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The porous spherical LiFePO,4 (LFP) nanostructures were synthesized by a spray drying technology,
followed by a calcination process. Effect of compacted density on the electrochemical performance of
the 18650 cells, which employed as-prepared spherical LFP materials, was investigated systemically.
The morphology study and physical characterization results show that the spherical LFP/C are
composed of numerous particles with an average size of 300 nm, and have well-developed
interconnected pore structure and a specific surface area of 12-15 m?g. For CR2032 coin-type cell, the
specific discharge capacity of the LFP/C was 162-164 mAh/g at 0.2C, and the capacity retention can
reach up to 100% after 50 cycles at 1 C. For 18650 batteries, the cathode slurry viscosity of the LFP/C
with LiOH as lithium source is larger than that with Li,CO3 as lithium source. For the sintering
temperature of the LFP material is reduced to 700 °C, meanwhile the carbon content is reduced to
1.1%, the compacted density of the LFP material electrode can reach 2.47 g/cm?.

Keywords: Porous spherical LiFePOy; 18650 Cells; Highly compacted density; Cathode slurry
viscosity

1. INTRODUCTION

Olivine-structure lithium iron phosphate LiFePO, (LFP) has attracted extensive attentions due
to its low cost, high energy density, safety, structure stability and environmental friendly.[1-3]
However, the electronic conductivity of LFP is low, measured only 10®° S/cm, which limits their


http://www.electrochemsci.org/
mailto:chenlei904@126.com
mailto:htzhang@ipe.ac.cn

Int. J. Electrochem. Sci., Vol. 13, 2018 5414

commercial application in high-rate lithium-ion batteries. Therefore, many efforts have been proposed
by many investigators to improve this conductivity, e.g. refining the grain to nanoscale to shorten the
bulk diffusion distance of Li* ions, metal doping, carbon coating, and co-synthesis with carbon in
powder metallurgy method.[4-7] The spherical preparation of the LFP material synthesized by sol-gel
method, solid-state reaction, hydrothermal, and solvothermal has greatly improved the electrochemical
performance of the material. The micro-spherical particles can easily move, closely pack and occupy
the available vacancies. Porous micro-spherical aggregates of LFP/C nanocomposites can effectively
improve diffusion channels of Li* by reducing particle size. Meantime, the growth of the LFP particle
is suppressed by the carbon.[8-10]

The film thickness and compacted density of the electrode affect the electrochemical
performance and are therefore crucial for battery design.[11-14] The electrochemical performance of
the LFP electrodes depend strongly on film thickness, with the largest rate capability for the thinnest
film.[15] The effect of the different compacted densities on the electrochemical characteristics of
lithium cobalt oxide electrode has been studied.[16] The higher the compaction density of the
electrode, the smaller the average void, the narrower the size distribution of the void, and the higher
the contact strength between the electrode material and the binder. By decreasing the particle size of
the electrode material, the electrochemical performance and the capacity performance of the material
can be improved.

At present, the high-capacity spherical LFP material has been widely reported, but the research
of the compacted density and rate performance is lack for the commercial 18650 battery.

2. EXPERIMENTAL

LiFePO,/C compounds were prepared via solid-state reaction. A mixture of the as-synthesized
FePQ,, glucose, and different Li sources (Li,COs, LIOH) were mixed into ethanol and ball-milled for
20 h to obtain precursor slurry. Then the mixture was spray-dried at 200 °C and 80 °C (inlet and outlet
temperatures, respectively) at a feed of 300 mL/h to obtain the precursor (light yellow precipitate). The
precursor was heated at 550 °C for 5 h under nitrogen flux and subsequently sintered at 700 °C or 715
°C for 12 h still under nitrogen flux, to obtain the final micro-spherical LiFePO,/C. The final obtained
samples were denoted as LFP-Li,COs3-1.3%C-715, LFP-LiOH-1.3%C-715, LFP-Li,CO3-1.1%C-715,
and LFP-Li,CO3-1.1%C-700 with respect to the different Li source, different carbon content, and
different sintered temperature.

