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Particle size is a very important factor for the electrochemical performance of materials. However, the
effect of the particle size of FePO4-2H,0 on the properties of LiFePO4 remains unclear during carbon
thermal reduction using FePQO4-2H,0 as a raw material. Here, LiFePO./C composites are synthesized by
an aqueous rheological phase-assisted carbon thermal reduction method using FePO4-2H.O with
different particle sizes as raw materials. The particle size of LiFePOg is positively correlated with the
particle size of FePO4-2H,0. The LiFePO4 materials prepared using small-sized FePO4-2H>0 show high
purity and small particle size, thus exhibiting an improved rate capacity of 160 mA hg*at 0.1 C and
135 mA h gt at 5 C and cycling stability with a capacity retention of 98.9% after 100 cycles at 2 C.
Intriguingly, the LiFePO4 materials prepared using large-sized FePO4 show a longer slope voltage at the
end of the discharge curve, which could be accounted for by an Fe** phase on the surface of the large-
sized LiFePO4. Our studies provide a new understanding of the effect of the particle size of FePO4-2H,0
on the properties of LiFePO4 materials during carbon thermal reduction.

Keywords: LiFePO4; FePOyg; Particle Size; Cathode Materials; Lithium-ion Batteries

1. INTRODUCTION

Lithium-ion batteries have attracted attention as power sources for electric vehicles and hybrid
electric vehicles. However, the safety, cost and power performance of lithium-ion batteries are key issues
limiting their application in electric vehicles [1,2]. These indices of lithium-ion batteries are mainly
restricted by the performance of cathode materials. Therefore, finding a suitable cathode material has
become the main task of lithium-ion batteries applied to electric vehicles. Among the developed cathode
materials, LiFePOys is considered the most promising cathode material for lithium-ion batteries due to its
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low raw material cost, high safety and environmental friendliness. However, the low electronic
conductivity and slow Li ion diffusion limit its electrochemical performance, especially its power
capacity [3,4]. The strategy of improving the electronic conductivity and Li-ion diffusion mainly
includes coating with conductive carbon [5-8], doping with metal ions [9-12] and reducing the particle
size [13-17]. Among them, the electronic conductivity is mainly increased by coating with conductive
carbon and doping with metal ions; the Li ion diffusion is mainly increased by reducing the particle size.
Generally, the shortened diffusion distance of Li ions makes nanoparticle-sized LiFePO4 have a better
rate performance than large particle-sized LiFePO4 [18-22]. For lithium ions or electrons, large particles
not only increase the diffusion path but also block the diffusion of lithium ions easily, which greatly
limits the electrochemical performance of LiFePO4 materials.

Although reducing the particle size is particularly effective for improving the Li ion diffusion of
LiFePOs, some issues related to reducing the particle size still remain unclear, including defect chemistry
associated with LiFePO4 nanoparticles [23-25]; the effect of particle size on single-phase versus two-
phase insertion processes [26-28]; the formation of secondary phases [29,30]; and the effect of LiFePO4
particle size on the surface/interface reactions [30-33]. Gibot [26] synthesized LiFePO4 with different
particle sizes, in which LiFePO4with a particle size of 40 nm had a sloping curve at the end of discharge
compared with LiFePO4 with other particle sizes. Such a sloping curve was considered to be a single-
phase electrochemical behaviour, so changing the particle size can make the Li insertion/deinsertion
mechanism of LiFePO4 shift from a two-phase process to a single-phase process. Unlike Gibot’s report
that the sloping curve is caused by the decrease in the particle size of LiFePO4, Kang [27] also prepared
such a LiFePOs material with a sloping curve at the end of discharge through controlled off-
stoichiometry. The sloping curve was considered to indicate the presence of a fast ion-conducting ferric
phase containing LisP20O7, which possesses electrical activity with a low discharge voltage plateau.
Therefore, the origin of this sloping curve at the end of discharge is still not clear, and further research
IS needed.

