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Abstract 14 

In this study, the rate performance of a LiFePO4 (LFP) electrode has been enhanced by 15 

optimization of the particle size distribution of the LFP particles. Two LFP samples with different 16 

particle sizes (~50 and ~ 350 nm) are mixed with various ratios and the electrochemical performance 17 

has been evaluated. Reduction of the contact resistance and increase of the Li diffusion coefficient 18 

have been achieved. The electrode with a mixing ratio of 50:50 shows an improved initial capacity at 19 

C/10 and superior rate capability compared with the two pristine materials.  20 

 21 

Introduction  22 

As one of the commercial cathode materials for rechargeable Li-ion batteries (LIBs), LiFePO4 23 

(LFP) offers many merits compared with conventional cathodes, such as environmental friendliness, 24 

low cost, good safety, good cycling ability and a flat charge-discharge voltage plateau at relatively 25 

high potential of ~3.45 V versus Li/Li+. Although LFP has had a wide-spread application in 26 

commercial LIBs in the last two decades1, 2, its application in the high-power scenario has been 27 
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somewhat limited by its poor intrinsic electronic (∼10-9 S/cm) and ionic conductivities (10-13 to 10-16 28 

cm2/s) 3. Hence, considerable efforts have been made to improve its rate capability. Olivine-type LFP 29 

has an orthorhombic lattice structure with space group Pnma 4. The oxygen ions form strong covalent 30 

bonds with phosphorus ions to form PO4
3− , which can stabilize the three-dimensional frame work and 31 

provide safety and excellent cyclic performance5. However, the strong covalent oxygen bonds also 32 

lead to low ionic diffusivity and poor electronic conductivity6. Therefore, modifications of LFP to 33 

improve the conductivity have drawn much attention. It has been reported that by keeping the 34 

particles at nanoscale size, the rate performance of LFP can be significantly improved7-9. Kim et al.9 35 

achieved LFP nano-particles with a reversible capacity of 166 mAh/g and an excellent rate capability 36 

of 50 mAh/g at 60C, while Bauer et al.8 achieved 14, 000 W/kg with 28 % of the theoretical capacity 37 

preserved. 38 

In order to understand the surprising improvement in kinetics of the intrinsically insulating LFP 39 

material, the charge transport mechanism and phase diagram of Li1-xFePO4 (0<x<1) have been 40 

extensively investigated. Due to the lack of continuous LiO6 octahedra in the direction of the a-axis 41 

and c-axis, lithium ions in the lattice of LFP can only migrate along the b-axis10, 11. This one-42 

dimensional diffusion channel, which is easily blocked by crystal defects, has been blamed for the low 43 

Li diffusion rate. Therefore, the ionic conductivity of LFP can be enhanced by minimizing the particle 44 

size, as the reduced dimensions of nano particles shorten the diffusion path of Li ions. Besides, the Li 45 

migration through the channels in nano particles is easier than in micro particles, because nano 46 

particles exhibit lower density of lattice defects12. It has been found that the solubility limit of Li in 47 

the LFP structure is highly dependent on the particle size, where nano particles have higher solubility 48 

limit than micro particles13-15. The shrinking of the miscibility gap has a strong influence on the phase 49 

transition of LFP during charging and discharging. The result of Meethong et al.16 suggested that the 50 

miscibility gap would completely disappear when the particle size was below 15 nm at room 51 

temperature. It is believed that the shrinking of the miscibility gap is responsible for the improvement 52 

of the rate performance of LFP. In the meantime, the fracture caused by the lattice mismatch of the 53 

two phases has been reported to be eliminated in nano LFP particles17, resulting in better cycling 54 

performance. By electrochemical impedance spectroscopy (EIS) and in-situ X-ray diffraction 55 
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technology (XRD), the particle-by-particle18-20 and hybrid (single-particle) phase-transition20, 21 56 

models have been confirmed for nano and micro LFP particles, respectively. In addition, a phase 57 

transition ahead of the charging and discharging processed of nano LFP has been recently reported22, 58 

which is related to the weaker memory effect compared with micro LFP .  59 

On the other hand, minimizing particle size can also bring problems. The tap density of nano-sized 60 

particles is generally lower than that of micro-sized particles, which would decrease the energy 61 