The powder X-ray diffraction (D8 ADVANCE, Bruker) measurement using Cu K, radiation
was employed to identify the crystalline phase of the synthesized materials. The scanning range was
from 10° to 80° with a step size of 0.02°. The micro-morphology and particle size of the samples were
investigated through scanning electron microscopy (SEM, FEI/Quanta 250). The TEM images were
investigated by using a transmission electron microscope (JEOL JEM-2010F) operating at 200 kV.
The surface binding energy of the materials was verified by X-ray photoelectron spectroscopy (XPS)
(PHI Quantera SXM, ULVAC-PHI).
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The electrochemical characterizations were performed using CR2032 coin-type cell. Typical
positive electrode loadings were in the range of 2-2.5 mg/cm?, and an electrode diameter of 14 mm
was used. For positive electrode fabrication, the prepared LiFePO4,/C compounds were mixed with
10% of carbon black and 10% of polyvinylidene fluoride in N-methyl pyrrolidinone until slurry was
obtained. Then, the blended slurries were pasted onto an aluminum current collector, and the electrode
was dried at 120 °C for 12 h in the argon armosphere. The test cell consisted of the positive electrode
and lithium foil negative electrode separated by a porous polypropylene film, and 1 mol/L LiPFg in
ethylene carbonate, diethyl carbonate, and dimethyl carbonate (1:1:1 in volume) as the electrolyte. The
assembly of the cells was carried out in a dry Ar-filled glove box. The discharge-charge cycling is
galvanostatically performed from 0.2C to 1C rate with cut-off voltages of 2.0-4.2 V (versus Li/Li") at
25 °C by using an automatic galvanostatic charge-discharge unit, Neware battery cycler, and the
electrochemical capacity of samples was evaluated based on the active materials.

18650 lithium-ion batteries (18 mm in diameter and 65 mm in height) were assembled. The
capacity of the batteries was nominally designed to be 1500 mAh corresponding to the specific
capacity of the half cell. The batteries used LFP materials as cathode, graphite as anode, and
polyethylene as separator. The positive electrodes consisted of 91.5 wt % LFP, 4 wt% conductive
materials, and 4.5 wt% PVDF. The loading amount of the cathode material on each side of the
electrode was about 15 mg cm 2. The negative electrode consisted of 94.5 wt% FT-1 graphite, 1.5 wt%
CMC, 1.5 wt% SP, and 2.5 wt% styrene-butadiene rubber (SBR, Jinbang Power Source Co., LTD), 2
wt% CMC. The loading amount of the anode material on each side of the electrode was about 7 mg
cm 2. A certain amount of electrolyte was injected in an argon filled glove box. The formation, rate
capability and cycle performance tests of batteries were performed by using Neware battery test
systems. For the formation process, the experimental batteries in this study underwent one cycle of
charge-discharge. The batteries were charged with a constant current of750 mA (0.5 C) and 1500 mA
(1 C), respectively, followed by holding the voltage at 4.5V until the current dropped to 75 mA (0.05
C), while the batteries were discharged at 750 mA (0.5 C) and 1500 mA (1 C) to a cut-off voltage of
2.5V. The two batteries were charged with a constant current of 750 mA (0.5 C), while the rate
capabilities of batteries were examined at the discharge rate of 750 mA (0.5 C), 1500 mA (1 C), 3000
mA (2 C), 4500 mA (3 C), 6000 mA (4 C), 7500 mA (5 C), 9000 mA (6 C), 10500 mA (7 C), 12000
mA (8 C)respectively under the voltage of 2.5-4.4V. The surface temperature of batteries was recorded
during the rate-discharge performance testing. A type-K thermal couple was attached to the center of
the largest face of the batteries to record the temperature change.

3. RESULTS AND DISCUSSION

Figure 1 shows the x-ray diffraction (XRD) pattern of the LFP composite. All of the peaks
match well with Bragg reflections of the orthorhombic olivine structure (space group Pnmb, JCPDS
card No. 81-1173), indicating a pure phase LFP is obtained. This is consistent with the results of many
solid-state synthesis methods for preparing lithium iron phosphate materials.[17, 18] As shown in
Figure 2, the spherical morphology is preserved and the prepared LFP microspheres are composed of
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nanoparticles and interconnected pores. The interconnected pores can enhance the infiltration of liquid
electrolyte to the electrode materials and increase the transport rate of Li* in the microspheres. As seen
in Figure 3, the size of the larger microspheres is about 1000 nm, and the smaller particle is about 100
nm. And a carbon layer was coated on the surface of the microspheres. The microspheres are
composed of primary nanoparticles with a size of approximately 300 nm, and the interconnected pores
distribute uniformly around the primary nanoparticles. Theoretically, a small particle size means small
diffusion length and large surface reaction sites for lithium ion, which can improve the lithium-ion
intercalation kinetics and even the electrochemical performance of materials.[5, 17]
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Figure 1. XRD patterns of LiFePO, materials

