of carbon black) onto an aluminum foil fol-
lowed by drying in vacuum at 120 °C for 12 h. The cath-
ode thickness reached approximately 0.1 mm, and its
surface area is about 1.77 cm™2. The loading of the active
materials is about 1.69—-1.27 mg cm 2. The cells (CR2025)
were assembled in an argon filled glove-box using lithium
metal foil as the counter electrode. The electrolyte was
1.0 mol dm > LiPF, in a mixture of ethylene carbonate
(EC) and dimethyl carbonate (DEC) (1:1, v/v).

The cells were galvanostatically charged and discharged
over a voltage range of 2.5-4.5 V at different rates. The C
rate was calculated from the weight and theoretical
capacity of LiFePO, (1C =170 mA h g~"). Electro-
chemical impedance spectroscopy (EIS) and cyclic vol-
tammetry (CV) were measured on an electrochemical
workstation (CHI 604C). CV was carried out at a scanning
rate of 0.1 mV s™' between 2.5 and 4.5 V (vs. Li/Li™). EIS
measurements were performed over a frequency range of
100 kHz-10 mHz at a charged stage with an applied
amplitude of 5 mV.
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3 Results and discussion
3.1 Crystalline structure analysis

Figure 1 shows the X-ray diffraction patterns of the LiFe,_,
Mn, PO, (x = 0, 0.05, 0.1, 0.2, 0.4) compounds. All sam-
ples exhibit single phase of LiFePO, with an ordered
olivine structure indexed to the orthorhombic Pnma space
group. The FWHM of the diffraction peaks descend after
substitution, this demonstrates Mn?*_substitution intensity
the crystallinity of LiFePO,4. The change of the unit cell
volume as a function of x in LiMn,Fe;_ PO, is presented
in Fig. 2. As the ionic size of Mn>* (0.08 nm) [33] is larger
than that of Fe** (0.078 nm) [34], as x increases, the unit
cell volume increases linearly with Mn?*-substitution
according to Vegard’s law which is consistent with the
literature reported [35, 36]. These indicate that Mn’" was
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successfully introduced into LiFePO, matrix structure and
the incorporation of Mn”" did not alter the LiFePO,
structure but slightly increased unit cell volume. The
extension in the unit cell volume could facilitate the
intercalation and deintercalation of lithium.

XPS analysis is performed to investigate the chemical
composition and valent states of the LiFe,_,Mn,PO,
(x =0, 0.1) samples. Figure 3a shows the peaks at 710.5,
531.0 and 131.1 eV which are due to Fe2p, Ols and P2p in
LiFe, _,Mn,PO, (x =0, 0.1) samples respectively. Fig-
ure 3b presents Mn2p XPS spectra in LiFey oMn, PO, and
it could be found the banding energy (BE) of Mn2p;,, peak
at 640.7 eV is typical for Mn>" state [33]. The Fe2ps,
peak with a BE of 710.0 eV of LiFePO, corresponds to
Fe?" state [36], and no shift is found for LiFegoMng ;PO4
which indicated the Mn**-substitution has no influence on
the Fe>" state [37]. However, as Xie and Zhou reported
[10], Lils emission is not seen clearly because it is
superposed on the Fe3p peak at about 56 eV. The XPS
results showed that the oxidation states of Fe and Mn in the
compounds are 2 and to a rough approximation, the
Fe:Mn:P molar ratio is about 0.9:0.1:1, which is equal to
the expectable value.

3.2 Microstructure of the powders

The effects of Mn”"-substitution on the particles size and
morphology of LiFePO, have been investigated by SEM.
Figure 4 shows the SEM images of the LiFe,_ ,Mn,PO,
compounds with various Mn?* contents. All prepared
samples are composed of platelet particles with size of
approximate 0.5 x 0.5 x 2 um® and the particle size of
LiFe;_Mn,PO, (x <0.2) decreases as Mn’>" content
increasing. When x increases to 0.2 and 0.4, the morphol-
ogy of the sample shows slightly particle-agglomerated.

3.3 Electrochemical performance

Cyclic voltammetry is performed in order to investigate the
effect of Mn>"-substitution on the electrochemical prop-
erties of LiFePO, by using a scanning rate of 0.1 mV s~ .
The CV profiles of LiFe;_,Mn,PO, are shown in Fig. 5.
They both exhibit a pair of redox peaks around 3.4 V vs.
Li/Li*, but they vary the intensities of the peaks. The peak
value increased with the substitution degree up to 0.1, took
a maximum and then decreased with further increase in the
substitution. But they are much higher than that of

Fig. 3 XPS spectra a of
LiFeO_gMn0_1P04 and LIFCPO4
samples, b for Mn2p in

LiFey oMng POy, ¢ for Fe2p in
LiFeolgMn0‘1P04 and LIFCPO4

Intensity (a.u.)

LiFe, Mn PO,

1
1000

750 500 250 0
Binding energy (eV)

(b) LiFe, Mn, PO,

Intensity

> Fe"(2p,.)
Mo @p_) (c) Fe''(2p,.) P

Intensity (a.u.)

LiFePO,
——LiFe, Mn_ PO,

660 655 650 645
Binding energy (eV)

640 635 735 730 725 720 715 710 705
Binding energy(eV)

@ Springer



578

J Appl Electrochem (2010) 40:575-580

Fig. 4 SEM images of LiFe,_
“Mn,PO,4 compounds a x = 0,
b x =0.05cx=0.1,
dx=02,ex=04
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Fig. 5 Cyclic voltammetry profiles of LiFe,_,Mn, PO,
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LiFePO,, indicating the higher electrochemical reactivity
of Mn*"-substitution electrodes.