density of the cell. The nano-sized particles tending to agglomerate make the homogeneous dispersion 62 

of the conductive carbon during electrode fabrication very difficult23. It should be noted that when the 63 

particle sizes are below 100 nm, the fraction of the material at the particle surface increases adruptly14, 64 

leading to lower stability due to the increased surface energy. More severe self-discharge has been 65 

found in nano LFP of ~ 25 nm compared with micro LFP of ~ 2 µm24. Moreover, impurity phases are 66 

reportedly easier to form during carbon coating on the surface of nano LFP25, whose influence on 67 

electrochemical properties is ambiguous in the literature26-29. The manufacturing cost also increases 68 

with the reduction of particle size without sacrificing phase purity. After weighing the pros and cons, 69 

an optimum particle size for high-power applications has been suggested to be in the range of 200–70 

400 nm30. 71 

In this research, a new method to improve the rate performance LFP electrode has been proposed. 72 

By making a mix of different particle sizes (ratio of nano and micro particles) of LFP with different Li 73 

insertion/extraction mechanism in the electrode, the charge transfer resistance can be significantly 74 

reduced leading to an enhancement of high-power capability. The electrochemical performance of the 75 

optimized electrode has been carefully evaluated. The kinetics of the mixed electrode has been 76 

discussed in detail. 77 

 78 

Experimental 79 

Synthesis  80 

The LFP samples with two different particle sizes were synthesized using a solution-based method.  81 

Oxalic acid dihydrate (≥99%, Sigma-Aldrich) and Fe oxalate dihydrate (99%, Sigma-Aldrich) were 82 

mixed in deionized water first. The molar ratios of oxalic acid and Fe oxalate are 1.5:1 and 0.85:1 for 83 



4 

 

the nano- and micro-sized samples, respectively. 30 wt. % H2O2 was slowly added into the mixture 84 

under magnetic stirring to dissolve Fe oxalate in accordance with the following reaction, 85 

2FeC2O4∙2H2O+C2H2O4∙2H2O+2H2O2→Fe2(C2O4)3+8H2O+O2 

The temperature was controlled below 65 C during this process to avoid the formation of impurities. 86 

Stoichiometric amounts of Li2CO3 (≥ 99%, Sigma-Aldrich) and H3PO4 (85 wt. %) were added into the 87 

solution. A small excess of Li (3 molar %) from the stoichiometric amount, was added to the solution, 88 

which, from our experience, leads to more reproducible, improved performance. 1% (based on the 89 

weight of final product) of polyethylene glycol (PEG) was added to obtain nano particles. The 90 

resultant clear green solution was drawn into a reactor and reacted at 300 C for 1 hour under vacuum. 91 

The resultant precursors were ring milled and calcined at 550 C and 710 C for 1 hour under Ar 92 

atmosphere to form the nano and micro LiFePO4 particles. The obtained powders were mixed with 8 93 

wt. % sucrose and calcined at 710 C for 1 hour with Ar atmosphere for carbon coating. 94 

Characterization  95 

The structure and morphology of the powder samples were characterized by X-ray diffraction 96 

(XRD), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). XRD was 97 

collected on a PANalytical X’Pert pro diffractometer with Co-Kα radiation, over a 2θ range between 98 

15˚ and 90˚ with a 2θ step size of 0.017. The Rietveld refinement was conducted using HighscorePlus 99 

v4.8 software. The morphology and microstructure of the samples were investigated with a JEOL 100 

7001 SEM and JEOL 2100 TEM. The microstructure of the coated electrodes was also characterized 101 

using SEM on polished cross-section embedded in resin. The oxidation states on the surface of the 102 

samples was investigated with X-ray photoelectron spectroscopy (XPS, Kratos AXIS Supra 103 

photoelectron spectrometer) using a focused monochromated Al Kα radiation (hν = 1486.6 eV). The 104 

spectra were calibrated using the C 1s peak at 285.0 eV. Carbon analyses were conducted using a 105 

