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In this work, pure LiFePOs nanoparticles have been synthesized by a one-step facile hydrothermal
stripping method. This particular method is environmentally friendly and cost-effective, allowing the
recycling of solvents. The preparation procedure involves an aqueous solution and an organic phase. The
organic phase is naphthenic acid loaded with ferrous ion. Since the extraction process can purify ferrous
ions, inexpensive industrial-grade FeSO4-7H20 can be used as a raw material. The aqueous solution
contains H3PO4 and LiOH. Pure LiFePO4 nanoparticles were synthesized by stripping ferrous ion from
the organic phase and reacting precipitation in aqueous phase. The effect of various parameters,
involving PH value, reactant concentration, amount of reducing agent, temperature and time on the
properties of LiFePO4 was examined. By comparing the electrochemical properties of samples with
different morphologies and particle sizes as cathode materials for lithium-ion batteries, the optimum
LiFePO4 nanoparticles exhibited a high specific discharge capacity of 156.1 mAh g at 0.1 C after 40
cycles, revealing their adequate cycling performance.
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1. INTRODUCTION

Lithium-ion batteries have many excellent characteristics, such as high energy density, long cycle
life, high capacity and low self-discharge rate, having a pivotal role in energy storage devices [1].
Olivine-type LiFePO4 (LFP) is regarded to be the most promising cathode material for lithium-ion
batteries due to its high voltage platform of about 3.45 V [2], high theoretical capacity (~170 mAh g%),
excellent thermal and cycle stability, and low cost [3]. The inherent low electronic conductivity (108
~10° S cm™) and lithium ion diffusivity (1.8x10* cm? s) of LiFePOs results in an inferior rate
capability, thus limiting the implementation of LiFePOs in high-powered battery assemblies [4-6].
Research efforts have been focused on improving the electrochemical performance of LiFePO4 materials
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by employing different approaches, such as particle size reduction [7], conductive material coating [8,9],
ion doping [10,11] and new synthesis methods.

LiFePO4 has been synthesized using different techniques. Among these, solid-state reaction
method is usually employed [12-14]. However, the long-term high temperature calcination and the
presence of impurities in the final product, leads to high production costs and poor electrochemical
performance. In contrast, the liquid phase method can generally produce high-purity and small-sized
LiFePOg4 particles, which are able to reduce the diffusion path of lithium ions and accelerate the
transmission rate of Li*, thereby improving the electrochemical performance. However, the reported
liquid-phase methods, such as the microwave-hydrothermal synthesis [15], the co-precipitation
preparation [16] and the spray pyrolysis technology [17] suffer from high preparation cost,
environmental pollution hazards and difficult control of the reaction, rendering difficult large-scale
industrialization. To solve the above problems, we have developed a simple and economical
hydrothermal stripping route to produce pure LiFePO4 nanoparticles.

In particular, in this work, pure LiFePO4 nanoparticles were prepared by one-step hydrothermal
stripping method. Inexpensive and easily available ferrous salt, LiOH, phosphoric acid and organic
extractant were used as raw materials. The morphology and particle size of the products can be easily
adjusted and controlled. Meanwhile, the effect of PH, reactant concentration, amount of reducing agent,
temperature and time on the synthesized LiFePO4 was investigated. Moreover, a reaction mechanism
describing the synthesis procedure followed is proposed. The hydrothermal stripping method proposed
overcomes various major issues existed in other methods, such as the difficult control of the reaction,
the long preparation process, the high cost, the non-recycle organic phase and aqueous solution. More
importantly, electrochemical performance analysis of the as-prepared LiFePO.s material, revealed that
the sample synthesized by this particular method has adequate cycling performance.

2. EXPERIMENTAL PROCEDURE

Synthesis: 20 ml naphthenic acid and 10 ml isooctyl alcohol were initially added in the beaker
and saponified with ammonia water. Then FeSO4-7H20 solution was poured under stirring, followed by
the separation of two phase solution to obtain the organic phase loaded with ferrous iron. The aqueous
solution was prepared with LiOH, ascorbic acid and 3 mol L* H3PO. (the molar proportion of the
LiOH:H3sPO4 was 1.2:1) dissolved in deionized water. Ascorbic acid acted as a reducing agent to prevent
the oxidation of Fe?*. Subsequently, the aqueous solution and the organic phase were transferred to a
stainless steel autoclave, and heated to different temperatures (120, 130, 140, 160, 180, 200, 220, 250
°C) for different time (1, 3, 5 h) with vigorous stirring. The obtained precipitate washed with deionized
water and absolute ethanol several times. The resulting product was dried in an oven at 60 °C for 12 h.

