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The precipitation method is an effi  cient, economically feasible, and reproducible 
synthetic route to cathode materials for lithium-ion batteries with attractive performance 
characteristics, in particular, lithium iron phosphate (LiFePO4). This paper reviews the 
mechanisms of the key steps of the synthesis, namely, precipitation of iron phosphate 
FePO4 followed by its sintering with a lithium-containing raw material to give the LiFePO4 
phase. The most probable interactions determining the kinetics of the precipitation process 
are considered using the data on the dissociation degree of the reacting components. The 
infl uence of the nature and concentrations of the commonly used sources of iron (FeSO4, 
FeCl3, Fe(NO3)3) and phosphorus (H3PO4, NH4H2PO4, (NH4)2HPO4), as well as the 
precipitation conditions (рН, temperature) on the precipitation effi  ciency of FePO4 is 
analyzed. The eff ect of the nature of the lithium-containing raw material (LiOH, Li2CO3, 
LiNO3) and the sintering (calcination) temperature on the morphology, phase composi-
tion, and electrochemical properties of the resulting LiFePO4 is discussed. The possibil-
ity is considered of obtaining spherical particles with high bulk density, which provides 
high specifi c and volumetric energy density of electrochemical cells. Based on the relation-
ships established, optimal parameters for the synthesis of LiFePO4 with preliminary FePO4 
precipitation step are proposed.
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Introduction

Currently, the rate of industrial development and 
the growth of global population signifi cantly increase 
the demand for sustainable energy generation and 
storage systems.1 Electrifi cation is becoming a key 
factor contributing to the intensive development of 
industry and economy in many countries. One of the 
main directions in this area is the use of renewable 
energy sources, which favors signifi cant reduction of 
the environmental impact and climate change miti-
gation. The most important renewable energy sources 
are the Sun, wind, water, and biomass processing 
products.2 In spite of their substantial potential, 

renewable energy is at most 15% of primary energy 
supply; however, this value is growing every year.3

Wid  espread introduction of stand-alone electric-
ity supply systems is impossible without the develop-
ment and production of energy storage and transmis-
sion devices. A large proportion of renewable energy 
is accumulated within rather short time intervals 
associated with periods of maximum solar activity 
during daylight hours, high and low tides, local in-
crease in wind fl ow velocity, etc. In the cities, the 
highest energy demand occurs in the morning and 
evening when the solar activity is far from being 
maximal. That is why renewable energy received from 
the sources mentioned above must be effi  ciently 
stored for further use. This can be done using battery 
energy storage systems that can store electrical energy 
for a long time with minimal losses.4,5 
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Lithium-ion batteries (LIBs) are the most prom-
ising and rapidly developing type of electrical energy 
storage systems.1 Currently, there are more than 
9 billion mobile devices, laptops, and tablet PC world-
wide, most of which use LIBs.6 In the last decade 
there has been intensive development of LIBs for use 
in commercial, municipal, and personal electrical 
vehicles, as well as for industrial power generation 
systems.7 Lithium-ion batteries off er a number of 
signifi cant advantages over well-known analogues, 
viz., high operating voltage,8 high specifi c energy,9 
long operating life,10 and a relatively high environ-
mental safety (compared to Ni—Cd or Pb-acid bat-
teries).11,12 At the same time, in spite of these ad-
vantages, the available LIBs have signifi cant draw-
backs, such as high cost and safety problems when 
using cobalt-containing cathode materials.13—17

Olivine-type lithium iron phosphate LiFePO4 
(LFP) has high thermal stability, thus being much 
more safe than most other electrode materials and 
less expensive and toxic than the oxide cathode ma-
terials (LiCoO2 and its derivatives). That is why LFP 
is the most promising cathode material, as was ad-
ditionally confi rmed by LIB market trends in recent 
years.18,19 Of course, LFP as the LIB cathode mate-
rial has some drawbacks including low electronic 
conductivity,20 low coeffi  cient of solid-state diff usion 
of lithium ions,21 and a relatively low energy density 
of LFP-based LIBs.22

There are many proven methods for effi  cient 
reduction of the eff ects of most these disadvantages 
on the electrochemical performance of LFP-based 
cathode materials.23 For instance, the electron trans-
port in cathode materials is often improved by coat-
ing LFP particles with a carbon layer. The conductive 
carbon layer is formed on the surface of particles of 
the active material during the sintering with the 
carbon-containing precursors. This leads to signifi -
cant increase in the conductivity and capacity of 
electrodes made of such materials.24—26 