In this paper, LiFePO4 materials were synthesized by a rheological phase-assisted carbon thermal
reduction method using FePO4-2H>0 with different particle sizes as raw materials. The effects of particle
sizes of FePO4-2H,0 on the electrochemical properties of the as-synthesized LiFePO4 materials were
investigated. The LiFePO4/C materials prepared using small-sized FePO4-2H,O exhibited superior
electrochemical performances due to the improved purity and reduced particle sizes of the as-synthesized
LiFePO4/C materials. The LiFePO4/C materials prepared using large-sized FePO4-2H20 exhibited a
longer slope voltage at the end of the discharge curve due to the electrically active Fe3* phase formed on
the surface of the LiFePO4/C materials.

2. EXPERIMENTAL SECTION

2.1. Synthesis procedure

FePO4-2H,O raw materials with different particle sizes were prepared by adjusting the
concentration of H3PO4 via a modified method as previously reported [34]. LiFePO4/C was prepared via
a rheological phase-assisted carbon thermal reduction method from FePO4-2H20 raw materials. Under
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stirring, LIOH-H20 (103 at.%) and sucrose (14.3 wt.%) were completely dissolved in distilled water
(173 wt.%), and the pH of the aforementioned solution was adjusted to 9 with acetic acid to guarantee
that all of the raw materials dissolved. Then, to produce a suspension slurry, the as-prepared
FePO4-2H>0 (100 at.%) was added to the solution. The suspension slurry was heated at 70 °C under
continuous stirring to obtain a homogeneous rheological body before drying at 110 °C to evaporate the
residual water. The formed precursor was finally ball milled for 3 h and calcined for 10 h at 700 °C in a
N2 atmosphere to obtain a black powder of LiFePOs4. The LiFePO4/C samples prepared using
FePO4-2H>0 raw materials with 1, 2, and 5 um particle sizes were designated S-LFP, M-LFP, and L-
LFP, respectively.

2.2. Material characterization

The X-ray powder diffraction patterns were recorded on an X’pert PRO Panalytical
diffractometer with Cu Ka radiation (A=1.54178 A) with a step size of 0.017. The micromorphology of
LiFePOs powders was observed using a JSSM-6360LV scanning electron microscope (SEM). TEM
images were characterized by a high resolution transmission electron microscope (JEM 2100). X-ray
photoelectron spectra (XPS) were recorded on a PHI Quantera SXM spectrometer with an Al Ka =
280.00 eV excitation source, where the binding energies were referenced to the C1s line at 284.8 eV
from adventitious carbon.

2.3. Electrochemical measurements

The positive electrodes were prepared by coating aluminum foil with a slurry composed of 80%
LiFePOs4, 10% polyvinylidene (PVDF) binder and 10% mixed additives of KS6 and Super-P (1:1 wt.%)
in N-methyl-2-pyrrolidone. The electrodes were then dried at 110 °C under vacuum for 12 h. Then the
electrodes were pressed under a proper pressure and punched in the form of 14 mm diameter disks. The
loading density of the electrode was about 3 mg cm. Based on the mass of the LiFePO4/C materials in
the electrode, Current densities and specific capacities were calculated. Current densities and specific
capacities were calculated on basis of the loading mass of the electroactive materials. Lithium metal
served as the anode and a 1 M solution of LiPFe¢ was used as the electrolyte(w/w 1:1 ethylene carbonate:
dimethyl carbonate). CR2016 coin cells were fabricated in an Ar-filled glove box. Galvanostatic cycling
measurements of the above-prepared cells were conducted on a LAND battery program-control test
system (Wuhan, China) in 2.0—4.2 V. Electrochemical impedance spectroscopy (EIS) were conducted
on a CHI660C electrochemical analyzer (Shanghai Chenhua). Electrochemical impedance spectra were
recorded under an ac perturbation signal of 5 mV over a frequency range of 100 kHz to 10 mHz.
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3. RESULTS AND DISCUSSION
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Figure 1. XRD patterns (a) and peak magnification (b) of FePO4-2H,O raw materials with different

