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Nano-rod Mn-doped carbon coating LiFePOs composites have been synthesized by a sample
solvothermal process coupled with calcination, which shows an excellent performance at high rate
condition. The morphology and microstructure of the composites were evidenced by scanning electron
microscopy (SEM), X-ray diffraction (XRD) and transmission electron microscopy (TEM). The
electrochemical properties were evaluated by constant current charge/discharge test. Mn-doping
magnified the interplanar spacing, providing a smoother aisle for ionic transport, it is beneficial to
improve electrochemical properties at high rate. The stability was enhanced as well combined with
carbon coating. In electrochemical measurement of the specific charge capacity, rate capacity and
cycling stability, the obtained composite rod-like materials offer remarkably promising results for
application, the initial discharge capacity is 160 mAh-g™! at 0.2 C and 120 mAh-g™! at 10 C, the capacity
retention ratio is 94% at 0.2 C and 93% at 10 C after 50 charge-discharge cycles.
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1. INTRODUCTION

Lithium ion battery(LIB) as a renewable energy source is a promising energy storage device for
electric vehicles(EV),[1,2] however, it costs hours to get LIB fully charged, which limits the application,
thus high rate performance is more and more important nowadays.[3-5] LiFePO4 was originated as a
lithium-ion cathode material in 1997, due to its element composition and structure, LiFePO4 is superior
in terms of thermal stability (350-500°C), high theoretical capacity(170 mAh-g™'),low cost, non-toxicity
and high safety.[6-8] However, the crystal structure comprises of a network of FeOgs octahedra and PO4
tetrahedra, providing the only potential pathways for Li" diffusion in [010] directions, resulting in the
intrinsic low lithium-ion migration rate (104-10""°cm?-S™) and low electronic conductivity (10°-1071°
S-cm™), this influenced high rate performance significantly, restricting the application of LiFePO4.[9,10]
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Aiming at poor electrical conductivity of LiFePOs, carbon coating is a widely used modification
method.[11,12] Carbon materials including graphite, porous carbon, carbon nano tubes, graphene and so
on are all attempted to make a combination with LiFePO4.[13,14] These carbon materials can not only
improve the conductivity of electrode materials to optimize the high rate performance, furthermore it
can inhibit excessive growth and reunion of materials can be inhibited, which could reduce particle size
during preparation.[15,16] For example, Wang utilized polyethylene glycol as carbon source and
dopamine as nitrogen source to synthesize N-doped LiFePO4/C composite by a novel spray drying
method, which could adjust the thickness of coating. It can be observed that there is a thickness of 20nm
amorphous N-C layer coated on the surface of the LFP. Results show that the synthesized 5%N-
C@LiFePO4 has optimal performance with the of 156mAh-g"! at a rate of 0.1C and 121mAh-g"! at 5C,
while the specific capacity of pure LFP is only 90mAh-g! at 5C. The capacity has a 30% increment at
a high rate condition, which inform that the cooperation of N doping and C coating could sharply
contribute to the high rate performance.[17]

Although carbon coating can enhance the overall conductivity of LiFePO4, fundamentally,
doping is an efficient method to improve material intrinsic conductivity.[18,19] The equivalent cation
(Mg?*, Cu**, Co®") is more easily doped into the Fe position, Ni**, Co*", Mn?*with 0.069A,0.065A and
0.067A ionic radius doped into Fe** (ionic radius 0.061A) site could expand the lattice, closely packing
of materials were not observed in microstructure so that enlarge Li" diffusion channel and increase
lithium ion diffusion coefficient, it could help to transfer Li" more easier.[20,21] Jiang prepared different
contents V-doped LiFePO4/C composites (abbreviated as LiFe|xVxPOs@C) through a facile sol-gel
method followed by a thermal treatment. The sample are uniform with a particle size of 100 nm. Among
all samples, LiFeo.97V0.03PO4@C shows the best electrochemical performance and the discharge capacity
is 112.7 mAh-g! at 10 C after 200 cycles. The LiFe|xVxPOs@C electrodes exhibit superior rate
performance and cycling stability for lithium-ion batteries compared with the undoped LiFePO4@C,
which confirms that V doping could further enhances high rate performance based on carbon
coating.[22]

In this study, in order to improve the conductivity, the carbon coating and ion doping modification
methods were applied together, we synthesized Mn doped carbon coating rod-like LiFePO4 by a sample
solvothermal method coupled with subsequent calcination. During the solvothermal reaction process,
Mn?* doping was achieved by adding MnSO4-H>0, glucose was added after that as a carbon resource.
Combined with two modification methods, the composites are expected to exhibit superior performance
in terms of the high rate capability and cyclic stability, and a promising excellent positive electrode
material for high rate performance lithium-ion power batteries.