To intensify solid-state diff usion of lithium ions 
in the charge—discharge processes, LFP nanopar-
ticles are synthesized. The smaller the particle size 
of the active material the shorter the diff usion path 
length of lithium ions to the interface and the actual 
time taken to extract the same amount of lithium.27,28 
It is important that the volumetric specifi c energy of 
the system be conserved. To solve the problem, 
methods were developed involving the formation of 
porous secondary micrometer-sized LFP particles 

representing agglomerated nanocrystallites.29 The 
secondary particles can be of diff erent size, which 
allows particles of smaller diameter to fi ll voids be-
tween particles of larger diameter and thus to increase 
the packing density of the LFP particles in the elec-
trode and, as a consequence, the specifi c energy of 
the entire system.30

Thus, at present many problems of LFP-based 
electrochemical systems already have eff ective prac-
tical solutions.31,32 The remaining challenges include 
the choice of the method for the synthesis of LFP 
and optimization of parameters aimed at preparing 
active material particles of specifi ed shape and size.33 

The commonly used methods for the synthesis of 
LFP particles can be divided into solid-phase and 
liquid-phase ones.34—36 The fi rst group includes 
mechanochemical activation, carbothermal reduc-
tion, microwave heating, solid-phase synthesis, etc. 
The second group includes hydro- and solvothermal 
synthesis, sol—gel technique, lyophilization, pre-
cipitation, etc. 

All these methods have their own advantages and 
drawbacks. Solid-phase synthesis is technologically 
simple to implement in industrial conditions; how-
ever, it often requires rather high temperatures. The 
active material particles thus obtained are heteroge-
neous in composition and have low electrochemical 
performance, especially, at high current densities. 
Since the process takes a long time, the energy con-
sumption for its implementation is rather high, while 
multiple grinding and calcination can lead to forma-
tion of larger aggregates.36 Mechanochemical activa-
tion allows one to obtain small structurally uniform 
particles with larger specifi c surface area and, as 
a consequence, higher reactivity. However, the 
method is energy-consuming and the synthesized 
particles can contain impurities that are formed dur-
ing intense contact with grinding bodies (this is also 
characteristic of solid-phase synthesis). In addition, 
long-term high-rate milling can lead to local over-
heating of particles and subsequent decomposition 
of the precursors without formation of the target 
product.36,37 Microwave heating enables rapid and 
effi  cient synthesis of particles of diff erent shape and 
size, which considerably reduces the duration of the 
process and the amount of energy required. However, 
the method provides nonuniform heating of the 
sample structure, which leads to incomplete inter-
action between the components and to formation of 
stable intermediate products and impurities. Practical 
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implementation of the approach requires expensive 
equipment. Besides, in this case it is diffi  cult to 
maintain simultaneous mechanical mixing and the 
course of the process cannot be controlled from the 
outside.38

Liquid-phase methods for the synthesis also have 
signifi cant drawbacks; however, they are simpler to 
implement compared to the solid-phase approaches. 
Hydrothermal synthesis is most widely used in the 
laboratory conditions. It is quite simple to implement, 
not energy-consuming, and does not require complex 
equipment. Its major drawback is a large number of 
parameters to control in order to ensure the repro-
ducibility of the properties of the target materials.38,39 
In addition, the vapor pressure developed in the 
reactor during the synthesis imposes limitations on 
the volume of the apparatuses. The sol—gel method 
is complicated by the long duration of the process 
and by the formation of a large amount of side prod-
ucts during the calcination step.38 The most promis-
ing methods include spray drying and spray pyroly-
sis which enable rapid and inexpensive preparation 
of micrometer-sized spherical particles of the active 
material in a short time. The main drawback of these 
methods consists in complex process equipment, 

which undoubtedly increases the fi nal cost of the 
product.35 Eventually, the precipitation method of 
FePO4 followed by sintering of the precursor with 
the lithium source uses available and inexpensive raw 
materials and enables rapid and reproducible prepar-
ation of particles of the active material with the 
desired morphology. The process does not require 
high temperatures or long-term treatment at elevated 
pressures; however, it is of paramount importance 
to strictly control the medium рН and temperature. 