It was thought that the Mn®"-substitution had no direct
contribution to the electrochemical reaction but enhanced
both electronic and ionic conductivities [25]. So the elec-
trochemical delithiation/lithiation mechanism of LiFeqgq
Mng PO, electrode could be written as:

Charge: LiFePO4_, — Li™ — xe—
— xFePO, + (1 — x)LiFePOy

Discharge: FePO, + xLi™ + xe—
— xLiFePO, + (1 — x)FePO,

Figure 6 shows the initial charge—discharge curves of
LiFe,; _Mn,PO, at 0.1 C. All the samples have similar
charge—discharge curves with flat plateaus corresponding to
the lithium delithiation/lithiation reactions but they vary in
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plateau voltages. The result indicates a decrease in
polarization of substitution electrode during cycling.
Among the LiFe;_,Mn,PO, samples, LiFeyoMng PO,
exhibited the highest discharge capacity of 141.4 mA h
g~ !, about 83% of the theoretical capacity of LiFePO, But
the discharge capacity decreased with further increase
Mn?*-substitution degree. It is possible to explain the exper-
imental facts from the viewpoint of that in Mn-rich phase the
lattice frustration during delithiation-lithiation process
induced by the strong electron Mn**/Mn”*" Jahn-Teller
effect, Li* couldn’t migrate reversibly [1, 25]. Additionally,
the peak separation corresponded to the polarization degree
increased with further increase in the substitution which is
consistent with the literature reported [25].

The cycle life of all the samples at 0.1 C rate to a cut-off
voltage between 2.5 and 4.5 V is shown in Fig. 7. For
LiFePO, and LiFey¢Mng4POy4, the initial discharge
capacity decreases rapidly from 91.4 and 77.1 mA h g~ to
65.4 and 67.2 mA h g~ at 50th cycle, showing the poorest
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Fig. 7 Cycling performance of LiFe;_,Mn,PO, at 0.1 °C

cycle performance. However, the samples of LiFe;_,
Mn, PO, with x = 0.05, 0.1, 0.2 show much better cycling
performance. The capacity fading of LiFeyoMng PO, is
only 2.7% after 50 cycles.

The electronic conductivities of prepared samples are
measured with the four-electrode method. The measure-
ments are performed in the air at room temperature, and the
data was listed in Table 1. LiFeyoMng PO, shows the
highest electronic conductivity among all samples, which is
almost 2 orders of magnitude higher than that of pure
sample. The highest conductivity of LiFeyoMn, PO, may
be attributed to the uniformly distributed smaller size of
particle, since the particles with smaller size will provide
more contacts between particles [38]. On the other hand,
Mn?"-substitution could decrease the band gap of LiFePO,4
[39] which plays a positive effect on improved conduc-
tivity of LiFePO,.

To provide more information for the improved electro-
chemical properties, AC impedance measurements are
performed on all the samples at the charged state after 5
cycling (Fig. 8). It is composed of a depressed semicircle
in the moderate frequency region and a spike in the low
frequency region. The semicircle is related to the charge-
transfer resistance (R.;), and the spike is attributed to the
Warburg impedance of long-range Li-ion diffusion [40].
Comparing the semicircles of the pristine and substitution

Table 1 Electronic conductivity of prepared samples

K (S cm_l)
LiFePO, 2.1 x 107°
LiFeg 9sMng sPO4 9.6 x 1078
LiFeg oMng POy 1.9 x 1077
LiFeq gMng,PO, 1.6 x 1077
LiFeo_(,Mno_4PO4 1.1 x 1077
1400

® Mn 363V

1200 & Mng, 3.65V

| —®— Mn,, 3.74V

- o Mn“ 3.7V
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Fig. 8 Nyquist plots of LiFe;_,Mn,PO,
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samples in the moderate frequency region, it is evident that
the R, was decreased by Mn”"-substitution which facili-
tating kinetics of electrochemical reactions, further leading
to better electrochemical performances [40]. Among all the
samples, LiFe,oMng PO, exhibited the lowest R, which
is also confirmed from the flatter charge—discharge plateaus
for the LiFey oMng (PO, electrode.

The Mn>"-substitution provides the influences on both
the interface and bulk properties of LiFePO, such as down-
sizing of the particles and enhancement of the bulk elec-
tronic conductivity. It results in the improvement of the
electrochemical performance of LiFePO,, such as the ini-
tial capacity, the capacity retention and the polarization
degree. However, it is difficult to discuss their contribu-
tions quantitatively and separately, the further study is
under work in our laboratory.

4 Conclusions

In this study, the carbon free LiFe;_Mn,PO4 (x = 0, 0.05,
0.1, 0.2, 0.4) materials were successfully synthesized via a
direct-hydrothermal method. X-ray diffraction analyses
indicate that Mn”*-substitution did not alter the crystal
structure of LiFePO, phase. It was found that the
Mn?"-substitution had some influences on the electro-
chemical performance of the olivine cathode: the enhance-
ment of the initial capacity, the suppression of the cycle
fading, and the lowering of polarization. They were attrib-
uted partly to the decrease of the charge-transfer resistance.
In particular, the carbon free LiFey9Mn, PO, exhibited a
specific capacity of 1414 mA h g™ at 0.1 C, and also
showed obviously better cycling life than the other samples.
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