Characterization: The X-ray diffraction (XRD) of Cu-Ka radiation was used to identify the
crystal of as-synthesized LiFePO4 samples. Fourier transform infrared spectroscopy (FT-IR) (NEXUS
470 FT-IR spectrometer manufactured by Thermo) was used to gain insight into local structure. Rietveld
refinement was used to analyze the lattice parameters and the average particle size of LiFePOs. Scanning
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electron microscope (SEM, S-4800, made in Japan) was used to observe the morphology of LiFePO4
samples.

Electrochemical measurements: CR2032 button half cells were manufactured in a glove box
filled with argon. The 80 wt.% electrode material, 10 wt.% acetylene black and 10 wt.% polyvinylidene
fluoride were uniformly dispersed in N-methyl-2-pyrrolidone (NMP). The formed slurry was coated on
the Al foil and dried in oven at 80 °C to remove solvent NMP. The circular electrodes with a diameter
of 14 mm were punched out from the foil and dried in a vacuum at 120 °C for 12 hours. Approximately
2 mg LiFePO4 active material loaded on the foil. The separator used was polypropylene microporous
membrane. The electrolyte was 1 M LiPFs dissolved in ethylene carbonate (EC)/diethyl carbonate
(DEC)/ethyl methyl carbonate (EMC) (1:1:1 vol %). The galvanostatic charge/discharge test was
performed with a multi-channel battery test system (LAND CT-2001A) at a voltage of 2.5 to 4.2 V.
Cyclic voltammetry (CV) measurement were carried out from 2.5 to 4.2 V at a scanning rate of 0.1 mV
st and electrochemical impedance spectroscopy (EIS) test at frequencies ranging from 0.01 Hz to 100
kHz were gathered in an electrochemical workstation (LK2010, LANLIKE).

3. RESULTS AND DISCUSSION

The process for synthesizing LiFePOy is schematically illustrated in Fig. 1. The reaction at the
initial stage of the extraction, can be described according to Eq. (1).
Fe?* g + (RCOOH)Z(org) - Fe(RCOO)z(org) + 2H" 4 (2)
Naphthenic acid with high thermal stability, low price, high extraction capacity and easy back
extraction is selected as the organic extractant. In this process, the ferrous ions in solution were extracted
into organic phase to form the organic phase loaded with ferrous iron.
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Figure 1. Hydrothermal stripping synthesis route.

Because the extraction process can purify ferrous ions, inexpensive industrial-grade FeSO4-7H>O
can be used as a raw material. In the hydrothermal stripping stage, Fe?* was removed from the organic
solution into the aqueous solution and reacted with Li* and POs* to form LiFePOs precipitate.
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Meanwhile, the naphthenic acid was released and can be reused. The mechanism of the hydrothermal
stripping process can be described by Eq. (2).

LiH,PO, gy + Fe(RCO0), ) + Q

Cation exchange

>LiFePO4(aq) + (RCOOH)Z(org) (2)
Subsequently, the primary LiFePOys crystals can nucleate and grow, according to Eq. (3).
LiFePO, > LiFePO, ) (3)

After the reaction, the residual aqueous solution can return back to the stripping section.

Nucleationand growth

Previous studies have found that different hydrothermal synthesis conditions, i.e. reactant’s
concentration, PH, amount of reducing agent, temperature and time can notably affect the formation and
growth of LiFePOy crystal [18]. In this regard, in the present work the effect of synthesis parameters on
the properties of LiFePO4 particles synthesized by the hydrothermal stripping method, is thoroughly
examined.