Among the above methods for the synthesis of 
LFP, the approach involving precipitation of FePO4 
as a preliminary step is most appropriate for repro-
ducible preparation of LFP particles of specifi ed 
shape and size for high-performance LIB applica-
tions.40 Note that precipitation is a key step in the 
synthesis of spherical lithium iron phosphate particles 
(Fig. 1). Iron phosphate obtained in the fi rst step by 
the precipitation method is then sintered with the 
lithium-containing raw material and the carbon-
containing precursor to obtain spherical particles 
coated with conductive carbon layer.

The currently available literature data on the eff ect 
of various parameters of the synthesis of LFP by the 
preliminary precipitation of iron phosphate on the 

Fig. 1. Synthesis of lithium iron phosphate (LFP) by the precipitation method: main stages.
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electrochemical characteristics of the material are 
fragmentary. Clearly, the nature of the raw material 
and the main synthesis parameters (рН value, tem-
perature, process duration) should strongly infl uence 
the properties of the synthesized active materi-
als.41—43

In this review we attempt to summarize the pub-
lished experimental data on the specifi c features of 
the synthesis of LFP particles by the precipitation 
method and to demonstrate how the parameters of 
the precipitation process and subsequent sintering 
infl uence the phase composition, morphology, and 
electrochemical properties of the synthesized materials. 

Precipitation of FePO4 
using diff erent raw materials: specifi c features

Precipitation processes are widely used in indus-
try and methods for their implementation are well 
known. Precipitation techniques are used in hydro-
metallurgy,44 sublimational separation technique,45 
analytical chemistry, and radiochemistry for con-
centration of target components.46 The precipit-
ation methods, as well as adsorption techniques al-
low one to identify components with very low limits 
of detection — 10–8—10–10 wt.%.47 Metal phosphat-

ing by precipitation is used in, e.g., automotive in-
dustry.48

The wide use of precipitation methods suggests 
the possibility of predictable control of the process 
and the preparation of materials with high reproduc-
ibility of their physicochemical properties. The clas-
sical precipitation process represents the transition 
of macrocomponents from a saturated solution 
simul taneously containing various compounds to 
a precipitate. The solution obtained by mixing two 
solutions of specifi ed concentrations appears to be 
supersaturated with respect to iron phosphate, which 
forms a precipitate. In most cases the effi  ciency of 
the precipitation process depends strongly on its 
duration, temperature, medium рН, and on the 
concentrations of the starting reagents (Fig. 2). 

Presumably, the main precipitation mechanisms 
of FePO4 involve fl uctuational formation in the 
metastable phase, which induces nucleation of the 
new phase (seeds of a certain size), as well as elec-
trostatic interaction between oppositely charged iron 
cations and phosphoric acid anions (nucleation) 
accompanied by a decrease in the Gibbs free energy. 
As a result, the primary amorphous structure of the 
precipitate is formed. Then, ions from the solution 
can adsorb on the energetically inhomogeneous 
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Fig. 2. Synthesis of iron phosphate FePO4 by the precipitation method. 
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surface of the particles being formed, thus initiating 
their further growth. Ions are mainly adsorbed on 
the surface defects of the amorphous aggregates, 
which favors a decrease in the free energy of the 
system. As the particle size increases, the solid—solu-
tion interface extends and, as a consequence, the 
precipitation rate increases. To continue the pre-
cipitation process, the concentrations of the dissolved 
substances should be higher than the saturation 
concentration. 

The most often used iron-containing reagents for 
the synthesis of LiFePO4 by the precipitation method 
include Fe(NO3)3•9H2O,49 FeCl3,50 FeSO4•7H2O,51 
and FeC2O4•2H2O.52 Among them, iron chloride 
and iron sulfate are inexpensive and readily avail-
able.53,54 All these salts undergo multistep dissoci-
ation and hydrolysis in neutral solutions. The form-
ation of isolated trivalent iron cations in weakly acidic 
and neutral media (рН ~5—7) is hardly probable 
because free cations interact with the hydroxide 
anions that are formed upon dissociation of water 
molecules to give insoluble forms of iron hydroxides. 