LECO TruMac CNS analyser. The furnace temperature for the sample was 1300 C. Inductively 106 

coupled plasma (ICP) was used to analyse the elemental compositions. 0.2g of each sample was 107 

digested in 4 mL of a solution of 20 wt.% of HCl and 20 wt.% of HNO3 in deionized water. Solid 108 

residues were filtered out and attributed to or associated with undissolved carbon contents. 109 
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Particle surface characteristics were also examined with Raman spectroscopy with a Renishaw 110 

inVia Microscope equipped with a long working distance 50× objective lens and a 534 nm Ar+ laser 111 

light source. The power was controlled at 1mW to avoid damaging the sample during measurement. 112 

The near-edge X-ray absorption fine structure (NEXAFS) were obtained using soft X-ray absorption 113 

spectroscopy (sXAS) at the soft X-ray beamline of Australian Synchrotron (AS). The NEXAFS 114 

spectra were simultaneously collected in total electron yield (TEY), partial electron yield (PEY) and 115 

total fluorescence yield (TFY) modes with a step size of 0.1 eV. All the spectra were normalized to I0, 116 

which is a signal proportional to the X-ray flux hitting the sample obtained with a gold mesh with 117 

about 90 % transmission, to get a flux independent measurement. 118 

Electrochemical testing 119 

The electrochemical properties of the pristine materials and the blended samples were evaluated by 120 

constructing 2032 half cells. The slurry was prepared by mixing 90% active material powder, 5% 121 

Super P, 5% PVDF (Arkema Kynar® HSV 900 homopolymer) and NMP solvent (99.5%, Sigma-122 

Aldrich). The slurry was cast on carbon coated Al foil with the loading of ~5 mg/cm2. The 2032 coin 123 

cells were assembled inside a glovebox with lithium foil as anode and 1 M LiPF6 EC: DEC (1:1 by 124 

vol., Novolyte, BASF) electrolyte. Galvanostatic and cyclic voltammetry testing were carried out 125 

utilizing a battery test system (BioLogic, VMP-300) at room temperature. Electrochemical impedance 126 

spectroscopy (EIS) was conducted with a sine wave signal in the frequency range from 1MHz to 1 127 

mHz and amplitude of 1 mV.  128 

 129 

Results and discussion 130 

Material characterization 131 

The XRD patterns and the Rietveld refinements of the synthesized LFP samples are shown in 132 

Figure 1. The patterns are entirely indexed as olivine LiFePO4 (ICDD: 98-016-2282) with the space 133 

group Pnma, which confirms the phase purity of the LFP samples. The crystallite sizes calculated with 134 

the Sherrer equation are 65.0 nm and 42.3 nm for LFP samples calcined at 710 and 550 C 135 

respectively. The Rietveld refinement results are summarized in Table 1. As the existence of anti-site 136 

defect TMLi (transition metal ions occupy Li site) has been reported present in olivine phosphates 3-9, 137 
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the Li site has been left partially occupied with Fe ions while carrying out the refinement. The lattice 138 

parameters of the as-prepared samples are in good agreement with previous studies31, while the 139 

sample sintered at 710 C  exhibits slightly larger cell volume than that sintered at 550 C. The 140 

sample sintered at 710 C has lower level of anti-site defects suggesting a better crystallinity resulted 141 

from the higher temperature calcination. The granular morphologies of the samples are illustrated in 142 

Figure 2. Both samples have the granular morphology. The average particle sizes are ~350 and ~50 143 

nm for samples calcinated at 710 and 550 C respectively, indicating polycrystalline for the sample 144 

sintered at 710 C. Both as-prepared LFP samples are well crystallized with a coating layer of carbon 145 

(Figure 2b and d). The as-prepared samples are labelled as LFP-350 and LFP-50 according to their 146 

particle sizes respectively. The mole ratios of Li:Fe:P of the samples obtained with ICP are shown in 147 

Table 2. The ratio is typically within ±4% of the expected 1:1:132.  Both of the as prepared samples 148 

show the slight Li excess, deliberately introduced. As summarized in Table 2, about 2.8% of carbon 149 

has been determined for LFP-50, which is higher than the value for LFP-350 (about 1.9 %). As the 150 

LFP-50 has much larger surface area than LFP-350, about 49 (=72) times, estimated by approximating 151 

the particles to spheres, a much thinner average carbon coating may be expected. 152 