particle sizes.
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Figure 2. XRD patterns (a) and peak magnification (b) of LiFePO4 prepared using FePO4-2H20 with
different particle sizes as raw materials.
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Figure 1 shows the XRD patterns of the FePO4-2H.0O raw materials with different particle sizes.
In Figure 1, the diffraction peaks of the FePO4-2H20 raw materials with different particle sizes are well
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matched with those of monoclinic FePO4-2H>0O (01-072-0471), except for the diffraction peak at
20=13.5° (011). The diffraction peaks of FePO4-2H.O with a small particle size (1 um) are shifted
towards larger angles. The peak intensities of the as-prepared FePO4-2H>0 raw materials intensified as
the FePO4-2H0 particle size increased.

Figure 3. SEM images of FePO4-2H.0 raw materials with different particle sizes: 1 um FePQO4-2H,0
(@), 2 um FePQO4-2H20 (b) and 5 um FePO4-2H,0 (c).

This result demonstrates a correlation between the diffraction peak intensity and particle size of
FePO4:2H>0. Figure 2 shows XRD patterns of LFP/C samples prepared using different particle sizes. It
is seen that the S-LFP sample shows a pure LFP phase with no additional diffraction peak, while for the
M-LFP and L-LFP samples with larger particles, the diffraction peak of a LisP.O7 impure phase appears.
This indicates that large FePO4-2H,0 leads to the formation of the impure phase. It is worth noting that
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different crystal structures, morphologies and purities of FePO4-2H,O have an effect on the final
LiFePO4 samples [35].

The SEM images of FePO4-2H,0 raw materials with different particle sizes are shown in Figure
3. The as-prepared FePO4-2H>0 raw materials have a near-spherical morphology and different particle
sizes. The particle sizes of the as-prepared FePO4-2H20 are approximately 1 um, 2 um and 5 pum,
respectively. SEM images of the LFP samples prepared with different sizes of FePO4-2H,0O are shown
in Figure 4. The S-LFP sample shows a uniform morphology and particle distribution. In the M-LFP
sample prepared using larger FePO4-2H,0 particles, some large agglomerated LFP particles appear.
With the increase in the particle size of FePO4-2H>0, some larger agglomerated LFP particles with a flat
elliptical morphology emerge in the L-LFP sample. These results indicate that the particle size of the
LFP samples prepared using FePO4-2H,0 as raw materials inherited the particle size of the FePO4-2H20
raw materials. The HRTEM image of the S-LFP sample in Figure 3d indicates that there is a carbon
layer ~3 nm thick on the surface of the LFP materials.

Figure 4. SEM images of the S-LFP (a), M-LFP (b) and L-LFP (c) samples and HRTEM image (d) of
the S-LFP sample.

The electrochemical performances of the as-prepared LFP/C samples are shown in Figure 5. The
charge—discharge curves in Figure 4a show discharge capacities of 160, 158, and 145 mAh gt at 0.1 C
for the S-LFP, M-LFP and L-LFP samples, indicating that the initial capacity of the as-prepared LFP
samples decreases with increasing particle size of the FePO4-2H,0 raw materials. Combined with the
XRD and SEM data, the decreased capacity of LFP samples with large particle sizes can be attributed to
the formation of an impure phase and large LFP particles caused by large FePO4-2H,0 particles. In
addition, the M-LFP and L-LFP samples with large particle sizes show longer slope curves at the end of
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discharge, which could be released by the unreacted FePO4 phase inside the large FePO4-2H,0 particles
[30]. Based on the above results, we speculate that large FePO4-2H,0 particles give rise to no lithiation

of the FePOg core, resulting in excess Li on the surface of LFP materials and forming an impure phase
in the LFP materials.
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Figure 5. Initial charge/discharge curves (a), rate capability (c) and recyclability (d) of the S-LFP, M-
LFP and L-LFP samples and charge/discharge curves (b) of the S-LFP sample at various rates.

