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A solid- state reaction route was used to prepare Lig.ggsAlo00sMnggsFeo15P04/C, and the prepared
sample were characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
scanning electron microscopy (SEM) and electrochemical tests. The results of XRD and XPS show
that AI** and Fe?* are soluble in the Li site and the Mn site to generate a solid-solution, resulting in a
shrinkage of crystal lattice and creations of AI**-vacancy pairs and Fe**-vacancy pairs. Compared with
Lig.005Al0.00sMNPO4/C, LiMnggsFep.15P04/C and LiMnPO4/C, Lig.egsAlo.00sMng gsFeg 15sPO4/C exhibits
much better rate capability and cycling stability. When charged and discharged at 1 C,
Lio.005Al0.00sMno.gsFe0.15P04/C delivers a discharge capacity of 139 and 160 mAh-g™ at 25 and 60 'C,
and its capacity retention ratio is 100 % after 50 cycles, respectively. The enhanced property of
LiMnPO,/C can be attributed to the synergistic effect of AI** doping at the Li site and Fe** doping at
the Mn site, leading to a great improvement in the dynamic stability of the olivine structure, Li*
diffusion and electrode kinetics. Thus, the electrochemical properties of lithium manganese phosphate
can be effectively improved by Fe** doping at the Mn site and aliovalent ion doping at the Li site.
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1. INTRODUCTION

LiMnPO, has been researched as a potential cathode material for next-generation of Li-ion
batteries due to its optimal redox potential (4.1 V vs. Li*/Li), its energy density, which is
approximately 20% larger than that of LiFePO, and its compatibility with most of the liquid
electrolytes presently used in Li ion batteries [1, 2, 50]. However, LiMnPO,4 has poor rate capability
owing to its low intrinsic electronic and ionic conductivity [2]. To improve the rate performance of
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LiMnPQ,, following methods have been proposed [2-5]: (1) surface coating carbon layer; (2) reducing
particle size and controlling the particle morphology; and (3) doping with guest ions. Among these
adopted methods, doping with guest ion on Mn-site is an effective way to improve the electrochemical
performance of LiMnPOy, [6], and various metal ions such as Fe** [7-15], Mg®* [12, 13, 15-24], Co**
[12, 15, 25], Zn** [26, 27], Cu** [28, 29], Ce** [30], Cr** [31, 32], V*" [15, 33-37], Ti** [24] and Zr**
[23, 24, 38] have been applied to improve the electrochemical behavior of LiMnPO, [50]. Moreover,
the performance of LiMnPO, can be effectively enhanced by co-doping on Mn-site, such as Fe?*-Mg**
[38-46], Fe?*-Co*" [47-48], Co**-Mg*" [49], Fe®*-Zn®* [26], Fe**-Ti** [50], Mg®*-Zr*" [23]. For
instance, the discharge capacity of LiMnggFeoosMgoosPO4 at 0.2 C was 121 mAh-g ™, while that of
LiMnPO, and LiMnggFeo1PO, was only 67 and 74 mAh-g %, respectively [46]. Huang et al. reproted
that Li(MnogsFeo15)002TioosPO4/C delivered a capacity of about 144 mAh-g* at 1 C, while
LiMno.gsFeo.15PO4/C and LiMngg,TioesPO4/C only delivered a capacity of 126 and 106 mAh-g %,
respectively [50]. Clearly, the property of LiMnPO,4 can be enhanced by the synergistic effect between
ions co-doping at the Mn-site, but the roles of multiple cations need to be further confirmed.

Several researchers reported that substitution of Li* by AI** can effectively improve
electrochemical performance of LiFePO,4 [51-55]. With the similarity of LIMPO, (M=Fe, Mn) and the
previous works of co-doped LiMnPO, [23, 26, 38-50], we infer that a synergistic effect may exist
between Fe doping at Mn site and Al doping at Li site, and the electrochemical performance of
LiMnPO,4 may be further improved by Fe doping at Mn site and Al doping at Li site. Therefore, we
synthesize and characterize Lig.g95Alo.00sMnNg.gsF€0.15P04/C that is in comparison with the LIMnPQO,/C,
Lio.995Al0.00sMNPO4/C and LiMnggsFep15PO4/C. The results in the present work demonstrate that the
electrochemical performance of LiMnPO, can be significantly enhanced by the synergistic effect
between Fe”* doping at Mn site and AI** doping at Li site.