High-resolution XPS has been carried out to investigate the surface state of the samples. As shown 153 

in the Fe-2p spectra in Figure 2c and f, the Fe ions on the surface exhibit mixed valence states for both 154 

samples. Although the samples have slight Li excess, no peaks of impurity phases are detected in the 155 

XRD patterns. The ratio of Fe2+ and Fe3+ calculated from the peak area are about 50:50 (as 156 

summarized in Table 3), even though carbon is supposed to provide a protection layer to avoid 157 

oxidation. The presence of Fe3+ suggests the presence of a Li-depletion layer around the particle in 158 

order to keep electrical neutrality. Similar Li-depletion layer has also been observed in carefully-159 

prepared LFP 29, even when crystallized with hydrothermal in the presence of 3 times excess Li. The 160 

excess Li of the as prepared samples may result in other defects preferably in the bulk, e.g. Li antisites 161 

(Li on Fe sites), which is found to have low formation energy33.  162 

The as-prepared samples are further investigated using synchrotron-based sXAS. NEXAFS spectra 163 

are illustrated in Figure 3. All the displayed spectra have been normalized to peak maxima for 164 
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comparison. The Fe L-edge spectra with TEY mode are illustrated in Figure 3a. The Fe L-edge is 165 

considered stemming from the dipole-allowed Fe-2p to Fe-3d transition, which probes the unoccupied 166 

states of Fe-3d character. Therefore, the changes in the peak shapes and energy positions can give an 167 

indication of the oxidation state of the surface Fe. The Fe L-edge displays two groups of peaks, 168 

labelled L3 and L2, due to the core-hole spin-orbit-coupling splitting of the 2p1/2 and 2p3/2 orbitals. As 169 

the two main peaks located at 707.3 and 709.2 eV for Fe2+ and Fe3+ have different relative intensity34-
170 

36, the change of the intensity ratio of these two peaks (I707/I709 ) can be associated to the oxidation 171 

state change of surface Fe ions.  According to Figure 3a, LFP-50 displays lower I707/I709 compared 172 

with LFP-350, suggesting more existence of Fe3+ on LFP-50 particle surface. O K-edges of the as-173 

prepared sample are illustrated in Figure 3b and c. The O K-edge originates from the O-1s to O-2p 174 

transition, while the pre-edge located at 531.7 eV is attributed to O-2p weighting of states with 175 

predominantly Fe-3d character37, 38 and the main absorption is attributed to oxygen p character 176 

hybridized with Fe 4s and 4p states39, 40. Since the pre-edge peak has been reported to be sensitive to 177 

the Li ion (de)intercalation41, 42, the relatively higher pre-edge intensity provides additional evidence 178 

for higher level of surface Fe oxidation for LFP-50. By acquiring EY (TEY and PEY) and TFY 179 

signals simultaneously, the information on the surface and bulk can be obtained at the same time, as 180 

the fluorescent X-rays and Auger electrons have different escape depths (~3000 Å for fluorescent X-181 

rays and ~50Å for Auger electrons) 41. More surface information can be obtained with the PEY mode 182 

because it is more surface-sensitive compared with the TEY mode43. Therefore, the relatively higher 183 

pre-edge intensity in EY modes provides more evidence of surface Li depletion, which is in good 184 

agreement with the XPS results and earlier investigations44-46.  185 

Electrochemical performance of pristine materials 186 

The electrochemical performance of the pristine LFP samples are evaluated first. The charge and 187 

discharge behaviours of the two samples are illustrated in Figure 4. Both samples exhibit voltage 188 

plateaus at ~3.45 V at C/10 (1C=170mA/g), suggesting the phase transition of LiFePO4 and FePO4 189 

during charge and discharge. LFP-50 shows a slightly higher capacity (150 mAh/g) and lower 190 

polarization (~49 mV) at C/10 compared with LFP-350 (146 mAh/g and ~ 64 mV). However, LFP-50 191 

starts to lose the initial flat voltage plateau and shows a sloping voltage profile with the increase of the 192 
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applied current when the C-rate goes beyond C/5 (as shown in Figure 4c). Although a better rate 193 

performance is generally expected for the samples with smaller particle size, LFP-350 exhibits a 194 

higher capacity when the C-rate is higher than 1C in this study (as shown in Figure 4a).  Moreover, a 195 

voltage overshoot has been noticed in the LFP-350 electrode at the beginning of the charge and 196 

discharge in the whole measured C-rate range in this study, and it gets more pronounced with 197 

increasing C-rate, while no similar feature is observed for the LFP-50 samples.  198 