2. EXPERIMENTAL

2.1 Materials

LiFe0.975sMng.025sPO4/C composite materials were prepared by solvothermal method. The samples
were synthesized by LiOH-H,O (AR), H3PO4 (85%, AR), FeSO4-7H20 (AR), MnSO4-H20 (AR),
ethylene glycol (EG, AR), glucose(Ci12H22011, AR) along with Ascorbic acid (AR) as reductive agent
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and carbon source.

2.2 Synthesis of LiFeo.97:Mno.025PO4/C

LiFeo975sMno.02sPO4/C  composite was prepared via a solvothermal route using
FeSO4 7TH,0+MnSO4-H20, H3PO4 and LiOH-H>O with the molar ratio of 1:1:3. Firstly, 0.6 M LiOH
was dissolved in deionized water and then 0.2 M H3POs was added dropwise, finally white precipitate
was generated. Then 0.2 M FeSO4-7H,0+MnSO4-H>0 and moderate ascorbic acid was dissolved in a
mass of EG, the mixture was added to the white precipitate dropwise and stirred vigorously for 15 min.
Subsequently, the resulting mixture was then quickly transferred into a 100 mL Teflon-lined stainless
steel autoclave followed by the heating at 180°C for 16 h. After cooling down to the room temperature,
the precipitate was filtrated and washed with deionized water, which was then dried at 70°C for 6h. Next,
the powder was annealed at 500°C for 5 h under the flowing nitrogen. The samples obtained in this
manner are hereafter abbreviated as LiFeo.97sMno.025sPO4 (noted as LFMP), the pure LiFePO4 without Mn
doping was prepared for comparison, noted as LFP. The precursor LiFeo.97sMno.02sPO4 was mixed with
5wt% glucose by mechanical lapping, then the the powder was annealed at 500°C for 5h under the
flowing nitrogen, the products were noted as LFMPC, the pure LiFePO4 was coated by same method,
noted as LFPC.

2.4 Characterization and electrochemical measurements

The crystalline phase of the samples were analyzed by powder X-ray diffraction (XRD,
BRUKER D8) which was performed using Cu Ka radiation (A= 1.54056 A). Data were collected from
10° to 80° in 20, with a step size of 0.05° at room temperature. The morphology and particle size of the
prepared nanocrystals were monitored by a scanning electron microscopy (FEI SIRION200). The fine
structures of prepared nanostructures were analyzed by a transmission electron microscopy (JEOL JEM-
2100F).

A cathode working electrode for electrochemical testing was prepared by mixing product with
acetylene black as conducting agent and polyvinylidene (PVDF) as binder in N-methylpyrrolidone
(NMP) with weight ratio 80:10:10. Magnetic stir was continued until formed uniform slurry was formed.
Then the mixed slurry was spread uniformly on a thin aluminum foil and subsequently dried at 90°C for
12 h under vacuum. Metal lithium foils were used as the counter electrodes. The electrolyte was 1M
LiPF6 solution in a mixed solvent of ethylene carbonate (EC), dimethyl carbonate (DMC) and ethyl
methyl carbonate (EMC) (EC:DMC:EMC=1:1:1, V/V). A polypropylene microporous film was used as
the separator. The cells were assembled in an argon filled glove box. The modle number of cell is
CR2016. The cells were charged and discharged at room temperature between 2.0 and 4.2 V versus
Li*/Li on the electrochemical test instrument (CT2001A, Wuhan Land Electronic Co. Ltd., China).