To suppress the side processes of formation of 
insoluble iron hydroxides, the iron phosphate pre-
cipitation is performed in strongly acidic media 
(usually, at рН ≤ 3). Note that the concentrations 
of the starting reagents and the precipitation tem-
perature can also in diff erent manner suppress the 
formation of insoluble forms of iron hydroxides. For 
instance, almost no Fe(OH)3 is formed at an initial 
concentration of Fe3+ ions of about 0.1 mol L–1 at 
рН < 2. When using divalent iron compounds (e.g., 
FeSO4), hydrogen peroxide H2O2 can be utilized as 
an auxiliary reagent to increase the oxidation state 
of iron.55 

In most cases, including the precipitation tech-
nique, LiFePO4 is synthesized using orthophos phoric 
acid, ammonium hydrophosphate or ammonium 
dihydrophosphate as the phosphorus-containing raw 
materials.56 Dissociation of H3PO4 in aqueous solu-
tions is characterized by the preferred formation of 
H2PO4

– ions (Ka1 = 7.24•10–3)57 whose concentra-
tion is about 105 times higher than that of the doubly 
charged ions HPO4

2– formed in the second step of 
dissociation (Ka2 = 6.2431•10–8). It should be noted 
that only the fi rst step of dissociation is an exother-
mic process. Since the formation constant of free 
phosphate anions PO4

3– is low (Ka3 = 4.8•10–13), 
their concentration can be neglected.

Taking account of possible hydrolysis and dis-
sociation of the starting reagents and having com-
bined the reactions,57—61 one can assume that the 
precipitation process involves multistep formation 
of nanoparticles of diff erent composition. Usually, 
the overall process aff ords particles of mixed com-
position and structure having arbitrary shape and 
size. Almost all intermediate products are formed 
with elimination of excess protons, which increases 
the medium acidity. 

It should be noted that the average particle size 
and the structure of FePO4 can depend strongly on 
the parameters of the precipitation process (concen-
tration, temperature, medium рН, etc.).

Precipitation conditions 
and their eff ect on the properties of FePO4

Eff ect of the initial concentrations of iron and 
phosphorus ions. Ferric phosphate particles can form 
in a wide range of initial reactant concentrations. It 
was shown62 that changes in the concentrations of 
iron(II) cations and phosphate anions (at 1 : 1 molar 
ratio of the components) infl uence the size of FePO4 
particles and thus determines their electrochemical 
performance in the charge—discharge processes. An 
increase in the concentration of Fe2+ ions in the 
starting solution from 0.1 to 0.4 mol L–1 was followed 
by the formation of smaller particles (400×250 vs. 
200×100 nm, respectively). As the concentration of 
the starting reagents increases, the number of nucle-
ation sites appeared in the course of electrostatic 
interaction between ions in the solution increases 
dramatically. The higher the charge of the cation the 
stronger its adsorption on a crystal nucleus.63 The 
reaction was accompanied by intense nucleation and 
subsequent growth of crystallites. An increase in the 
concentration of the Fe-containing raw material 
naturally led to an increase in the concentration of 
nucleation sites and the frequency of collisions be-
tween a particular nucleus and dissociated ions de-
creased. As a result, the particle growth rate and the 
size of the particles being precipitated also decreased.

Similar results were obtained using Fe(NO3)3 and 
(NH4)2HPO4 as the starting reagents, other things 
being equal.64 Precipitation from the solution with 
a Fe(NO3)3 concentration of 0.1 mol L–1 aff orded 
large FePO4 particles with a broad particle size dis-
tribution from about 2 to nearly 25 μm. Uniform 
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particles with the sizes from nearly 2 to 10 μm formed 
from the solution with a concentration of 1 mol L–1. 
Scanning electron microscopy studies showed that 
the precipitated particles had arbitrary shapes and 
rough surfaces irrespective of the concentration of 
the starting substrates (Fig. 3). 

It follows that the average size of the FePO4 par-
ticles being precipitated can be varied by varying the 
concentrations of the starting reagents. At high con-
centration, a larger amount of smaller uniform 
particles is produced. As the concentration decreases, 
the number of nuclei decreases and, as a conse-
quence, a smaller number of larger particles is formed 
because the probability of their interaction with ions 
in the solution increases.

Eff ect of the solution рН. The precipitation effi  -
ciency of FePO4 is infl uenced by the solution рН, 
other things being equal.65 An analysis of possible 
reactions showed that the solution рН infl uences the 
character of the interaction between the reagents and 
specifi es the nature of reaction products. A thermo-
dynamic boundary of the solution рН was deter-
mined, which specifi es the composition of the pre-
cipitated ions.66 At рН    1.72, hydrated FePO4 
precipitates, while simultaneous precipitation of iron 
phosphate and iron hydroxides begins at рН  1.72. 
It was established that in the рН value range of 
1.72—4 the concentration of Fe3+ ions in the solution 
continues to decrease, while the concentration of 