Electrochemical performance of mixed LFP electrodes 199 

The Galvanostatic charge-discharge profiles of the pristine and mixed LFP electrodes at C/10 are 200 

illustrated in Figure 5a. The mixed electrodes are labelled with the ratio of LFP-50 and LFP-350. The 201 

mixed electrodes exhibit voltage plateaus in between those of LFP-50 and LFP-350 during charging, 202 

and higher than those of both pristine electrodes during discharging. Among these, the electrode with 203 

a mix ratio of 50:50 shows the smallest polarization. Furthermore, the voltage overshoot for LFP-350 204 

has been erased with the addition of LFP-50 particles. Most of the mixed electrodes show capacities 205 

between LFP-50 and LFP-350, while the electrode of 50:50 exhibits a specific capacity boost (~162 206 

mAh/g).  207 

A comparison of the rate capability has been conducted. The voltage profiles at various C-rates are 208 

displayed in Supplementary Figure 1 and the dependence of the specific discharge capacities on 209 

discharge rate is depicted in Figure 5b. The addition of LFP-350 significantly improves the rate 210 

performance of the LFP-50 dominated electrodes with a slight initial capacity reduction. All the 211 

electrodes with dominant LFP-350 show superior rate performance compared with both pristine 212 

electrodes. In this research, the best rate performance is achieved when LFP-50 and LFP-350 are 213 

blended 50:50 with a specific capacity of 81 mAh/g at 10C. The large capacity drop at 15C may be 214 

caused by the relatively high loading used in this study and high equivalent series resistance resulting 215 

from the coin cell configuration. 216 

Comparison of kinetics for the electrodes 217 

Electrochemical impedance spectroscopy (EIS) is an efficient tool for characterization of 218 

electrochemical systems. The evaluations of the impedance spectra, which contain information about 219 

the physico-chemical processes inside the cells, are usually conducted by fitting with equivalent 220 
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circuit models. In this study, all the EIS spectra are acquired at fully discharged state after the first 221 

three cycles at C/10. As displayed in Figure 6a, all the spectra are composed of semicircles within the 222 

high-frequency region and Warburg tails followed by sloping lines within the low-frequency region. 223 

The impedance data are fitted with the equivalent circuit illustrated in Figure 6c. The intersection with 224 

the real axis is the ohmic resistance of the cell (R1), which is the sum of the contributions from the 225 

current collectors, active material, electrolyte and separator47.  The resistors R2 and R3 paralleled with 226 

the constant phase element (CPE) account for the contact impedance and charge transfer impedance, 227 

respectively48. The ion diffusion in the bulk olivine is described with the Warburg element (Zw) 49. 228 

The resistances obtained from the fittings are summarized in Table 3. It is worth noticing that both the 229 

contact resistance and charge transfer resistance of LFP-350 are lower than those of LFP-50, 230 

indicating a better packing and a more favorable surface for charge transfer has been obtained with 231 

the LFP-350 samples. The mixing of the two LFP particles brings down the contact resistance and the 232 

smallest contact resistance is obtained with the mixing ratio of 50:50, suggesting the best packing has 233 

been achieved, which is consistent with the results of the density evaluation of the electrodes 234 

(summarized in Supplementary Table 1).  235 

The diffusion coefficient of Li ion has been estimated with the following equation, 236 

𝐷𝐿𝑖 = 𝑅2𝑇2/2𝐴2𝑛4𝐹4𝐶2𝜎2 

where DLi is the chemical diffusion coefficient for Li ions, R is the gas constant, T is the absolute 237 

temperature, A is the electrode area, n is the number of electrons per molecule during oxidation, F is 238 

the Faraday constant,  C is the concentration of Li ion and σ is the Warburg factor, which can be 239 

obtained from the slope of the real impedance vs ω-1/2 (ω is the angular frequency) in the Warburg 240 

region. The plots of the real impedance as a function of ω-1/2 and the linear fitting results are 241 

illustrated in Figure 6b. The resulting Li diffusion coefficient are summarized in Table 3. The DLi of 242 

pristine LFP-350 is higher than that of LFP-50, which may result from the better crystallinity and 243 

lower level of anti-site defects (as shown in Table 1) obtained with the higher calcination temperature. 244 