3. RESULTS AND DISCUSSION

As shown in Fig.1, the prepared four samples could all precisely corresponding to the LiFePO4
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standard XRD card(PDF#40-1499) without impurities,[23,24] the sharp peaks show a excellent
crystallinity. The XRD comparison of LFP and LFP/C shows that carbon coating makes no effect to the
patterns, indicating that carbon coating did not change the olivine structure of LFP.
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Figure 1. XRD patterns of LFP. LFP/C. LMFP. LMFP/C

Figure 2. SEM images of LFP(a). LMFP(b). LFP/C(c). LMFP/C(d)
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Figure 3. TEM images of LFP(a). LMFP(b). LFP/C(c). LMFP/C(d)

This can be attributed to the low proportion of coating materials in active materials. The peaks
of the samples doped with manganese have a excursion to smaller angle, which proved the successful
doping of manganese, similar phenomenon appeared in other Mn-doped LiFePO4 works.[25,26] Because
of the larger radius of Mn?"(0.97A,while the radius of Fe** is 0.92A), the crystal plane gap magnified,
leading to smaller angles of peaks on the XRD patterns.[27] The increased layer spacing is benefit to
rapid diffusion of Li", which could account for the enhanced high rate performance.

From SEM and TEM images (shown in Fig. 2(a) and Fig. 3(a)), it can be clearly observed that
the pure LiFePOy are rod-like morphology, the particles are quite uniform in partical size, typically in a
narrow range of 200-600 nm. Negligible change in morphology s observed by comparison of Fig.2(a)
and Fig.2(b), proving that the doping of Mn** does not influence on morphology, which is consistent
with the XRD results, and the surface of rods are smooth. Seen, it is obviously noted from Fig.2(c) and
Fig.3(c) that it adheres to LFP surface in the form of carbon deposition after calcining glucose. The
quantity of the glucose addition is only the 5% percent of the yield of pure LFP, the content is too small
to affect the whole morphology structure. Carbon deposition is not completely coated on the surface of
the LFP while carbon coating on the whole surface will prevent the transfer of Li". During carbon
deposition process, the morphology and particle size remained unchanged. In the meantime, the carbon
deposition acts as barriers between particles, which reduced the agglomeration and prevented further
particle growth,[28] so LFP/C has a better dispersion compared with pure LFP, which shows the same
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results as other LFP/C materials.[29] At the same time, similar to other coatings, carbon coating can also
maintain the stability of the material structure. The SEM and TEM images of LMFP/C are similar with
LFP/C (Fig.2(c)(d), Fig. 3(c)(d)), which could prove the Mn** doping and C coating keep the intrinsic
properties of LFP.
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Figure 4. Initial charge/discharge curves of LFP,LFP/C, LFMP,LFMP/C at 0.2C

To enhance LiFePO4 electrochemical property, ion doping is a commonly used method. The
purpose of ion doping is to enhance the electron conductivity and ion mobility of LiFePO4 material,
some ion doping, such as Mn?>* doping could contribute to on material stability. Fig.4 compares the initial
charge-discharge voltage profiles of LFP, LFPC, LMFP and LMFPC electrode materials at 0.2 C rate at
room temperature (25°C). It demonstrates that all the samples exhibit typical flat charge-discharge
plateaus around 3.4 V, similar charge-discharge profiles have been observed in many LFP/C
composites,[30,31] because of the little Mn content ,there is no change in voltage platform. It is
obviously that Mn doped materials owe a flatter platform, and the capacities have a slight improvement
(from 128 mAh-g™! to 137 mAh-g!). Because of , Mn?" could occupy the location of Fe?* to increase the
lattice constant of the material due to larger radius of Mn?" than Fe**. The size of Li" diffusion path is
enlarged with the increased interplanar spacing, which makes the Li" inserting and taking off more easier,
thus leading to more Li" participation in the charge/discharge process. On the other hand, Mn?" doping
could reduce polarization phenomenon, because smoother de-intercalation of Li" could reduce
concentration and resistance polarization.[32] From Fig.4, the charge and discharge voltage differences
of LFP and LFMP are 0.38 V and 0.1 V, respectively when capacity reaches up to 100 mAh-g™!. To sum
up, the effect of Mn?" doping on the enhanced discharge specific capacity and the decreased polarization
of LiFePOsy is significant. Carbon coating in a sense provides a role of pseudocapacitance, both LFP/C
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and LFMP/C owing gentler downhills after the platform during the discharge process compared with
LFP and LFMP, which could enable the discharge voltage drop slower in order to enhance the discharge
voltage.
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Figure 5. Cycle performance of LFP, LFP/C, LFMP and LFMP/C at different rates
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Figure 6. Cycle performance of LFMP/C at 0.2C and 10C