dissolved phosphate complexes (HPO4
2–) increases, 

thus being indicative of the formation of side reaction 
products. A thorough study65 of the optimum range 
of рН values (from 0.4 to 1.72) was aimed at deter-
mining the pH value corresponding to the maximum 
effi  ciency of the precipitation process at specifi ed 
initial concentrations of the iron- and phosphorus-
containing raw materials (0.4—0.5 mol L–1). It was 
established that the optimum range of рН values for 
the synthesis of FePO4 is from 0.4 to 0.8. Subsequent 
increase in the solution рН does not improve the 
precipitate yield and even to some extent worsens it. 
For instance, the X-ray diff raction patterns of the 
precipitates obtained at рН 0.9 and 1.0 revealed the 
presence of compounds identifi ed as the (NH4)
Fe2(PO4)2(OH)•2H2O phase. Thus, the optimum 
solution рН value for the precipitation process is 
about 0.8.Precipitation of iron phosphate from pro-
cessed laterite residue was analyzed57 using thermo-
dynamic calculations. It was demonstrated that the 
operating window corresponding to stable formation 
of solid FePO4•2H2O matches region A (Fig. 4), 
whereas region B (initial concentration of ortho-
phosphoric acid was 6 mol L–1) corresponds to ef-
fi cient leaching of iron from the iron-containing raw 
material. Therefore, stable precipitation of the iron 
phosphate phase containing no iron hydroxide im-
purity requires that the medium рН value be main-
tained in region А. This conclusion is confi rmed by 

Fig. 3. Photomicrographs of FePO4 nanoparticles prepared by the precipitation method from solutions with initial concentrations of 
0.1 (а) and 1 mol L–1 (b).64 

a b20 μm 20 μm
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the results obtained in another study,67 where pre-
cipitation of iron hydroxides began at similar upper-
bound рН values. 

It was also reported68 that the solution рН can 
infl uence the size of particles being precipitated. At 
рН 1, larger aggregates 1.5—2 μm in size are formed, 
while a further increase in the solution рН to a value 
of 2 to 3 favors the formation of smaller spherical 
particles 200—350 nm in size. This is probably due 
to specifi c features of the dissociation of phosphate 
complexes. At low рН values, mainly the fi rst step 
of dissociation of the acid proceeds owing to high 
concentration of protons, while the iron ions are 
present in the solution in the form of Fe3+cations 
(hydrolysis can be neglected in this range of рН 
values). It follows that an iron cation can simultane-
ously interact with three H2PO4

– anions. 
As the solution рН increases, the dissociation of 

phosphoric acid proceeds more effi  ciently, which 
favors an increase in the concentration of the dis-
sociated anions and, as a consequence, nuclei. As 
a result, the size of the precipitated particles decreases. 

The eff ect of the ζ-potential of the surface of the 
particles being precipitated on the precipitation ef-
fi ciency should also be mentioned. It was reported69 
that the isoelectric point of FePO4

 is at рН ~3.9. At 
рН < 3.9, particles have a positively charged surface, 
while at рН > 3.9, the surface bears a negative charge. 
The actual surface charge can make the Coulomb 
interaction in the course of precipitation less effi  cient 
(iron cations Fe3+ will repel from the positively 
charged particle surface). Therefore, the closer the 

solution рН value to the isoelectric point the more 
effi  cient the precipitation process. However, the 
formation of side products, viz., iron hydroxides is 
possible at рН 2—3 (see above). 

Thus, the range of formation of solid hydrated 
FePO4 can be extended by increasing the acid con-
centration. In the strongly acidic media, the process 
is limited to retarded dissociation of phosphoric acid, 
while at pH ~ 3 it is limited by the formation of in-
soluble forms of iron hydroxides. Based on the results 
of our analysis, the highest precipitation effi  ciency 
can be achieved in the рН range from 0.3 to 2.6 at 
initial concentrations of the iron and phosphorus 
ions in the range from ~0.5 to ~1.5 mol L–1. 