Figure 5b presents the voltage-capacity curves of S-LFP at different rates. S-LFP exhibits
discharge plateaus of 3.34, 3.27, and 3.10 V at high rates of 1, 2, and 5 C, respectively, demonstrating
the fast intercalation/deintercalation behaviour of Li ions in bulk LFP [36]. The S-LFP sample delivers
discharge capacities of 159, 156, 153, 149, 134, and 115 mA h gt at 0.1, 0.5, 1, 2, 5, and 10 C,
respectively, which are higher than those of M-LFP and L-LFP samples (Figure 5c). This result
demonstrates that the use of FePO4-2H.0 raw materials with small particles contributes to the high purity
and reduced particle size of LFP materials, thus leading to the superior rate performance of the S-LFP
sample.

The cycling performance of the as-prepared samples is displayed in Figure 5d. S-LFP exhibits
the best stability with a discharge capacity of approximately 149 mA h g* at 2 C after 100 cycles,
corresponding to a capacity retention of 98.9%. For the M-LFP and L-LFP samples, the discharge
capacity after 100 cycles at 2 C is approximately 137 and 107 mA h g with capacity retentions of 97.6%
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and 94.5%, respectively. This further confirms the positive effect of the high purity and reduced particle
size on the electrochemical performance of LFP materials.
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Figure 6. Survey XPS spectrum (a) and high-resolution Fe 2p spectrum (b) of the S-LFP sample.

XPS is a common method to obtain the chemical composition of elements and the valence state
analysis of elements. Figure 6 shows the XPS plots of the S-LFP sample. In general, Fe 2p®? and Fe
2p2 bonds can occur at 710 and 724 eV, corresponding to Fe?*, and at 712 and 726 eV, corresponding
to Fe®* [37]. Figure 6b shows that Fe 2p®? and Fe 2p'? of the L-LFP and M-LFP materials were shifted
from 710 and 724 eV towards higher bond energies with increasing particle size of LFP materials, which
could be due to the formation of the Fe(l1l) state in the LFP sample with a larger particle size.
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Figure 7. Electrochemical impedance spectroscopy (EIS) plots of the S-LFP, M-LFP and L-LFP
samples.



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220722 9

To further analyse the effect of the particle size of FePO4-2H20 on the electrical properties of
the LFP materials, electrochemical impedance spectroscopy (EIS) measurements of the samples were
carried out in the discharge state, as shown in Figure 7. The EIS plot consists of a semicircle in the high
or middle frequency range and an inclined line in the low frequency range. The semicircle and inclined
line represent the charge transfer resistance (Rct), Warburg resistance associated with the charge transfer
resistance (Rct) and Warburg resistance associated with the Li* diffusion coefficient (D), respectively
[38,39]. From Figure 7, it can be seen that S-LFP exhibits a smaller Rt (84 Q2) than M-LFP (98 Q) and
L-LFP (248 Q), indicating improved electronic conductivity for the S-LFP sample, which favoured its
excellent electrochemical performance.

4. CONCLUSIONS

In summary, our results have shown that the particle size of FePO4-2H>0 raw materials affected
the particle size of LFP materials. The particle size of LFP materials is positively correlated with the
particle size of FePO4-2H20 raw materials. The use of FePO4-2H,0 raw materials with small particles
contributes to the high purity and reduced particle size of LFP materials, thus leading to superior rate
performance. The LFP materials prepared using small-sized FePO4-2H>0 show high purity and small
particle size, thus exhibiting an improved rate capacity and cycling stability. In addition, the LFP
materials prepared using large-sized FePO4-2H,0 exhibited a longer slope voltage at the end of the
discharge curve, which may be due to no lithiation of the large-sized FePO4-2H>O core during the
sintering process. Our research suggests that it is important to improve the electrochemical performance
of LFP materials by controlling the particle size of FePO4-2H>O raw materials in the process of
carbothermal reduction using FePO4-2H>0 raw materials, which is an economical and efficient large-
scale method.
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