Fig. 2 shows the XRD patterns of LiFePO4 samples obtained with different Li*/PO4> molar ratios.
The analysis confirmed that only when the molar ratio of Li"/PO4* was 1.2:1 (b), the pure and perfect
crystal olivine LiFePOy structure is obtained. Apparently, the choice of molar ratio has a great impact on
the final product. When the ratio was low (a), structural defects in the crystal plane development can be
obtained. When the ratio was high (c)-(e), impurity phases Fe3(POs)2(OH)2, LizFex(POa)s,
LiFe(PO4)(OH), LisPOy4 are observed. It can be concluded that Li*/PO4> ratio is one of the key factors
for the synthesis of pure LiFePO4. Moreover, a lower Li*/PO4> molar ratio was employed in the present
work, as compared to the most hydrothermal synthesis methods which require a Li*/PO4* ratio of 3:1
[19], implying reduced lithium sources and in turn lower cost.
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Figure 2. XRD of samples prepared with different Li*/PO4> molar ratio. (a) 1.1:1, (b) 1.2:1, (¢)1.3:1, (d)

2:1, (e) 3:1

Fig. 3 shows the XRD patterns of the synthesized samples at different PH values obtained by
adjusting the amount of ammonia added. It can be clearly seen that samples (a)-(c) contain only a single
phase LiFePO4 with an orthorhombic olivine structure (JCPDS no. 40-1499). This shows that pure
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LiFePOy4 can be only obtained under acidic or neutral conditions. LiFePO4 can’t be obtained under basic
conditions, since ferrous could be easily hydrolyzed to Fe(OH)> or Fe(OH)s, thus a mixture of Fe3Oa,
Fe>O3 and lithium phosphate (Li3PO4) was obtained. These results were in line with the previous studies
[20].
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Figure 3. XRD of samples prepared under different pH values. (a) PH=5, (b) PH=6, (c) PH=7, (d)PH=8,
(e) PH=9, (f) PH=10

Fig. 4 shows the XRD patterns of LiFePO4 samples obtained with various amounts of reducing
agent. In the synthesis process of sample (a), no reducing agent was added. The analysis showed that the
product was LisFex(POu)s. It is obvious that Fe?" was oxidized to Fe*" during the reaction. The main
characteristic diffraction peaks of the samples (b) and (c) are consistent with the LiFePO4 phase, but
there are some small diffraction peaks corresponding to LiFe(PO4)(OH). With the increase in the amount
of reducing agent, the small impurity peaks in samples (d)-(g) disappeared, and the synthesized product
was pure LiFePO4 nanoparticles. This indicates that an appropriate amount of reducing agent is required
in order to obtain pure phase LiFePO4 sample [21-24].
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Figure 4. XRD of samples prepared with different reducing agent. (a) 0, (b) 1 %, (c) 2 %, (d) 3 %, (e)
4%, (f) 5 %, (g) 15 %

* Li}FCz(P04)3

a3n
(221)(041)
(112)(022)

211

Intensity(a.u.)

10 20 30 40 50 60
2 Theta (Degree)

Figure 5. XRD of samples prepared under different reaction temperature. (a) 120 °C, (b) 130 °C,
(c)140 °C, (d) 160 °C, (e) 180 °C, (f) 200 °C, (g) 220 °C, (h) 250 °C

Fig. 5 shows the XRD patterns of LiFePO4 particles obtained at different temperatures. It can be
observed that the two main diffraction peaks of the sample (a) prepared at 120 °C belong to LisFe2(PO4)s.
As the reaction temperature increased to 130 °C, the characteristic peak of LiFePO4 appeared in sample
(b). However, its main crystal plane development was quite different from the standard LiFePOg, i.e. the
(131) crystal plane diffraction peak dominates at the expense of (111) plane. When the temperature rose
to 140 °C, the main crystal plane development of the sample (c) was consistent with the standard
orthorhombic olivine structure of LiFePO4 pure phase (JCPDS no. 40-1499). This implies that the crystal



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210331 7

development is constantly improved during the heating process. When the reaction temperature reached
160 °C and above, the peak’s intensity are progressively increased (samples d-h). This is due to the
strong effect of temperature on formation of crystal nucleus and the consequent growth of crystals. High
temperature can increase the vibration of atoms and the diffusion rate of crystal ions. Table 1 summarizes
the unit cell parameters and average particle size calculated from the XRD results. It can be seen that the
size of the synthesized nanoparticles initially increases gradually with the increase of temperature. When
the temperature reaches 220 °C the growth is basically stops, followed by a decrease after reaching
250 °C. This may be due to the fact that during the heating process, the particles tend to homogenize,
resulting in a decrease of the average particle size, which is consistent with the change trend of the unit

cell volume.