Eff ect of the solution temperature and the preci-
pitation duration. The solution temperature has strong 
eff ect on the kinetics and phase composition of re-
action products synthesized by the precipitation 
method.70,71 The higher the temperature the higher 
the entropy of the process.72 Besides, the higher the 
internal energy of the system the larger the displace-
ments of the ions or molecules brought into contact 
from their equilibrium positions; this favors desta-
bilization of the entire system and leads to more 
effi  cient dissociation and subsequent interaction.73

Studies of the FePO4 precipitation from aqueous 
solutions revealed that the structure and size of ag-
gregates being formed depend strongly on the solution 
temperature. The eff ects of the reaction time and 
solution temperature on the size of iron phosphate 
particles are illustrated in Fig. 5.74 

It was established that heating from 15 to 80 С 
favors an increase in the average particle size from 
about 1 to nearly 8 μm at a process duration of 8 h. 
Raising the temperature makes the ion—ion contacts 
more probable, which leads to an increase in the size 
of particles being formed and in the rate of their ag-
glomeration. As a result, the average size of pre-
cipitated particles increases. It seems also probable 
that the eff ects of the parameters studied on the size 
of precipitate particles can depend on the nature of 
the starting reagents.

 Changes in the free energy, ΔG, of the system 
corresponding to the following feasible reaction 
between iron phosphate and H3PO4:

FePO4+ 2 H3PO4  Fe3+ + 3 H2PO4
–

were studied75 for diff erent temperatures using ther-
modynamic calculations.
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Fig. 4. The pH range corresponding to stable formation of the 
FePO4•2H2O phase57: [P] (1) and [Fe] (2); for the regions A 
and B, see text.
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In the temperature range from 0 to 45 С the ΔG 
value is negative. It follows that the reaction is ther-
modynamically feasible and the precipitated FePO4 
can be dissolved in phosphoric acid solutions. At 
T > 60 С, the ΔG values are positive and, therefore, 
the reaction in question is impossible. 

Similar data on the eff ect of temperature on the 
solubility of FePO4 were also reported elsewhere.57 
At 30 С, the concentration of iron cations in the 
phosphoric acid solutions is about 10 times higher 
than at 80 С, other things being equal. Thus, the 
extent of the precipitation reaction also increases 
with increasing solution temperature. It was shown61 
that the precipitation effi  ciency of iron and phos-
phorus ions is nearly 100% at a solution temperature 
of about 95 С (Fig. 6). This additionally confi rms 
that intensifi cation of precipitation processes requires 
that the solutions be heated to T = 80—100 С. The 
solution temperature has strong eff ect on the iron 
phosphate solubility which decreases while the pre-
cipitation effi  ciency increases with increasing T. 76

An analysis of the eff ect of temperature on the 
stepwise dissociation of phosphoric acid was re-
ported. 77 As shown above, the fi rst step of dissocia-
tion is an exothermic reaction. From the standpoint 
of precipitation processes the more preferable phos-
phoric acid anions are formed in the second and third 
steps of dissociation. Raising the temperature causes 
the exponents of the pKa2 and pKa3 dissociation 
constants of phosphoric acid to decrease (i.e., the 
dissociation constants thus increase), which leads to 
an increase in the proportion of the HPO4

2– and 
PO4

3– anions formed in the second and third steps 

of dissociation, respectively. The increase in the 
concentrations of the necessary ions will favor a de-
crease in the concentration of unstable soluble com-
plexes and an increase in the yield of the target reac-
tion product.

Therefore, the temperature of the precipitation 
process infl uences not only the iron phosphate pre-
cipitation effi  ciency, but also the morphology of the 
particles being precipitated and the degree of their 
crystallinity. The solubility of FePO4 in phosphoric 
acid solutions decreases considerably with increasing 
temperature. As a consequence, both the rate of the 
precipitation process and the yield of the target 
product increase. In addition, an increase in the 
solution temperature causes acceleration of the sec-
ond and third steps of phosphoric acid dissociation 
and the appearance of the target anions necessary to 
form insoluble iron(III) complexes.

Fig. 5. Eff ects of reaction time (a) and solution temperature (b) on the FePO4 particle size.74
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Thus, based on the results obtained, one can 
formulate some criteria that determine how certain 
parameters of the precipitation process aff ect the 
morphology and structure of the resulting FePO4 
particles. Rigorously meeting these criteria, iron 
phosphate FePO4 can be obtained by the precipita-
tion method with the highest effi  ciency.

Since the formation of iron phosphate is a multi-
step process, the interaction of phosphoric acid 
anions with iron cations in aqueous solutions most 
probably results in unstable intermediate products. 
The formation of the target components will be 
limited by the dissociation constants of the corre-
sponding processes. The size of the resulting particles 
can be controlled by varying the reagent concentra-
tions. In particular, an increase in the concentration 
causes the formation of smaller particles owing to an 
increase in the proportion of nuclei, whereas a de-
crease in the concentration favors the formation of 
larger aggregates.