Figure 2. SEM images of LiFePO, materials: (a) LFP-Li,CO3-1.3%C-715, (b) LFP-LiOH-1.3C-715,
(c) LFP-Li,C0O3-1.1%C-715, (d) LFP-Li,CO3-1.1%C-700
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Figure 3. TEM image of LFP-Li,CO3-1.1%C-700

As shown in Table 1, the tap density of the prepared LFP is approximately 1.1-1.2 g/cm3. This
result is similar to the tap density of lithium iron phosphate prepared by the carbothermal reduction
method in other literatures.[19] However, the tap density of LFP prepared by sol-gel method or molten
salt methods can usually reach 1.4-1.5 g/cm®>.[6, 19] Therefore, for the carbothermal reduction method,
the tap density needs to be further improved. In practical applications, the tap density of an active
material is important because it influences the volumetric capacity of the battery. The high tap density
enhances the volumetric energy density and provides advancement in energy supply applications. The
Brunauer-Emmett-Teller surface area of the material were calculated by the N, adsorption-desorption
method.

Table 1. The physical properties of LiFePO, materials

Samples Tapg(;srr:]s;tya, Specific surface area®, m*g  Carbon content?, wt %
LFP-Li,CO3-1.3%C-715 1.12 15.25 1.33
LFP-LiOH-1.3C-715 1.20 16.14 1.35
LFP-Li,CO;3-1.1%C-715 1.21 12.96 1.14
LFP-Li,CO3-1.1%C-700 1.18 12.60 1.12

% The experimental errors for tap density, specific surface area, carbon content were within 3, 10, and
8%, respectively.

As shown in Table 1, the calculated specific surface area of the LFP is 12-16 m®/g, which is
smaller than the other investigation 21-27 m%g.[20] The carbon content of the LFP samples changes
from 1.1 wt% to 1.3 wt%, which is consistent with the specific surface area of the LFP samples, where
the higher the carbon content, the higher the specific surface. In fact, optimizing the carbon content is
important because too much carbon will seriously decrease the tap density of LFP/C increase the
specific surface area. Generally, the optimal carbon content is no more than 5 wt%.[6] For our LFP/C
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composite, the carbon content of 1.1-1.3 wt% not only ensured the high conductivity but also
contributed to the high tap density of the material. The XPS analysis is employed to further understand
the surface elemental compositions and the chemical states of elements. As illustrated in Figure 4, the
XPS full survey of the LFP-Li,CO3-1.1%C-700 shows some peaks at 56.4, 133.8, 190.9, 284.9, 531.6,
and 711.9 eV, corresponding to Li 1s, P 2p, P 2s, C 1s, O 1s and Fe 2p, respectively. Deconvolution of
the Fe 2p XPS spectrum illustrates the presence of Fe 2p doublet (Fe 2ps, and Fe 2pi/2), which is
characteristic for Fe?* (Figure 4b).[21, 22]
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Figure 4. (a) X-ray photoelectron spectroscopy full survey spectra and peaks (b) Fe 2p (c) C 1s (d) P
2s 2p for LFP-Li,C0O3-1.1%C-700
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Figure 5. Charge-discharge voltage profiles of LFP-Li,CO3-1.1%C-700 for CR2032 coin-type cell at
different rates
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The initial charge-discharge capacities of the LFP samples at 0.2 C, 0.5 C, 1 C rate are
illustrated in Figure 5 and Table 2.

Table 2. The charge and discharge data of LiFePO,4 materials for CR2032 coin-type cell

Samples LFP-Li,CO3 LFP-LIOH LFP-Li,CO3 LFP-Li,CO3

Item -1.3%C-715 -1.3C-715 -1.1%C-715 -1.1%C-700
0.2C charge capacity (mAh/g) 165.79 167.20 167.41 168.45
0.2C discharge capacity (mAh/g) 162.00 164.25 162.19 163.85
0.2C discharge efficiency (%) 97.71 98.24 96.88 97.27
0.5C Charging capacity (mAh/g) 162.45 164.58 161.75 164.19
0.5C discharge capacity (mAh/g) 159.14 161.93 159.38 161.89
0.5C discharge efficiency (%) 97.96 98.39 98.64 98.60
1C Charging capacity (mAh/g) 160.03 162.93 159.88 162.34
1C discharge capacity (mAh/g) 155.12 159.15 156.38 158.89
1C discharge efficiency (%) 96.94 97.68 97.81 97.88