Table 1. Lattice parameters and particle average diameter of samples.

lattice parameters The average
Sample A b/A A V/A3 part:jc/!&e\sue
JCPDS no.
40-1499 6.0189 10.347 4.7039 292.95
d 6.00535 10.3512 4.70493 292.47 621
e 6.00408 10.33479 4.71522 292.58 679
f 6.01003 10.35234 4.70566 292.78 831
g 6.01145 10.35586 4.70903 293.15 838
h 6.00881 10.35203 4.70545 292.69 720

Fig. 6 shows the FT-IR spectra of LiFePO4 synthesized by hydrothermal stripping method. The
absorption peak in the range of 982-1136 cm™! corresponds to the stretching vibration of the PO4>~ unit
and the bands in the range of 440-550 cm™" are sensitive to the local lithium environment. FT-IR shows
no absorption at 424 cm!, indicating that there is no vibration signal of LisPO4 [25]. The spectrum
indicates the intrinsic band of LiFePOs, without any poisoning of other impurity phases, which verifies
the purity of the synthesized sample [26,27]. These findings confirm that hydrothermal stripping method
can successfully synthesize pure LiFePO4 nanoparticles.

Fig. 7 shows SEM images of samples synthesized at different temperatures and time. It can be
observed that the particle morphology and size of the samples are strongly related to the temperature and
time of the reaction. When the temperature was 160 °C or 180 °C, the morphology of samples (a) and
(b) was blocky with uneven dimensions. As the temperature rose to 220 °C, the morphology of sample
(c) gradually turns from block to rod, and the particle size tended to be evenly distributed. Fig. 7 (d-f)
correspond to the SEM images of the products at 250 °C for different reaction time. When the reaction
time was 1 h (d), it can be clearly seen that the edge of the particles were somewhat incomplete. When
the reaction time was extended to 3 h, the edge of the particles tended to be intact and the crystals grow
completely. The morphology and particle size of the obtained product (e) were basically consistent.
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Figure 6. The infrared spectra of LiFePOa.

Figure 7. SEM of samples prepared at different reaction temperatures and time. (a) 160 °C, 3 h;
(b)180 °C, 3 h; (c) 220 °C, 3 h; (d) 250 °C, 1 h; (e) 250 °C, 3 h; (f) 250 °C, 5 h

Selected samples (a)-(c) with different morphologies and particle sizes shown in Table 2.
Charge/discharge tests between 2.5 V and 4.2 V were carried out to study the influence of sample
morphology and particle size on electrochemical performance. The initial charge-discharge voltage
curves at 0.1 C are shown in Fig. 8A. The discharge platform of sample (a) which was blocky with
uneven particle size was short and unstable. The discharge voltage of curve was low, indicating a high
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degree of polarization. Samples (b) and (c) with uniform rod-shaped particles showed a very stable flat
discharge voltage platform at about 3.4 V, which was caused by the intercalation/deintercalation of
lithium ions and the related Fe**/Fe** conversion process [28]. The initial discharge capacities of samples
(a)-(c) are 64.9, 148.0 and 151.6 mAh g, respectively, indicating that the sample with regular
morphology and small particle size have the highest discharge capacity in the first cycle.

Fig. 8B displays the rate capacities of the samples a-c at different current densities. It is obvious
that sample (c) displays excellent rate cycling performance. Its discharge specific capacities at 0.1, 0.2,
0.5 and 1.0 C were the highest compared to other samples, which were 151.6, 153.9, 149.6 and 139.5
mAh g!'. When it returned to 0.1 C after charging and discharging cycles at various current densities, the
specific capacity of the sample reached 156.1 mAh g!, which was close to the theoretical capacity (170.0
mAh g). It has excellent rate discharge capacity compared with other LiFePOs-based electrode
materials reported in the literature [9, 29-32], as shown in Table 3. Compared with the initial 0.1 C cycle,
the increase in capacity can be explained as the cycle of larger current increases the active surface area
of the LiFePO4 cathode material, reduces the apparent current density, and reduces the polarization.