Interestingly, by mixing the two pristine LFP particles with the ratio of 50:50, the Li diffusion 245 

coefficient has been improved by one order of magnitude. It indicates a modification on the Li 246 

diffusion in LFP bulk has been achieved by particle mixing. The increase of Li diffusion coefficient 247 
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has been achieved along with the decrease of the contact resistance, indicating the improvement of the 248 

packing density facilitates the Li diffusion in the material. Such improvement is not completely 249 

surprising since the Li diffusion is an intricate process accompanied by the transport of the electronic 250 

carriers to maintain electroneutrality50.   251 

Mechanism discussion 252 

A better rate capability has been achieved with LFP-350 in this study, although the rate 253 

performance is generally expected to be improved with particle size reduction.  As mentioned above, 254 

the thickness of carbon coating for LFP-50 is expected to be much thinner than that for LFP-350 due 255 

to the significantly larger surface area. Therefore, it is likely that a more conductive and 256 

homogeneously coated surface has been established on LFP-350 particles, resulting in the charge 257 

transfer resistance drop in the EIS and better high rate performance. SEM micrographs of the polished 258 

cross-sections of the electrodes made with the two different sizes of pristine LFP and electrodes made 259 

with 50:50 mixture are displayed in Supplementary Figure 2 and used to estimate the porosity. Lower 260 

porosity has been achieved with the LFP-350 electrode, indicating a better packing compared with 261 

LFP-50 electrode. The result is consistent with the density estimation (Supplementary Table 1) and 262 

the decrease of the contact resistance can be attributed to the overall improved, electrical connectivity. 263 

Furthermore, a lower level of anti-site defects for LFP-350 compared with that of LFP-50 has also 264 

been confirmed with the Rietveld refinements of XRD patterns. The anti-site defect has been reported 265 

detrimental to the electrochemical performance by blocking the one-dimensional Li diffusion 266 

channel46, 51-54. Consequently, from all the combined factors just discussed, a better electrochemical 267 

performance may have been achieved for LFP-350. 268 

As shown in Supplementary Figure 2, the two kinds of particles are uniformly distributed, and the 269 

porosity is decreased in the mixed electrode, which suggests that a better contact among the particles 270 

has been achieved, without limiting the access to the electrolyte. The two as-prepared LFP particles 271 

exhibit different phase transitions during charging and discharging, especially at high C-rates. 272 

Schematic illustrations are shown in Figure 7.  The sloping voltage profile of LFP particles with ~50 273 

nm has been reported resulting from single-phase Li-insertion previously13 (as shown in Figure 7a), 274 

which is expected to be favorable for rapid charge and discharge. However, the loss of the voltage 275 
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plateau sacrifices the energy density. Comparing with small LFP particles, two-phase Li insertion is 276 

observed in larger LFP particles (~350 nm in this study). The phase transition starts with a noticeable 277 

voltage overshoot in the charge-discharge profile (Figure 7b). The voltage overshoot has been 278 

reported as necessary to facilitate the successive phase transition of large crystallites, as there is less 279 

specific surface and fewer defects acting as nucleation sites55. With the growth of the new phase 280 

inside the particle, the cell voltage remains almost independent with the intercalation of Li within the 281 

two-phase region.   282 

Therefore, by mixing the particles with different phase transition mechanisms, we can take the best 283 

of both sides. As the single-phase Li insertion/extraction is faster than the two-phase Li 284 

insertion/extraction, the particles with single-phase Li insertion can be the reservoir of Li ion. Taking 285 

the charge process for explanation, as shown in Figure 7c, the Li extraction at the beginning of charge 286 

would happen in the small particles with single-phase insertion mechanism, which eliminates the 287 

initial voltage overshoot. During the following charge, charge transfer between the large and small 288 

particles would occur and the two-phase Li extraction starts providing the flat voltage plateau. In the 289 

meantime, the small particles which lost the Li ions to the large particles can continuously get Li ions 290 

from the electrolyte.  As a consequence, the presence of the single-phase insertion particles in the 291 

electrode can reduce the polarization caused by fast charge/discharge and deliver improved rate 292 

performance. 293 

 294 

Conclusions 295 

In summary, the rate performance of the LFP electrode has been improved by blending LFP 296 

particles of two different particle sizes and Li insertion mechanisms. The optimization of the particle 297 

size distribution offers better packing density and contact of the active material particles. The 298 

improvement of packing results in better pathway for electron transport and lower contact resistance.  299 