The specific discharge at 0.2 C rate can reach up to 162-164 mAh/g, corresponding to 95.3-
96.5 % of the theoretical capacity (170 mAh/g), better than most of similar investigations.[19-21] As
the current rates change to 0.5 C and 1 C, the initial discharge capacities are 159-161 and 155-159
mAnh/g, respectively. For the LFP material sintered at different temperatures and contented different
carbon, the difference of the discharge capacity is little. Preparation of LFP material by ball milling
and solid phase reaction, the effect of different lithium source and temperature on the button half-cell
test is not significant. The discharge capacity at high current rates is heavily dependent on the rapid
transference of electrons between particles. The discharge efficiency of the LFP samples at 0.2 C and
even at 1 C rate is 96 %, which indicate that lithium ions can be free to shuttle back and forth in the
charge and discharge process between the LFP samples and lithium metal. The specific capacity
retentions are nearly 100 % after 50 cycles at 1 C, as shown in Figure 6.
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Figure 6. Cycling properties of LiFePO4 materials at 1 C for CR2032 coin-type cell
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This result indicates that the prepared LFP samples shares good conductive ability and cycling
stability. The fluctuations within a narrow range are contributed to the electrolyte decomposition with
increasing temperature during the prolonged cycle process. The high specific capacities and good
cycling stability are attributed to the special porous nano/micro structure of the microspheres and the
small Li* diffusion resistance.

The LFP samples were prepared into slurry, in which the mixing materials are active material:
Super-P+KS-6: PVDF = 91.5: 4: 4.5. As shown in Table 3, the solids content of the slurry is between
42 and 48 %, and the viscosity of the slurry is between 4600 and 6300 Pa-s. The maximum viscosity is
present in the slurry of LFP-LiOH-1.3%C-715 material prepared from LiOH as Li sources. The
minimum value of the viscosity appears in the slurry with the smallest solid content of LFP-Li,CO3-
1.1%C-715 material with Li,COg3 as the raw material. The cathode slurry viscosity of the LFP/C with
LiOH as lithium source is larger than that with Li,COs as lithium source. This may be the difference of
the alkaline surface of the LFP material prepared form different lithium sources, resulting in different
interaction forces between the material and the solvent and the binder. Thus the Li,COj3 as lithium
source is suitable for the lower viscosity slurry.

The LFP slurries were coated on the 16 micrometer aluminum foil for both sides, and the
density of both sides was 30 + 0.3 mg/cm? After the roll press, the compacted density of the LFP
material electrode is very different.

Table 3. Homogenization parameters of LiFePO, materials for 18650 batteries

Samples Solid content Viscosity, Pa-s
LFP-Li,CO3-1.3%C-715 48.0 % 5500
LFP-LiOH-1.3%C-715 45.0 % 6320
LFP-Li,CO3-1.1%C-715 42.4 % 4650
LFP-Li,CO3-1.1%C-700 45.8 % 5900

a

Table 4. The compacted density and discharge capacity of LiFePO4 materials for 18650 batteries

. 18650- 18650- o
Samples Compa;}g%g ensity, Battery, Battery, Eﬁlc(';) ney™,
0.5C, mAh  1C, mAh
LFP-Li,COs- 1408-1428  1402-1424
Saor 2.21-2.25 (2.23) (1418) (1413) 99.65
LFP-LiOH- 1412-1430  1408-1425
L 3%C. 715 2.20-2.24 (2.22) (1421) (1416) 99.65
LFP-Li,COs- 1518-1542  1510-1532
T 2.24-2.29 (2.26) (1530) (1521) 99.41
LFP-Li,COs- 1595-1617  1582-1607
L1%C00 2.32-2.47 (2.39) (1606) (1504) 99.25

% The data in parentheses are averaged.
® The efficiency is (the discharge capacity at 1 C rate)/(the discharge capacity at 0.5 C rate).
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As shown in Table 4, for the LFP material sintered at 715 °C and carbon content of 1.3 %, the
compacted density of the electrode cannot be greater than 2.25 g/cm?®, otherwise the electrode brittle.
For the sintering temperature of the material is reduced to 700 °C, meanwhile the carbon content is
reduced to 1.1%, the compacted density of the LFP material electrode can reach 2.47 glem®. It is
possible that due to the hardness of the LFP material sintered at lower temperatures is lower, and the
lower carbon content can reduce the binder adsorption and improve the binder bonding performance.
For the LFP material sintered at different temperatures and different carbon content, the discharge
capacity of the 18650 battery is much different. When the calcinations temperature is 715 °C and the
carbon content is 1.3 %, the discharge capacity of the 18650 battery is 1408-1430 mAh at 0.5 C rate.
For the sintering temperature of the material is reduced to 700 °C, meanwhile the carbon content is
reduced to 1.1%, the discharge capacity of the LFP material 18650 battery can reach 1617 mAh at 0.5
C rate. The electrode with higher compacted density shows larger capacity, energy density and power
density. This is consistent with the findings of other research for the less isolated active material and
enhanced electrical connection of the electrode at high compacted density. The smaller pore size and
uniform pore distribution cause more uniform distribution of conductive carbon-binder matrix and
better contact between carbon-binder matrix and LFP particles, which lead to the increase
electrochemically active area.[20] However, the rate efficiency of the LFP material 18650 battery
changes in the opposite trend for the discharge capacity. For the LFP material sintered at 700 °C and
carbon content of 1.1 %, the rate efficiency of the 18650 battery is 99.25 %, which is lower than 99.65
% for the LFP at 715 °C and carbon content of 1.3 %.