2. EXPERIMENTAL

A solid-state reaction method was applied to prepare LiiAlxMn;,Fey,PO4/C (x=0.000, 0.005;
y=0.00, 0.15) composites. 19 wt% sucrose (AR, Beijing Chemical Reagent Co. LTD) was milled with
a stoichiometric proportion of Li,CO3, MnC,0,4-2H,0, FeC,04-2H,0, Al,03, NH4H,PO, in water by a
stirred media mill for 3.5 h. The milled slurry was dried in a spray-drying unit. The dried mixture was
sintered at 300 °C for 2 h, and then at 600 °C for 10 h under N (99.999% purity).

Phase composition and crystal structure of the prepared samples were identified by a Rigaku
D/Max 2500V diffractometer with Cu Ka (4 = 0.15406 nm) at 40 kV and 40mA. A scanning electron
microscopy (SEM, S-3400N) was applied to observe the morphologies of the prepared samples. A
EuroVector Euro EA 3000 elemental analyzer was used to measure the carbon content of the prepared
samples. X-ray photoelectron spectra (XPS) of the prepared LiiAlxMniFe,PO,/C were measured
using a Thermo ESCALAB 250X1 (Thermo fisher, USA). XPS spectra were analyzed with XPS Peak-
fit software.

The cathode slurry was prepared by first mixing LiixAlxMn1.yFey,PO4/C, acetylene black and
PVDF binder with the mass ratio of 80:10:10 in N-methyl-2-pyrrolidone (NMP, Aldrich). The slurry
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was cast onto an aluminum current collector and then dried at 120 °C for 12 h under vacuum. The
charge/discharge behaviors of the prepared samples were tested using CR2032 coin cells containing a
cathode, a Celgard 2300 membrane as the separator, a lithium foil anode, and the electrolyte (1 mol L™
LiPFs inEC/DMC (1:1 by volume)). The cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) experiments were performed using the three electrode cell (ECC-REF, EL-Cell
GmbH, Germany). The details of the synthesis process, materials characterization and the
electrochemical experiments were described by Huang et al [50].

3. RESULTS AND DISCUSSION

3.1. Structure and morphology

LiMnPO4/C, LiMn0,85Fe0_15PO4/C, Lio_gg5A|oloo5MnPO4/C and Liolgg5A|0.005Mnolg5Feo,15PO4/C
were prepared to study the effects of Fe and/or Al doping on the structure and performance, and the
corresponding samples was named as LMP, LMFP, LAMP and LAMFP, respectively. XRD was used
to investigate the effects of Fe and/or Al doping on the phase, and the instrument error during the XRD
experiments was corrected by the standard silicon powder [50]. The XRD patterns of LMP, LMFP,
LAMP and LAMFP in Fig.1 are agreed with the orthorhombic structure LiMnPQO,4 with a Pnmb space
(PDF#74-0375) [50]. The carbon content of LMP, LMFP, LAMP and LAMFP is 6.6, 6.7, 6.5 and 6.7
wt.%, indicating that Fe and/or Al doping have little effect on the pyrolysis of sucrose. The peaks for
carbon cannot be observed in Fig. 1 due to its amorphous structure [50].
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Figure 1. XRD patterns for the prepared samples. Powders were measured in the range from 10° to
80°. LIMnPO4/C (LMP), LiMn0.85F90.15PO4/C (LMFP), Li0.995A|0.005MnPO4/C (LAMP) and
Lio.995Al0.00sMNo g5F€0.15sPO4/C (LAMFP)
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Table 1. Cell parameters of pure and doped LiMnPQO,/C.

Sample alA b/A c/A VIA®
LMP 6.10198 10.44597 4.74422 302.4018
LMFP 6.08710 10.42723 473723 300.6795
LAMP 6.10201 10.44506 4.74322 302.3132

