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In this paper, LIMnPO, is composited with carbon black by two different processing routes and their
cycling stability is compared. When the LiMnPO4/C composite is finally processed by a ball milling
treatment, amorphous domains are observed in LiIMnPQ,, and the resulting composite shows an
obvious impedance growth and capacity loss upon cycling. When the localized amorphization of
LiMnPQ, is eliminated by a post annealing treatment, the obtained composite shows an improved
stability without any impedance growth upon cycling. Our result demonstrates that different processing
route causes different crystallinity of LiMnPO,4 which has a big impact on the cycling stability of
LiMnPQO,/C cathode.
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1. INTRODUCTION

Olivine structured LIMPO, (M = Mn, Fe, Co, Ni) materials have attracted considerable
attention as promising cathode materials for lithium ion batteries due to their low cost, low toxicity and
good chemical stability [1-6]. Among these compositions, LiFePO, has already been commercialized,
but its energy density is much lower than the more common LiCoO, cathode material due to the low
potential of Fe**/Fe®* at 3.4 V/ vs. Li*/Li [1]. Therefore, another member LiMnPO, receives increased
interest because of its ideal potential of Mn**/Mn?* at 4.1 V vs. Li*/Li [1]. Since the report of Li et al.
[7], great efforts have been made to overcome the drawbacks of LiMnPQO,, and its performance
especially the rate capability has been significantly improved by various methods [8-20] such as
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carbon coating, particle size reduction and cation doping. However, only little attention was paid on
the cycling stability of LiMnPQO, in the previous reports [21-23], perhaps because olivine cathode
materials are ordinarily thought to have good cycling stability. In fact, these reports [22,23] clearly
demonstrated that the electrode of LiMnPO4 would degrade upon cycling and a dense and protective
carbon coating would be much beneficial. Herein we reveal a new factor which may highly affect the
cycling stability of LiMnPO,. LIMnPO, is composited with carbon black by two different processing
routes to prepare LiMnPO,/C composite and their electrochemical performance is compared. We
demonstrate that localized amorphization of LiMnPO, has a significant influence on the cycling
stability of LiMnPQO,/C cathode.

2. EXPERIMENTAL

Chemicals of MnSQO,4-H,0, and H3PO,4 with a molar ratio of 1:1 were dissolved in 40 mL
distilled water at room temperature. The pH of the solution was adjusted to around 10 by addition of
LiOH solution under vigorous stirring. The obtained suspension was transferred into a Teflon-lined
stainless steel autoclave and heated in an oven at 200 °C for 10 h. The precipitated LiMnPO, was fully
washed with distilled water, filtrated, and dried at 120 °C. To prepare LiMnPO,/C composite, the as-
prepared LiMnPO,4 was composited with carbon black via two different routes: (1) the as-prepared
LiMnPO, was firstly mixed with 20 wt. % of carbon black, and then annealed at 700 °C for 2 h in Ny,
and finally ball-milled for 4 h. The obtained composite was denoted as LiIMnPQO,/C-1; (2) the as-
prepared LiMnPO,4 was ball-milled with 20 wt. % of carbon black for 4 h and then annealed at 700 °C
for 2 h in N,. The obtained composite was denoted as LiIMnPO,/C-2.

Powder X-ray diffraction (XRD) patterns of samples were recorded on apparatus (DMAX2500,
Rigaku, Japan) using CuK, radiation. The particle size, morphology and microstructure of samples
were observed by scanning electron microscope (SEM, JEOL, JSM-5600LV) and transmission
electron microscope (TEM, TecnaiG2 F20, FEI).

Electrochemical characterization of samples was performed using CR2025 coin-type cell. For
cathode fabrication, LiMnPO,/C composite, carbon black and polyvinylidene fluoride with a weight
ratio of 9:1:1 were mixed in N-methyl pyrrolidinone. The slurry thus obtained was pasted onto Al foil
and dried at 100 °C for 10 h in vacuum. All cells consisted of cathode and lithium foil anode which
were separated by a porous polypropylene film and electrolyte of 1 M LiPFg in EC.EMC:DMC (1:1:1
in volume), and were assembled in a dry Ar-filled glove box. The cells were charged and discharged
between 2.5 and 4.7 V at a constant current density of 30 mA g™ (equal to 0.2 C). Electrochemical
impedance spectroscopy (EIS) was performed on a CHI660A Electrochemical Workstation in a
frequency range from 0.1 to 100 kHz with an AC signal of 5 mV.