In the meantime, LFP particles with single-phase Li insertion mechanism reduce the polarization of 300 

the cell at high C-rate by acting as the reservoir of Li ions. In this study, the electrode with a mixing 301 

ratio of 50:50 shows an improved initial capacity at C/10 and superior rate capability compared with 302 

the two pristine materials. 303 
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Tables 401 

Table 1  Rietveld refinement results for the as-prepared LFP samples. 402 

Sinter temperature  710 C 550 C 

a/Å 10.3257 10.3190 

b/Å 6.0062 6.0021 

c/Å 4.6917 4.6919 

α/° 90 90 

β/° 90 90 

γ/° 90 90 

Cell volume/ Å3 290.97 290.597 

FeLi/% 0.84 1.98 

Rwp/% 3.30 2.23 

RBragg/% 1.86 1.54 

 403 

Table 2 Mole ratios of lithium, iron and phosphorus obtained by ICP and carbon content for the LFP samples. 404 

Sample Li:Fe:P Carbon content/ wt.% 

LFP-350 1.06(5):1:0.97(3) 1.91±0.07 

LFP-50 1.05(4):1:0.98(0) 2.77±0.03 

 405 

Table 3  Fitting results of the high-resolution XPS spectra for the LFP samples. 406 

Sample 

Fe2+
 2p Fe3+ 2p 

2p3/2 2p1/2 % 2p3/2 2p1/2 % 

LFP-350 710.8 724.2 49.8 713.2 726.9 50.2 

LFP-50 710.7 724.0 48.8 713.2 726.8 51.2 
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 407 

Table 4 Resistances and Li diffusion coefficients obtained from EIS results. 408 

 LFP-50 80:20 60:40  50:50 40:60 20:80 LFP-350 

R1/Ω 4.81 3.38 6.17  4.34 3.24 7.02 5.84 

R2/Ω 3.67 1.26 1.32  0.67 1.29 3.21 2.86 

R3/Ω 8.18 7.91 6.87  5.24 6.69 4.23 2.08 

DLi/×10-14 cm2/s 1.25 2.27 2.22  10.62 2.29 1.99 3.16 

 409 

  410 
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Figures 411 

 412 

Figure 1 XRD and Rietveld refinement for the as-prepared LFP samples sintered at (a) 710 and (b) 550 C, respectively. 413 

 414 

Figure 2  SEM, TEM micrographs and high-resolution XPS spectra for (a-c) LFP-350 and (d-f) LFP-50. 415 

 416 

Figure 3  NEXAFS for the LFP samples. (a) Fe L-edge and O K-edge for (b) LFP-350 and (c) LFP-50. The green, pink and 417 

blue lines in (b) and (c) are the O K-edge collected with PEY, TEY and TFY mode, respectively. 418 

 419 

Figure 4 Galvanostatic charge and discharge of the pristine materials (a-b) LFP-350 and (c-d) LFP-50.  (b) and (d) is the 420 

partial enlarged voltage plateau of (a) and (c), respectively. 421 

 422 

Figure 5 (a) Galvanostatic charge-discharge profiles of the pristine and mixed electrodes at C/10. (b) Comparison of 423 

rate capabilities of the pristine and mixed electrodes. 424 

 425 

Figure 6  (a) EIS spectra, (b) plots of the real impedance as a function of the square root of angular frequency at low-426 

frequency region and (c) the equivalent circuit of the LFP electrodes.  427 

 428 

Figure 7  Schematic of the LFP electrodes during charging. (a) LFP-50, (b) LFP-350 and (c) mixed electrodes. 429 

 430 
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