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ABSTRACT

A microwave-assisted hydrothermal synthesis route to prepare LiFePO4 (LFP)

in a very short time and under a low temperature is proposed. Only 10 min at

200 �C was sufficient to produce a high-purity, single-phase LFP, with no need

to perform a thermal treatment as a second step that is usual to enhance the

structural properties of the material. The obtained LFP was structurally char-

acterized by XRD, HR-TEM and FTIR spectroscopy and morphologically ana-

lyzed by SEM. Electrochemical impedance spectroscopy data allowed the

estimation of the diffusion coefficient for the lithium ions (DLi
? = 2.0 9 10-14

cm2 s-1) in the LFP structure during the redox reactions related to the charge

and discharge processes that occur in a Li-ion battery. Preliminary galvanostatic

charge and discharge tests of the prepared LFP as a cathode in a Li-ion cell were

carried out in a 1.0 mol L-1 LiPF6 EC/DMC 1:1 (V/V) electrolyte solution,

allowing the estimation of the initial specific capacity (126 mA h g-1 at 0.1 C)

and coulombic efficiency (94–99%). Hence, the here-reported rapid, clean and

facile one-step synthesis of LFP allows the production of a material that has

excellent structural properties and a promising electrochemical response, with

significant savings in time and energy.

Introduction

The decrease of oil reserves worldwide, allied with

climate changes due to global warming, has moti-

vated the search for new, renewable and clean sour-

ces of energy [1]. This search for alternative energy

sources has been driven mainly by the automotive

sector, which is continuously expanding and has

been one of the main drivers for environmental pol-

lution [2]. Hence, electric vehicles, whose energy

source for their engines is typically a lithium-ion

battery bank [1–4], have been produced more and

more to replace the traditional automobiles powered

by internal combustion engines.
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Among the lithium-ion battery components, the

cathode material is known to be a key item that

determines the performance and cost of the device

[4–6]. A broad variety of materials has been proposed

by many research groups for cathodes in Li-ion bat-

teries. Among these materials, lithiated iron phos-

phate (LiFePO4), first investigated by Padhi et al. [7],

has presented promising results [4, 8]. LiFePO4 is

considered a good electrode material because of its

high values of theoretical and experimental specific

capacities [9, 10], low toxicity and high electrochem-

ical stability [11], besides being benign and produced

from low-cost precursors. However, LiFePO4 pre-

sents low ionic and electronic conductivities (which

lead to a decrease in the experimental specific

capacity) as well as coulombic efficiency losses dur-

ing long-term charge–discharge cycling [12, 13].

New synthesis methodologies have been proposed

to enhance the conductivity of LiFePO4, focusing on

the decrease in particle size, the production of a

carbonaceous coating and the obtention of crystalline

and high-purity materials [14–24]. Traditionally

LiFePO4 is produced by means of solid-state syn-

thesis, when the solid precursor materials are mixed

and submitted to different heating steps at tempera-

tures varying in the range of 350–800 �C, in proce-

dures that may last up to 24 h [25, 26]. Although

solid-state synthesis may lead to products that pre-

sent good structural and electrochemical properties,

the associated high temperatures and long heating

periods make it energetically expensive. In this con-

text, significant energy savings can be attained by the

use of hydrothermal synthesis [27–30] since the pre-

cursors (dissolved and mixed in aqueous solutions)

are submitted to lower temperatures (around 200 �C)
during 5–18 h [31, 32]. The hydrothermal methodol-

ogy allows the production of nanostructured and

high-purity LiFePO4 that leads to a cathode material

with high electrochemical performance [33].

Although the latter presents lower energy consump-

tion compared to solid-state synthesis, both methods

involve long heating periods due to the inefficient

heat exchange (by heat conduction, irradiation and

convection) between the heat source and the reaction

system. Therefore, the coupling of the hydrothermal

methodology with microwave heating improves the

heat-transfer efficiency mainly due to the fact that the

heat exchange occurs at the molecular level, as a

consequence of the direct interaction between

microwave radiation and reactants, leading to a

significant reduction of the synthesis time [34–38].