LiFePOg4 often shows a bad rate performance due to its low conductivity and ion mobility. In
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addition to stabilizing the structure, carbon coating could increase the surface conductivity of LiFePOu,
thus the rate performance of LFP/C and LFMP/C is much better than LFP and LFMP, respectively. Fig.5
shows the discharge capacities of LFP, LFP/C, LFMP and LFMP/C at 0.2 C,0.5C,1C,2C,5Cand 10
C, ten cycles for each rate, the initial discharge capacities are 120, 137, 138 and 160 mAh-g™,
respectively, it implies a 30% increment of initial discharge capacity upon carbon coating and Mn**
doping. As for rate performance, LFMP/C shows 120 mAh-g! discharge capacity at 10C, the capacity
retention is 75%, while the pure LFP only has 35 mAh-g" capacity left, and the capacity retention is
29%. While it is not hard to reach a high discharge capacity at low rate, a sluggish slope appeared in
most LiFePO4/C materials when the rate come up. For example, at the rate of 0.5 C and 10 C, the
capacities of LFMP/C (157 and 120 mAh-g™!) are higher than porous LiFePO4/C nanocomposite (156.1
and 108.6 mAh-g™!) [33] and interconnected LiFePO4/C microspheres (155.5 and 100.2 mAh-g).[34]
Because Mn** doping could provide a larger aisle, and carbon coating could enhance the conductivity,
the rate performance of LiFePO4 material improve evidently, which enabling LiFePO4 used more wildly
and better prospects.

Cyclic stability especially at large rate is an important index of LiFePOs. Fig.6 shows the cycle
performance of LFMP/C at 0.2 C and 10 C after 50 charge-discharge cycles. When the rate is 0.2 C, the
initial discharge is 160 mAh-g’!, it is a delightful result because it is very close to the the theoretical
capacity of LiFePO4 (170 mAh-g'). After 50 charge-discharge cycles, the discharge capacity keeps
150mAh-g’!, the capacity retention is nearly 94%, which could illustrate that LFMP/C owns perfect
cyclic stability. The initial discharge capacity is 120 mAh-g™! at 10 C, maintaining 112mAh-g! after 50
cycles, the capacity retention is 93%, it is more surprising that it still has perfect cyclic stability at large
rate compared with the stability at small rate. The high specific capacity and cyclic stability of LFMP/C
might originated from the more smooth aisle and better conductivity.

Table 1. Summary of various ion-doped LiFePO4 prepared by different methods and different carbon

sources

Synthesis methods Doping ion Carbon source specific capacity
(mAh-g™")

sol-gel[22] A citric acid 117.4 mAh-g''(10C)

wet milling-spray drying- | V3* F- starch 136 mAh-g'(10C)

carbothermal reduction

(WSCO)[35]

hydrothermal [36] Mn?* CeH1206°H20O 110 mAh-g'l (50)

continuous composition | Mn?* None 140 mAh-g''(10)

spread (CCS)[37]

solvothermal (this study) | Mn*" glucose 120 mAh-g'(100)

Table 1 illustrates the electrochemical performance of metal ion-doped LiFePO4 prepared by
various methods from other laboratory in three years. A series of developments are achieved compared
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with previous work. Firstly, our synthesis method is facile and green, the carbon source is cheap and the
energy consumption is lower. Secondly, except for V¥, F~ co-doping material with a capacity of 136
mAh-g! at 10C,[23] the electrochemical performance of our material is outstanding. While the third
materials is more similar with this study,[36] because of small changes in detail, our material shows
better performance, especially at high rate (120 mAh-g'(10C) vs. 110 mAh-g'(5C)). Although carbon
coating and ion-doping are common modification methods for LiFePO4 based on saving cost energy, the
rate performance enhanced significantly compared with previous reports.

4. CONCLUSIONS

In summary, a cheap and successful modification method for LiFePO4 using a sample
solvothermal method coupled with high-temperature calcination was proposed. The Mn** doping could
increase the lattice constant of LiFePO4 and improve the electrochemical accessibility, which makes it
easier for Li" inserting and taking off. The smoother aisle greatly promotes rate performance.
Cooperating with carbon coating, the structure of LiFePO4 could not be easily damaged, it could also
increase the conductivity. Therefore, modified LFP battery performances are increased compared with
pure LFP, the initial discharge capacity is 120 mAh-g™ at 10 C, keeping 112 mAh-g™! after 50 cycles, the
capacity retention is 93%, comparing to the stability at small rate,.it is more surprising that it still exhibits
perfect cyclic stability at large rate. The enhancement in high rate is most valuable among them, which
reduces the restriction of LFP material and increase the application area.
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