LAMFP 6.08697 10.42669 473926 300.7863

Table 1 presents the Cell parameters of the prepared samples. Obviously, Fe-doping results in a
shrinkage in the lattice and a decreases in the unit cell volume and lengths (a, b and c) [24, 26, 38, 41,
44-48, 50], because the ionic radii of Mn** (0.83 A) in octahedral coordination is larger than that of
Fe?* (0.78 A) [58]. These results demonstrate that Fe is introduced into the Mn site of the olivine
lattice to form a solid-solution in LiMnPO, matrix [24, 26, 38, 41, 44-48, 50]. Al doped on the Li site
would lead to a shrinkage of crystal lattice, because the ionic radii of AI** (0.675 A) is smaller than
that of Li* (0.76 A) [58]. As given in Table 1, the lengths (a, b and c) and the cell volume of LAMP
are smaller than that of LMP, indicating that Al is introduced into the Li site to form a solid-solution
[51, 53-55]. As pointed by the previous reports [10, 41, 50, 56, 57], the nucleation of the second phase
can be accelerated by the solid-solutions formed by doping Fe or Al in LiMnPO,. Jahn-Teller effect
induced lattice distortion has a great influence on the Li" transport in LiMnPOy [10, 23, 50]. Hence, the
Li* transport can be improved by Fe or Al doping, since the shrinkage of unit cell of Fe or Al doped
LiMnPO, can reduce the local distortion during the charge/discharge processes [23, 50]. The dynamic
stability of LiIMnPO, is worse than that of LiFePO, during cycling due to a large volume change
(~9%) during the phase transition between LiMnPO, and MnPQO, [12, 56, 57]. Fe or Al doped
LiMnPO, should have a smaller volume changes because of its smaller unit cell volume, suggesting
that Fe or Al doping can improve the dynamic stability of LiMnPO, [12, 50]. The ionic conductivity of
LiMPO4 (M = Mn, Fe or Co) can be enhanced by decreasing the b values, because the b-direction in
the MnOg planes of the olivine structure is the only direction for the polaron-conduction [12, 50, 61-
63].
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Figure 2. FESEM images of the prepared samples: (a) LiMnPO,/C (LMP), (b) LiMnggsFeg15P04/C
(LMFP), (c) Lio.995Al000sMnPO4/C (LAMP) and (d) Lio.995Al0.00sMNo 85F€0.15P04/C (LAMFP).

Therefore, the ionic conductivity of LIMnPO, can be improved by Fe or Al doping, since the b
values of LMFP and LAMP are smaller than that of LiIMnPO,. As seen from Table 1, a, b, c and V of
Fe-Al co-doped sample are smaller than that of Fe or Al doped sample, demonstrating that Fe-Al co-
doping has a synergistic effect in the shrinkage of crystal lattice [24, 38, 41, 45-48, 50]. Therefore, the
performance of LiMnPO, should be further improved by Fe-Al co-substitution. FESEM images
presented in Fig.2 show that both of doped LiMnPO,/C and undoped LiMnPO,/C have pseudo-
spherical morphology and similar particle sizes, indicating that Fe- and/or Al doping has little
influence on the particle growth and the micromorphology [50].

The oxidation states of Fe, Al and Mn of the prepared samples were identified using XPS
experiments [50]. Fig. 3 gives the XPS full spectra and high-resolution spectra of M (M= Mn, Fe) for
LMP, LMFP, LAMP and LAMFP. Fe- and/or Al-doped samples have similar XPS spectra, and the
peaks related to Liss, Pop, Cis, O15, Mg, and Fey, are labeled in Fig. 3(a) [50]. However, the reflections
of Al are not visible in Fig. 3(a) due to its low content so that it cannot be detected by XPS. The peaks
in Fig. 3(b) located at about 641 and 653 eV are related to Mnzpz/3 and Mngpa/2, respectively, which are
the characteristic for Mn®* [24].
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Figure 3. X-ray photoelectron spectroscopy of the prepared samples: (a) full spectra, (b) Mnyp, and (c)
Fezp. LiMnPQ,/C (LMP), LiMng gsFeg.1sPO4/C (LMFP), Lig.995Al0.00sMNPO,4/C (LAMP) and
Li0.995A|0.005Mn0.35F80.15PO4/C (LAMFP)

The difference of Mny, spectra of LMP, LMFP, LAMP and LAMFP may be ascribed to the
lattice deformation cause by the introduce Fe into Mn site and/or Al into Li site. The XPS peaks at
~711 and ~724 eV in Fig. 3(c) are ascribed to Feppi2 and Feppzp [50, 54]. Therefore, the oxidation
states of Mn and Fe in the prepared samples are +2, respectively [50]. The oxidation states of Al can be
taken as +3 [55].