For example, Niu et al. [39] produced high-purity

LiFePO4 in a two-step procedure, i.e., microwave-as-

sisted hydrothermal synthesis at 180 �C for 1 h, fol-

lowed by a thermal treatment (TT) at 700 �C for 2 h in

a reducing atmosphere. Gao et al. [40] also used a

two-step procedure to produce LiFePO4, but the

microwave-assisted hydrothermal synthesis was

carried out at 160 �C for 20 min (with addition of

ascorbic acid to the precursors as reducing agent) and

the obtained product was submitted to TT at 700 �C
under a nitrogen atmosphere for 3 h.

On top of the lower energy consumption and

diminutive synthesis time, most works involving

microwave-assisted hydrothermal synthesis have

been focusing on enhancing the electrochemical per-

formance of LiFePO4 as cathode material for lithium-

ion batteries by covering its particles with a thin

conducting layer of carbon. Commonly, this car-

bonaceous layer is obtained by adding organics to the

reaction medium and submitting them to TT in a

controlled reducing atmosphere; this leads to a final

material with an increased conductivity and thus

enhanced electrochemical properties. Despite the

excellent results attained with such materials, the

second step in their synthesis (TT) causes an increase

in the energy consumption and reaction time, which

weigh negatively when large large-scale applications

are considered. Besides, during TT some undesirable

compounds and agglomerates of LiFePO4 particles

might be formed, which limit the diffusion of Li ions

in the olivine structure, leading to a decreased elec-

trochemical performance [14, 41]. In this sense, Yang

et al. [42] investigated the synthesis of LiFePO4 by the

microwave-assisted hydrothermal method using

classic inorganic precursors and without TT after-

ward, obtaining a material with good electrochemical

performance. Nevertheless, there is not much repor-

ted on ‘‘one-step’’ synthesis of LiFePO4, thus leaving

open opportunities for investigations on the prepa-

ration of this pure material, with adequate crystalline

structure and good electrochemical properties, with-

out applying a posterior TT.

In this work, we further investigate the one-step

methodology to obtain single-phase high-purity

LiFePO4 by a rapid microwave-assisted hydrother-

mal synthesis under a low temperature, with no

posterior TT. The as-obtained product was charac-

terized: structurally, by X-ray diffractometry (XRD)

and FTIR spectroscopy; structurally and
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morphologically, by transmission electron micro-

scopy (TEM) and scanning electron microscopy

(SEM); electrochemically, by cyclic voltammetry

(CV), electrochemical impedance spectroscopy (EIS)

and charge–discharge tests as a cathode in a Li-ion

cell.

Materials and methods

LiFePO4 synthesis

For the LiFePO4 synthesis, the precursor materials

were mixed in a Li:Fe:P 3:1:1 mol ratio. First of all,

lithium acetate (CH3CO2Li.2H2O 98%, Sigma-

Aldrich) was dissolved in deionized water, and

phosphoric acid (H3PO4 85%, Synth) was added to

this solution, at room temperature. A white precipi-

tate, typical of Li3PO4, was formed and the mixture

was stirred for 20 min with a magnetic bar and a N2

flow through it. Iron sulfate (FeSO4.7H2O 99%,

Sigma-Aldrich) was then added to the reaction mix-

ture, which was kept under stirring and N2 bubbling

for additional 10 min. Then, approximately 20 mL of

the resulting greenish and viscous mixture was

introduced into a 30-mL borosilicate reaction vessel

and heated at 200 �C for 10 min under microwave

radiation, in a Monowave 400 (Anton Paar) reactor.

The obtained product was washed several times with

deionized water (up to neutral pH) and then dried in

an oven at 60 �C for 12 h, resulting in a greenish

powder as the final reaction product.

It is important to mention that this described pro-

cedure was repeated several times in order to obtain

an appreciable amount of LiFePO4 (few grams); FTIR

spectra of LiFePO4 samples synthesized in the dif-

ferent runs did not show significant variations.

Structural and morphological
characterization

XRD spectra were obtained with a Rigaku D/MAX-

2000PC diffractometer using a Cu Ka radiation

source at 40 kV/150 mA. From the obtained data,

acquired in the 5–80� range at a rate of 1� min–1, the

crystalline phase was identified by comparison with

Joint Committee of Powder Diffraction Standards

(JCPDS) data. FTIR spectra were acquired from 400 to

4000 cm–1, using a Thermo Scientific model Nicolet

6700 spectrometer.