Cyclic Voltammetry (CV) test was performed to explore the reaction kinetics of the samples. Fig.
8C shows the corresponding curves of the samples (a)-(c) at 0.1 mV s’'. All samples presented a pair of
redox peaks at about 3.26 and 3.60 V, due to the Li* intercalation/deintercalation process [33]. The
oxidation peak is in the negative direction of the Y axis, and the reduction peak is in the positive
direction. The sharper the peak, the greater the exchange current density of the material and the
smaller the electrochemical impedance. the sample (c) displayed the highest redox currents,
indicating the smallest electrochemical impedance.

EIS was performed on samples (a)-(c) to further compare the interfacial reaction resistance and
the apparent Li" ion diffusion coefficient (Fig. 8D). The semicircle in the high-to-middle frequency
regime represents the charge transfer resistance (Ret). Ret of sample (c) 1s 234 €, which is much lower
than that of sample (a) (507 Q) and sample (b) (340 ), indicating that the appropriate morphology and
particle size can effectively improve the charge transfer ability of LiFePO4. The sloping line at low
frequency regime can be ascribed to Li* diffusion [34,35]. Equivalent circuit model (inset of Fig. 8D)
was used to fit the impedance spectra, where Re represents the ohmic resistance, Re the charge-transfer
resistance, CPE the constant phase elements and Zw the Warburg impedance. Li* diffusion coefficient
(D/cm? s™!) can be calculated by the following formula (4) [36],

R2T2

D = wrmicer )

where R is the gas constant, T is absolute temperature, A is electrode surface areas, n is the
transferred electron number, 6 is the slope of the fitted line Z'~w™%, F is the Faraday's constant, C is Li"
concentration. According to the above formula, the D values of samples (a)-(c) are 1.46 x 10714, 8.50 x
10715, 7.04 x 10'* cm? s7!, respectively. Analysis shows that sample (c) has the highest lithium ion
diffusion coefficient and the smallest charge transfer resistance. This result further confirms that the
sample with regular morphology and small particle size can significantly promote the Li* diffusion rate
and charge transfer ability of LiFePOy4 as a cathode material for lithium-ion batteries, demonstrating its
excellent capacity and rate performance.
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Table 2. Samples with different morphologies and particle sizes.

10

Sample Morphology The average particle  Synthesis conditions
size d/nm
a Blocky, uneven 62.1 160 °C, 3 h
b Rod-shaped, uniform 83.8 220°C,3h
c Rod-shaped, uniform 72.0 250 °C, 3 h
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Figure 8. Initial charge-discharge curves at 0.1 C (A), specific charge and discharge capacities at various
(B), cyclic voltammograms (C) and electrochemical impedance spectroscopy
(D) of LiFePO4 samples with different morphologies and particle sizes.

current rates

Table 3. Comparison the material presented in this paper with other LiFePOs-based electrode materials
for lithium-ion batteries reported previously.

Particle

Discharge capacities(mA h/g)

Electrode materials morphology 01C 02C 05C 10C Reference

LiFePOq4 Rod-shaped 151.6 1539 149.6 139.5 This work
LiFePO4/C Cluster texture 152.3 150 142.2 [9]
LiFePO4/C nanoplate 123.0 117 106 90 [29]
LiFePO4+-PANI Blocky 145 130 117 [30]
LiFePO4/TiO2 nanocomposite 137.7 1349 1235 [31]
Cl-doped LiFePO4/C nanoparticle 151 146 134 130 [32]
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4. CONCLUSIONS

In the present work, we have applied a simple, energy-efficient, cost-effective, green route for
the synthesis of LiFePO4 cathode materials. Inexpensive industrial-grade FeSO4-7H>0O can be used as a
raw material. In the aqueous phase, the Li"/PO4>" molar ratio is controlled to 1.2:1, the pH is adjusted to
be acidic or neutral, and an appropriate amount of reducing agent is added to synthesize pure LiFePO4
nanoparticles. By changing the temperature and time of hydrothermal stripping method, LiFePO4
samples with different morphologies and particle sizes can be prepared. By comparing the
electrochemical properties of samples with different morphologies and particle sizes, it was found that
LiFePO4 nanoparticles with regular morphology and small size have the best electrochemical
performance, offering a high discharge capacity of 156.1 mAh g at 0.1 C after 40 cycles. The
hydrothermal stripping method not only has the advantages of hydrothermal synthesis process but also
overcomes the issues of high cost and difficult control of the reaction. Therefore, the hydrothermal
stripping method is expected to have a very good prospects for large-scale production.
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