XPS results demonstrate that the oxidation state of Mn?" in the Fe- and/or Al-doped samples is
the same as that in LiMnPO,4 change. However, Fe?* in LMFP can be oxidized to Fe*" and form Fe®*-
vacancy pairs during the Li* extraction processes [56, 57]. In Al-doped samples, AI** introduced at the
Li site can form AI**- vacancy pairs [50, 51, 55, 64, 65]. The electrode kinetics of LiMnPO, can be
enhanced by, because the Mn*/Mn*" redox reaction near localized Fe**- vacancy pairs and Al®*-
vacancy pairs can occur more easily than that surrounded by only Mn?*-Li* pairs [10, 41, 50, 56-57].
Therefore, the electrochemical kinetics of LiMnPO,4 can be further improved by Fe?* and AI** co-
doping due to its synergistic effect on the formation of metal ion- vacancy pairs [50].

3.2. Electrochemical performance

Fig. 4 gives charge-discharge behaviors of pure and doped LiMnPO,/C at 25 "C. As seen in
Fig. 4(a), the charge/discharge plateaus situated at about 3.5 and 4.0 V vs. Li/Li* in the initial
charge/discharge curves are related to the M?/M®*" (M= Fe or Mn) redox couples, respectively
[11,38,40,4, 50]. Moreover, the discharge plateau of Mn?/Mn** of Fe?*-AI** co-doped sample
increases to 4.0 V vs. Li/Li* [50]. Clearly, Fe**-AI** co-doping can significantly improve the discharge
capacity of LiMnPOy. As shown in Fig. 4(b), the discharge capacity of all samples decreases with the
increase of the C rates [50]. LAMFP delivers capacities of 160, 147, 138, 113 and 62 mAh-g™* at 0.2,
0.5, 1, 2 and 5 C, respectively. However, LMP only exhibits discharge capacities of 138, 107, 84, 61
and 20 mAh-g* at 0.2, 0.5, 1, 2 and 5 C, respectively. Therefore, the rate capability of LiMnPO, can
significantly enhanced by Fe** and AI** co-doping.
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Figure 4. Electrochemical performance of the prepared samples at 25 'C: (a) Initial charge/discharge
curves at 1 C (175 mA-g™) by CC-CV mode, and (b) rate performance at different C rates by
CC-CV mode. LanPO4/C (LMP), LiMn0_85Feo.15PO4/C (LMFP), Lio,995A|o.oo5MnPO4/C
(LAMP) and Lio_ggsAlo_oosMn0_85F80_15PO4/C (LAMFP)
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Figure 5. Cycling performance of the prepared samples at 1 C (175 mA-g™) by CC-CV mode: (a) 25

C, (b) 60 cC LIMnPO4/C (LMP), Lan085F9015PO4/C (LMFP), |_|0995A|0005MHPO4/C (LAMP)
and Lio_995A|o_005Mn0_85F90_15PO4/C (LAM FP)

Fig.5 gives the cycle behavior of pure and doped LiMnPO,/C atl C rate. When charged and
discharged at 25 'C, LMP, LMFP, LAMP and LAMFP give a discharge capacity of 98, 120, 101 and
139 mAh-g*, and the corresponding capacity retention is 95, 99, 98 and 100% after 50 cycles,
respectively. When charged and discharged at 60 'C, LMP, LMFP, LAMP and LAMFP exhibit a
discharge capacity of 135, 153, 143 and 160 mAh-g™, and the corresponding capacity retention is 96,
99.1, 98 and 99 % after 50 cycles, respectively. Therefore, the discharge capacity and the cycling
stability of LiMnPO./C can be markedly improved by Fe** and AI** co-doping because of the
synergistic effect between Fe?* doping at the Mn-site and AI** doping at the Li-site [50], which are

consistent with the results from Fig.1 and Fig.3, and can also be further confirmed by the EIS and CV
experiments as given in Figs.6 and 7.
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Figure 6. Cyclic voltammetry curves of the prepared samples after 2 cycles at 1 C by CC-CV mode.

three electrode cells were measured between 2.0 and 4.5 V (vs. Li/Li*) at 0.2 mV s and 25 °C.
LanPO4/C (LMP), LiMn0_35Feo_15PO4/C (LMFP), Liolgg5A|oloo5MnPO4/C (LAMP) and
Lio.995Alo.00sMNo.85F€0.15PO4/C (LAMFP)
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Figure 7. (a) Electrochemical impedance spectra after 2 cycles at 1 C by CC-CV mode and (b)

equivalent circuit of the prepared samples. Three electrode cell were measured in the

range of 100k Hz to 0.01 Hz at 25 °C. LiMnPO4/C (LMP), LiMnogsFeo1sPO4/C (LMFP),
Lio_gg5A|o_oo5MnPO4/C (LAMP) and Lio_gg5A|o_oo5Mn0_85F90_15PO4/C (LAMFP)