SEM images were obtained with a FEI Magellan

400L (2 kV) microscope; TEM and selected-area

electron diffraction (SAED) images were acquired

with a Supra-35 ZEISS FESEM system in a high-res-

olution FEI (MET-AR) Tecnai G2 (200 kV) micro-

scope. The SEM and TEM results were analyzed with

the ImageJ software [43].

Electrochemical characterization

The working electrodes were prepared as a compos-

ite of LiFePO4/carbon black/PVDF at a 70:20:10 mass

ratio in cyclopentanone. The resulting composite

slurry was applied on Pt and Al current collectors

and then casted in a vacuum oven at 120 �C. The Pt

and Al electrodes were employed, respectively, for

CV and galvanostatic charge–discharge/EIS tests.

Assembling of the electrochemical cells was carried

out in a Labconco� model 506,000 glove box under an

argon (99.999%) atmosphere. Metallic lithium was

used as the counter and reference electrodes for the

CV tests (0.1 mV s-1) in a 1.0 mol L-1 LiClO4 EC/

DMC 1:1 (V/V) electrolyte solution in the potential

range of 2.4–4.2 V versus Li/Li?.

The charge–discharge tests were performed in a

1.0 mol L-1 LiPF6 EC/DMC 1:1 (V/V) electrolyte

solution using a Swagelok�-type cell at various cur-

rent densities, keeping the potential window between

2.4 and 4.5 V versus Li/Li?. Both CV and charge–

discharge experiments were carried out using a

Metrohm-Autolab PGSTAT204 interface.

The EIS measurements were carried out in a

Swagelok�-type cell having as electrolyte a

1.0 mol L–1 LiPF6 EC/DMC 1:1 (V/V) solution, using

an Autolab PGSTAT20 interface. For such, a 10 mV

peak-to-peak AC signal, from 10 kHz to 10 mHz, was

applied at the open-circuit potential (OCP).

All electrochemical measurements were always

carried out in triplicate.

Results and discussion

Structural and morphological analyses
of the synthesized LiFePO4

An obtained XRD spectrum, characteristic of the LFP

samples, is presented in Fig. 1a. Well-defined peaks

can be seen at 17.2�, 20.9�, 25.7�, 30.0�, 32.2�, 35.6� and
52.6�, which were indexed to the diffraction lines
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(200), (101), (111/201), (211/020), (301), (311) and

(222), respectively, of the orthorhombic crystalline

phase of pure LiFePO4 (JPCDS 40–1499; see inset in

Fig. 1a). A high degree of crystallinity for the syn-

thesized material can be inferred from the high def-

inition of the peaks, whereas the more intense peak at

30.0� (peak 211) is an indication of the particle pref-

erential growth along the {001} and {100} planes, or ac

plane in the orthorhombic LiFePO4 crystal (space

group Pnma), a fact that favors Li? diffusion along

the shorter plane (or b-axis of the crystal) [44]. Based

on this more intense peak, the mean size (Lm) of the

LiFePO4 particles was calculated using the Debye–

Scherrer equation:

Lm ¼ Kk
b cos h

ð1Þ

where K is a constant (0:94), k the X-ray wavelength

(1.5418 nm) and b the width (in radians) at the half-

height of the more intense peak, whose Bragg angle is

h. The thus obtained nanometric mean size of the

synthesized LiFePO4 particles, 41.8 nm, represents a

short diffusional path for the lithium ions in the LFP

structure and might contribute positively for its

electrochemical performance when tested as a cath-

ode material in Li-ion batteries.

Figure 1b shows a typical FTIR spectrum for the as-

synthesized LiFePO4. The predominance of the

internal vibrational modes of the phosphate group

Figure 1 a Typical X-ray

diffractogram and b FTIR

spectrum of a LiFePO4 sample

obtained by microwave-

assisted hydrothermal

synthesis at 200 �C for

10 min. The inset in

a corresponds to the XRD

spectrum of the JPCDS

40–1499 crystallographic card.
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can be seen in the 400–2000 cm-1 region of the

spectrum [45]. According to the interactions of the

atoms in PO4
3– with the lithium and iron ions in the

crystal, the position and intensity of the FTIR bands

may change significantly and lead to information on

the crystallinity, purity and composition of the

obtained material [45–49].