3. RESULTS AND DISCUSSION

Fig. 1 shows XRD patterns of the two LiMnPO,/C composites. Both samples can be identified
as a single orthorhombic phase of LiMnPO,, and no peaks of carbon can be observed in both patterns,
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indicating that the carbon exists as an amorphous form in the composite. Meanwhile, there also exists
some difference between the two patterns. It is obvious that the diffraction peaks of LIMnPO,/C-1
(Fig. 1a) are weaker and broader than those of LiMnPO,/C-2 (Fig. 1b). Variation in intensity and width
of diffraction peaks may be associated with the difference in crystal size and/or crystallinity of the two
samples.
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Figure 1. XRD patterns of the two LiMnPO4/C composites: (a) LIMnPO,/C-1, (b) LiMnPQO,/C-2.

Fig. 2 shows SEM and TEM images of the two LiMnPO,/C composites. The morphology and
particle size of the two composites are quite similar as shown in Fig. 2a and b, which may exclude size
effect as a main cause for the observed variation in the two XRD patterns. TEM measurement reveals
that the variation of XRD diffraction peaks should be originated from the different crystallinity of
LiMnPQO, in the two composites. It is well-known that ball milling treatment not only may cause
particle size reduction, but also may give rise to amorphization of the milled material. Meanwhile, it is
also known that the amorphization induced by ball milling can be eliminated by a simple post
annealing treatment. This is the case in the present work as indicated by TEM in Fig. 2c and d. For the
LiMnPQO,/C-1 sample which was finally processed by a ball milling treatment, amorphous domains
can be easily found in the LiMnPQO, crystal as represented in Fig. 2c, while for the LiMnPO,/C-2
sample which was finally processed by a post annealing treatment, amorphization induced by ball
milling has been eliminated and fine crystal fringes of LiMnPO, crystal are clearly observed in Fig. 2d.
Hence, the two LiMnPO,/C composites show some difference in crystallinity of LiMnPO,: the
LiMnPO,/C-1 sample presents localized amorphous domains in LiMnPQO,, while the LiMnPO,/C-2
sample possesses highly crystallized LiMnPQO,.
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Figure 2. SEM and TEM images of the two LiIMnPO,/C composites: (a and c¢) LiMnPO,/C-1, (b and
d) LiMnPO,/C-2.

To investigate the electrochemical performance of the two LiMnPO,/C composites, charge and
discharge test at a constant current density of 30 mA g™ has been performed, and representative curves
as well as cycling performance are shown in Fig. 3. On the one hand, the two samples show a similar
electrochemical activity and only a reversible capacity up to ~ 85 mAh g™ can be delivered. Table 1
compares the reversible capacity of our sample with other LiMnPO,/C reported in available literature
[8,12,24-27]. It is seen that the capacity of LiMnPO,/C is not only dependent on synthesis method, but
also on synthesis parameters and carbon content. It is highly expected that the electrochemical activity
of our hydrothermally synthesized LiMnPO, can be effectively enhanced by tailoring synthesis
parameters such as solution pH value and carbon content. In addition, cation doping is another way to
improve the property of LIMnPO,4 which has been demonstrated in our previous report [28,29]. Work
is in progress in both directions.