Table 5. The discharge capacity and temperature of LiFePO, materials for 18650 batteries with
different discharge current

Lf;);g‘;g’g 18650 Battery-A 18650 Battery-B

Capacity, mAh Efficiency, % T, °C | Capacity, mAh Efficiency, % T,°C
1C 1583 99.18 35.4 1596 99.25 35.8
2C 1576 98.75 38.9 1592 99.01 40.0
3C 1574 98.62 42.0 1593 99.07 43.9
4C 1575 98.69 45.6 1593 99.07 47.3
5C 1570 98.37 50.6 1588 98.75 52.9
6C 1561 97.81 53.9 1578 98.13 57.0
7C 1545 96.80 58.3 1559 96.95 61.9
8C 1532 95.99 63.9 1550 96.39 67.9

As shown in Table 5, two 18650 batteries of LFP-Li,CO3-1.1%C-700 were tested for charge
and discharge at different rate. Even at a high discharge 8 C rate, the discharge efficiency maintains
95-96 % of its initial values. As the discharge rate increases, the 18650 battery temperature increases
accordingly from 35 °C to above 60 °C. This is consistent with the report in the literature.[11] At low
rates of charging or discharging, the heat generated can be dissipated effectively by natural convection
and good thermal equilibrium was achieved. Therefore, only small variation of the temperature. As
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compared to low rates, large amount of heat was generated at 8 C rate and the cell did not have
sufficient time to dissipate the heat. Hence, the temperature of the cell kept increasing, resulting in
reduced ohmic, kinetic and mass transfer losses in the cell and increment in the mass transfer for solid
and liquid phases.[11] Force convection cooling can be used to suppress the high temperature during
high It-rates of charging/discharging.
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Figure 7. Cycling properties of LFP-Li,CO3-1.1%C-700 at 1 C for 18650 battery-A

As shown in Figure 7, the capacity retentions of LFP-Li,CO3-1.1%C-700 for 18650 battery-A
is nearly 97 % after 450 cycles at 1 C. This result indicates that the prepared LFP samples shares good
conductive ability and cycling stability. Through the test of heavy impact, extrusion, thermal shock,
short circuit, overcharge, the three 18650 batteries of the LFP materials do not fire and explode.

4. CONCLUSIONS

The spherical porous nano/micro structured LiFePO,4 (LFP) materials were synthesized with
different Li-sources, different sintering temperature, and different carbon content. The 18650 lithium-
ion batteries for the spherical LFP cathode material were made and tested for investigating the affect of
compacted density. The spherical LFP/C are composed of numerous particles with sizes of 300 nm,
and have well-developed interconnected pore structure and large specific surface area of 12-15 m%/g.
The tap density of the prepared LFP is approximately 1.1-1.2 g/cm?®. The high tap density enhances the
volumetric energy density and provides advancement in energy supply applications. For CR2032 coin-
type cell, the specific discharge capacities of the LFP/C are 162-164 mAh/g at 0.2 C, and the capacity
retentions can reach up to 100% after 50 cycles at 1 C. For 18650 batteries, the cathode slurry viscosity
of the LFP/C with LiOH as lithium source is larger than that with Li,COj3 as lithium source. The
compacted density and discharge capacity of the 18650 battery is much different for the LFP material
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sintered at different temperatures and different carbon content. For the sintering temperature of the
LFP material is reduced to 700 °C, meanwhile the carbon content is reduced to 1.1%, the compacted
density of the LFP material electrode can reach 2.47 g/cm®.The relatively lower sintering temperature
and carbon content are beneficial to increase the compacted density of the LFP electrode.
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