Thus, the well-defined bands in the region of 400–

690 cm-1 are signatures of the vibrational modes v2
and v4 of the phosphate group, whereas the bands in

the region of 700–1139 cm–1 refer to the internal

vibrational modes v1 and v3 of the phosphate group

in the LiFePO4 structure [45]. The lack of bands in the

region of 700–900 cm-1 is a strong indication of the

high purity of the obtained material, since bands in

this region of the spectrum are characteristic of other

phosphate complexes such as P2O7
4-, P3O10

5- and

FePO4, which could be formed as byproducts during

the synthesis [47, 48].

The morphology and mean size distribution of the

LFP particles are presented in Fig. 2a and b, respec-

tively. The morphology observed for this material is

basically globular; its mean particle size

(57.4 ± 1.8 nm) was calculated based on the lognor-

mal distribution presented in Fig. 2b. Although this

value is higher than the one obtained using the

Debye–Scherrer Eq. (41.8 nm), the results indicate a

good agreement between the methods. Additionally,

as can be inferred from Fig. 2b, the majority of the

LFP particles present sizes close to the mean value;

this narrow distribution of particle size attained by

the herein-proposed synthesis may represent an

advantage in comparison with other methods, since

no further processes are needed to attain such parti-

cle size homogeneity [28]. On the other hand, it is

clear from the TEM image (Fig. 2c) that the LFP

sample is highly crystalline, with a tendency of

crystal growth along one preferential plane. Fur-

thermore, the dotted pattern of the SAED image in

Fig. 2d is another evidence for the monocrystalline

domain of the synthesized LFP sample, with two

main diffraction lines: 211 and 311. In summary, both

the TEM and SAED results corroborate the XRD

findings presented in Fig. 1a.

Figure 2 a SEM micrograph and related b particle size distribution (for 200 particles), c TEM image and d SAED image for the LiFePO4

sample obtained by microwave-assisted hydrothermal synthesis at 200 �C for 10 min.
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Electrochemical characterization

The electrochemical activity of the obtained LFP was

initially evaluated by CV at a slow sweep rate

(0.1 mV s-1) in the potential range of 2.4–4.2 V ver-

sus Li/Li? in a 1.0 mol L-1 LiClO4 EC/DMC 1:1 (V/

V) electrolyte solution. As illustrated in Fig. 3, the

typical obtained voltammogram presents well-de-

fined oxidation and reduction peaks at 3.5 and 3.4 V,

respectively, corresponding to the Fe3?/Fe2? redox

reactions of a LiFePO4 cathode that occur during the

charging and discharging processes in a lithium-ion

cell.

The charging process occurs simultaneously with

the oxidation of Fe2? and extraction of Li? from the

olivine structure (Eq. 2), while Fe3? is reduced and

Li? inserted in the material structure during the

discharging process (Eq. 3).

LixFePO4 ! FePO4 þ xLiþ þ xe� ð2Þ

FePO4 þ xLiþ þ xe� ! LixFePO4: ð3Þ

The potential value between the oxidation and

reduction peaks is 3.45 V versus Li/Li?, which

approximately corresponds to the OCP of the work-

ing electrode; the two phases LiFePO4 and FePO4,

characteristic of the charging and discharging pro-

cesses, coexist around this value of the electrode

potential [50, 51]. The peak-potential separation for

the redox process is about 100 mV, indicating that the

prepared electrode presents good reversibility.

Besides that, the absence of additional voltammetric

peaks in Fig. 3 is another evidence that other Fe

compounds (byproducts or impurities) were not

formed during the LFP synthesis and that the elec-

trolyte is electrochemically stable in the considered

potential range.

The obtained EIS data were analyzed to access

information on processes that occur in the phases and

at the LiFePO4/electrolyte interface. Typical EIS data

obtained for the here-synthesized LiFePO4 are pre-

sented as complex plane (or Nyquist) and Bode plots

in Fig. 4a and 4b, respectively. The semicircle in the

Nyquist plot can be attributed to a parallel RC circuit

relaxing at the highest frequencies in the analyzed

system. The linear region at lower frequencies can be

attributed to diffusional or capacitive processes

Figure 3 Typical cyclic voltammetric profile at 0.1 mV s-1 for

the LiFePO4 sample obtained by microwave-assisted

hydrothermal synthesis at 200 �C for 10 min. Electrolyte

solution: 1.0 mol L-1 LiClO4 in EC/DMC 1:1 (V/V).