The effects of Fe?* and/or AI** doping on the electrode reaction were further investigated by
CV and EIS experiments. Fig. 6 gives the CV curves of Fe?* and/or AI** doped samples between 2.0
and 4.5 V (vs. Li/Li*) with a sweep rate of 0.2 mV s™ at 25 °C. As shown in Fig.6, the anodic and
cathodic peaks centered at about 4.0 and 3.5 V can be ascribed to Mn?*/Mn®*" and Fe*/Fe** redox
couples, respectively [7, 9, 14, 40, 41, 50]. Furthermore, the shape of the anodic/cathodic peaks of
LAMFP is more symmetrical and sharper than that of LMP, LMFP and LAMP, and the potential
separations between the anodic and cathodic peaks at about 4.0 V are 0.52, 0.43, 0.48 and 0.42 V for
LMP, LMFP, LAMP and LAMFP, respectively [50]. These data demonstrate that the reversibility of
Li* extraction/insertion in LiMnPO, can be highly enhanced by Fe?*-Al** co-doping [50].



Int. J. Electrochem. Sci., Vol. 11, 2016 10104

Nyquist plots and the equivalent circuit of LMP, LMFP, LAMP and LAMFP are presented in
Fig. 7. The EIS curves of the pure and doped samples include a compressed semicircle followed by an
inclined line [9, 23, 24, 44, 50]. The ohmic resistance of the cell (Re) can be represented by the high
frequency intercept on the Z'-axis, while the compressed semicircle in the high and mid frequency
region is mainly ascribed to the charge-transfer resistance (R.) and its capacities [38, 41, 45, 50]. The
straight line in the low frequency expresses the Warburg impedance related to Li* diffusion in the
LiMnPO,/C particles [41, 45, 50]. The parameters of EIS obtained by the equivalent circuit in Fig. 7
(b) are given in Table 2. The electrode reactions are more favorable in the sample with a larger Dy;*
and a smaller Ry [41, 45, 50]. Therefore, Fe** and AI** co-doped sample should have better rate
performance because of its smallest Ry and the largest D", which is consistent with the
charge/discharge measurements [50].

Table 2. Impedance parameters for the pure and doped LiMnPO,/C

Sample R /02 Ret /€2 o /Qs0° Dui*
Value  Error  Value  Error Value Error cm®.st
LMP 53  33% 8625  2.3% 386.6 6.3%  20x107°
LMFP 119  12% 6362 0.7% 1847 ~ 36%  88x107
LAMP 64  53% 7127 20% 2064  43% 7.0x107°
LAMFP 41  7.6% 5033  2.4% 198.3 63%  7.6x107

In summary, Lig.ggsAlo00sMnggsFen 15PO4/C exhibits much better performance than that of
LiMng gsFeo.15PO4/C and Lig.g95Al0.00sMNPO4/C. The improvement of electrochemical performance can
be ascribed to the synergistic effect of Fe** doping on the Mn site and AI** doping on the Li site [50].

4. CONCLUSIONS

A new solid-solution Lig.gg5Alg.005sMng gsFep.15PO4/C has been prepared by a solid-state reaction.
Fe?" is introduced into the Mn site, and AI** is doped at the Li site of LiMnPO,. Fe?* -AI** co-doping
generates a synergistic effect in the shrinkage of unite cell and the creation of M**- vacancy pairs.
Lio.a95Alp.00sMno g5Fep.15PO4/C exhibits good rate performance and cycling stability. When charged and
discharged with 1 C rate at 25 and 60 C, this sample delivers a discharge capacity of 139 and 160
mAh-g™, and its capacity retention ratio is about 100 % after 50 cycles. The enhanced property can be
ascribed to the synergistic effect resulted from Fe®*-AI** co-doping, because this synergistic effect can
significantly enhance the structural stability, electrode kinetics and Li* diffusion rate. Thus, the
electrochemical performance of LiMnPO, can be effectively improved by Fe** doping on the Mn site
and aliovalent ion doping on the Li site.
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