On the other hand, it is seen that the two composites have distinct electrode stability upon
cycling. As shown in Fig. 3a and c, the LiMnPO,/C-1 sample suffers an apparent fade in capacity upon
cycling. After 172 cycles, the capacity decreases from a maximum of 80.9 mAh g™ to 48.5 mAh g™.
Moreover, growing polarization is observed between charge and discharge curves in the extended
cycles. This behavior indicates an increased internal impedance upon cycling. Indeed an obvious
impedance growth is observed after 172 cycles as compared to that after 20 cycles for the LIMnPO,/C-
1 sample as shown in Fig. 4. By contrast, different electrochemical behavior is observed for the
LiMnPO,/C-2 sample. As shown in Fig. 3b and d, a gradual increase in capacity during the first
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several ten cycles is observed and then a stable capacity maintains in the subsequent cycles.
Meanwhile, polarization growth between charge and discharge curves does not appear upon cycling.
After 172 cycles, the LiMnPO,/C-2 sample can still deliver a capacity of 85 mAh g, and the voltage
plateaus are still well maintained. Correspondingly, impedance growth is not involved upon cycling for
the LIMnPQO,4/C-2 sample as shown in Fig. 4. These observations clearly show that cycling instability
of LIMnPQO,/C is accompanied by impedance growth of the electrode. Similar phenomenon has long
been observed on LiCoO; cathode. Aurbach et al. and Dahn et al.[30,31] reported that capacity loss of
LiCoO, was associated with impedance growth which was caused by some side reactions involving on
the surface of electrode upon cycling. In our work, the localized amorphous domains in LiMnPOy is
less stable and undesirable side reactions may more easily arise on these microarea with electrolyte,
which in turn leads to impedance growth, polarization increase and capacity loss for the LiMnPO,/C
upon cycling. In the paper reported by J. Moskon et al. [23], they observed pronounced gradual
amorphization of the olivine crystallites in degradation process of LiIMnPQO, electrode upon cycling.
Their observation suggests that the degradation of LiMnPO, electrode can cause amorphization of the
olivine crystallites. Clearly, our observation is well consistent with what is observed in their work [23].
From the above results, we may conclude that the localized amorphous domains in LiMnPO, has a
detrimental effect on the cycling stability of LiIMnPO./C composite. This finding will have important
implication for rational synthesis and processing of LiMnPO, to optimize its performance.

Table 1. Comparison of reversible capacity of our LiIMnPO,/C sample with other LiMnPO,/C samples
reported in available literature

synthesis method carbon content capacity (mAh g*) literature
hydrothermal reaction 20 wt.% ~85,02C this work
direct precipitation 16.7 wt % =80, 0.05C ref. 8
precursor-based

. 50 wt % ~60,0.2C ref. 24
synthesis
polyol method 20 wt.% ~141,0.1C ref. 12
ultrasonic spray 10 wt.% ~100, 0.2C rof. 25
pyrolysis 20 wt.% ~120, 0.2C '
Ivoth | synthesi ~55,0.2C (pH: 4.99) ~105
solvothermal synthesis 4 Wt% , (p ) , rof. 26
(water/PEG) 0.2C (pH: 6.46)
olvothermal synthesi ~130, 0.2C(150 °C-6h

SO SYNIeEsts 9 Wt% ( ) ref. 27

(water/DEG) ~130, 0.2C(190 °C-3h)
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Figure 3. Representative charge-discharge curves and cycling performance of the two LiMnPO,/C
composites: (a and c¢) LiMnPO,/C-1, (b and d) LiMnPO,/C-2. Cells were charged and

discharged at a constant current density of 30 mA g™ in a voltage range of 2.5 to 4.7 V.
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Figure 4. Impedance spectra of the two LiMnPO,/C composites measured at the fully discharged state.
Solid line: LiMnPQO,/C-1, and dashed line: LiIMnPO,/C-2. Before impedance measurement,
cells were charged and discharged at a constant current density of 30 mA g™ in a voltage range

of 25t04.7 V.
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4. CONCLUSIONS

Two LiMnPO,/C composites were obtained via two different processing routes, and different
impedance evolution and electrode stability upon cycling were observed due to the different
crystallinity of LiMnPO, in the two composites. Our result demonstrates that the localized
amorphization of LiMnPO, may cause impedance growth, polarization increase and capacity
degradation of the LiMnPO./C cathode upon cycling.
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