Figure 4 a Typical complex plane and b Bode plots for the

LiFePO4 (LFP) sample obtained by microwave-assisted

hydrothermal synthesis at 200 �C for 10 min. The equivalent

circuit whose response (red lines) fitted the experimental EIS data

is shown as an inset in a. Electrolyte solution: 1.0 mol L-1 LiPF6
in EC/DMC 1:1 (V/V).

J Mater Sci (2021) 56:10018–10029 10023



occurring in the phases or at the interfaces. Therefore,

an equivalent electric circuit (EEC) model (see inset in

Fig. 4a) was proposed to simulate and interpret the

obtained impedance data, with the following ele-

ments: the ohmic resistance (RX) related to the ionic

resistance of the electrolyte; the charge-transfer

resistance (Rct) at the LFP/electrolyte interface; the

resistance associated with a solid electrolyte interface

(RSEI) formed on the electrode [52]; non-ideal capac-

itive processes (CPE1 and CPE2) related to changes in

the thickness, roughness and porosity of the electrode

material [53]—CPE1 was attributed to the double-

layer charge at the LiFePO4/electrolyte interface and

CPE2 to the spatial capacitance defined by the LFP

layer; the Warburg impedance (W) related to Li-ion

diffusion in the electroactive-material channels.

The good fitting of the continuous lines in Fig. 4a

and b to the EIS data indicates a good agreement

between the response of the proposed EEC and the

experimental data; this is confirmed by the low Chi-

square value of 3.7 9 10-5 for this fitting. The fitted

values for the different EEC elements are listed in

Table 1.

The analysis of the impedance data in the low-

frequency region allowed estimating the diffusion

coefficient of Li ions in the LFP structure. Indeed, a

linear relationship between the real impedance val-

ues and those of the inverse of the square root of the

angular frequency was obtained (Fig. 5); the Li-ion

diffusion coefficient was calculated from the slope

(rw) of this line, using the following equation [54, 55]:

Dþ
Li ¼

R2T2

2A2n4F4C2
r2W ð4Þ

where DLiþ is the Li-ion diffusion coefficient

(cm2 s-1), R the universal gas constant (8.314 J K-1

mol-1), T the thermodynamic temperature (298 K),

A the electrode geometric area (0.785 cm2), F the

Faraday constant (96,485 C mol–1), C the concentra-

tion of Li? (0.0228 mol cm-3, assuming a mass den-

sity of 3.6 g cm-3 and a molar mass of 157.78 g mol-1

for LiFePO4) and n the number of electrons

transferred in the redox reaction of the Fe3?/Fe2?

redox couple.

A DLi? value of 2.0 9 10-14 cm2 s-1 was obtained

for the here-synthesized LFP sample, in agreement

with other values reported for high-performance

LiFePO4 electrodes [12, 44, 56, 57]. This result may be

related to the particle preferential growth along the

{001} and {100} planes, which favors Li? diffusion

along the shorter {010} plane. Li-ion diffusion takes

place only along the b-axis during charge and dis-

charge, and the charge transfer takes place mainly on

the ac plane. A decrease in the diffusion length along

the {010} plane makes the insertion/extraction pro-

cess faster and, consequently, improves the electro-

chemical performance of the electrode [58, 59]. The

proportion between the {001} and {100} planes can be

estimated from the peak intensity ratio I(020)/I(200)

in the X-ray diffractograms of LiFePO4 [60] and was

proposed to give an idea about the preferential

direction of the particle growth. In the present work,

the ratio I(020)/I(200) that is shown in Fig. 1 points

toward the preferential growth along the ac plane.

Table 1 Values associated with the different elements of the equivalent electric circuit (see inset in Fig. 4a) whose response was fitted to

the EIS data for the LiFePO4 sample obtained by microwave-assisted hydrothermal synthesis at 200 �C for 10 min (Fig. 4)

RX/X CPE1/mF sn–1 n Rct/X CPE2/mF sn–1 n RSEI/X

11.8 4.18 9 10-6 0.79 356 9.03 9 10-6 0.83 516

Chi-square: 3.7 9 10-5

Figure 5 Linear relationship between Z’ and x-1/2 in the low-

frequency region (0.1–0.01 Hz) for the LiFePO4 sample obtained

by microwave-assisted hydrothermal synthesis at 200 �C for

10 min.
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Galvanostatic charge and discharge tests

Preliminary charge and discharge tests were carried

out to assess the performance of the here-synthesized

LiFePO4. Figure 6a shows typical charge and dis-

charge profiles obtained at the 0.1 C rate in the

potential range of 2.4–4.5 V versus Li/Li? for the cell:

Li j 1:0mol L�1 LiPF6; EC� DMC jLiFePO4 jAl:

The chronopotentiometric profiles obtained for the

LFP electrode present a neat plateau around 3.45 V,

related to the redox processes represented by Eqs. 2

and 3; its initial specific capacity was calculated as

126 mA h g-1 at a discharge rate of 0.1 C. Besides,

from the potential gap values between the charge and

discharge plateaus (70 mV), one can infer a high

reversibility for this electrode prepared by the

microwave-assisted hydrothermal method.

The LFP electrode was submitted to several

charge–discharge rates (0.1, 0.2, 0.25, 0.33 and 0.5 C)

to assess its rate capability in comparison with the

0.1 C rate. The respective results are presented in

Fig. 6b. When the charge–discharge rate was doubled

to 0.2 C, the charge retention from the initial value

(126 mA h g-1) was of 86%, while it decreased to

62% when the charge–discharge rate was increased

fivefold (to 0.5 C). After these successive charge–

discharge cycles, the electrode was submitted again

to the lowest charge–discharge rate (0.1 C), when

95% of its initial charge was recovered, attesting once

again the excellent properties of the here-prepared

material.

Finally, it is noteworthy that the electrochemical

performance of the obtained LFP electrode is com-

parable to that of others whose LFP was similarly

synthesized (MWH methodology) and then submit-

ted (two-step process) [39, 40, 61–63] or not (one-step

process) [42] to a TT to obtain better structural

properties or to increase its conductivity by generat-

ing a carbon coating on its particles (Table 2). Ana-

lyzing this table, it is clear that the rapid, clean and

facile one-step synthesis here reported leads to the

production of a competitive LFP with excellent

structural characteristics and good electrochemical

properties at shorter times and under a lower tem-

perature. These results may open the possibility of

applying the thus obtained LFP as a cathode material

of lithium-ion batteries without the addition of a

carbonaceous material and the further heat treatment

that increases the synthesis time and final cost of the

material, despite the eventual increase in the values

of specific capacity after this two-step process

[40, 61–63].

Conclusions

A rapid one-step procedure based on a microwave-

assisted hydrothermal reaction was successfully

employed to prepare LiFePO4 (LFP) under a low

temperature (10 min at 200 �C). High-purity and

single-phase LFP with good electrochemical proper-

ties was obtained, without submitting it to a posterior

thermal treatment as is usual in other hydrothermal

synthesis routes to enhance the properties of the

Figure 6 a Typical charge and discharge profiles at the 0.1 C

rate and b specific capacity (Cs) as a function of different charge–

discharge rates (indicated in the figure) for the LiFePO4 sample

obtained by microwave-assisted hydrothermal synthesis at 200 �C
for 10 min. Electrolyte solution: 1.0 mol L-1 LiPF6 in EC/DMC

1:1 (V/V).
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material. The diffusion coefficient of lithium ions in

the LFP structure during the charge and discharge

processes was estimated as 2.0 9 10-14 cm2 s–1. Pre-

liminary charge and discharge tests of the here-pre-

pared LiFePO4 as a cathode in a Li-ion cell allowed

the estimation of its initial specific capacity as

126 mA h g-1 at the 0.1 C rate. Thus, the rapid, clean

and facile one-step synthesis of LFP here reported

allows the production of a material that has excellent

structural and promising electrochemical properties,

with significant savings in time and energy.
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