The solution рН value is a key parameter infl u-
encing the precipitation effi  ciency of iron phosphate. 
In the strongly acidic region, hydrolysis can be sup-
pressed almost completely; however, in this case the 
degree of the second and third steps of phosphoric 
acid dissociation are also negligible. The most favor-
able range of рН values is from 0.3 to 2.6. At higher 
pH values, insoluble iron hydroxides are formed. 

As temperature increases, the iron phosphate 
solubility decreases considerably and the second and 
third steps of the dissociation of phosphoric acid as 
well as the ion—ion contacts with the formation of 
the target product become much more probable. The 
maximum effi  ciency of the process is achieved at 
solution temperatures in the range from 80 to 95 С.

Synthesis of LiFePO4 from precipitated 
FePO4 precursor: specifi c features

Eff ect of the nature of the lithium-containing raw 
material. Iron phosphate obtained by the precipit-
ation method can be used to synthesize the LIB 
cathode material, LiFePO4. 

As mentioned above, the synthesis of LFP using 
iron phosphate as precursor implies mixing of FePO4 
with the lithium-containing raw material followed 
by sintering under diff erent conditions (see Fig. 1). 
Note that the structure and morphology of the result-
ing LFP particles are strongly infl uenced by the 
concentrations of the starting reagents, the tem-

perature, the nature of the lithium- and carbon-
containing raw materials, etc.78—87 It is important to 
understand how the synthesis conditions chosen can 
infl uence the operating performance of the synthe-
sized cathode material.88

The mechanism of formation of LFP particles 
during sintering involves reduction of iron in FePO4 
to Fe2+ accompanied by simultaneous embedding of 
the charge-compensating Li+ ions into the LiFePO4 
lattice being formed. The commonly used lithium-
containing raw materials include Li2CO3,89 LiOH,90 
LiOAc,91 LiNO3,92 etc. 

The necessary components are mixed in aqueous 
or anhydrous media using grinding in a mortar or 
milling in ball, ring, bead, vibratory, or jet mills to 
obtain fi ne and superfi ne powders with a particle size 
of 40—100 μm and 40 μm, respectively. Jet mills are 
more effi  cient than vibratory or ball mills in obtain-
ing particles 1—5 μm in size. It should be noted that, 
irrespective of the medium, deviation from stoichio-
metry when mixing the starting reagents can lead to 
formation of impurity products by the following 
feasible reactions: 

3 LiOH + FePO4  Li3PO4 + Fe(OH)3,

2 Fe(OH)3  Fe2O3 + 3 H2O.

The formation of impurity products can induce 
the formation of side crystalline phases, which 
negatively aff ects the capacity of the resulting com-
posite material. A comparison of the effi  ciency of 
LFP/C composites prepared from diff erent lithium-
containing raw materials in aqueous and anhydrous 
conditions was reported.93 The highest discharge 
capacity (Qdisch) values were obtained for the mate-
rials synthesized from LiOH (161 mA h g–1), Li2CO3 
(155 mA h g–1), and LiNO3 (138 mA h g–1) in an-
hydrous media. Probably, this is due to the size and 
morphology of the resulting particles, as well as to 
nonuniformity of the carbon coating formed on the 
surface of the active material particles. 

An electrochemical performance study94 of LFP/C 
composite materials synthesized by the sol—gel 
method using diff erent lithium-containing sources 
under identical process conditions gave the following 
results. The highest discharge capacity was ob-
tained for the composite electrode materials synthe-
sized using LiOH (147.5 mA h g–1 at a current den-
sity of 0.2 С), Li2CO3 (124.1 mA h g–1), and LiNO3 
(108.2 mA h g–1). The electrochemical cell with the 
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cathode material synthesized using LiOH had the 
lowest charge-transfer resistance. This fact was as-
sociated with the higher degree of crystallinity of 
LFP obtained using LiOH, which made it possible 
to increase the conductivity and ionic mobility, thus 
decreasing the resistance of the entire system.

The results obtained in another study95 confi rmed 
that LiOH is the optimum lithium-containing source, 
which provides the highest electrochemical perfor-
mance of the LFP material. It is LiOH that allows 
one to synthesize single-phase LFP and to obtain 
smaller particles. These factors can be a consequence 
of higher solubility and higher basicity of lithium 
hydroxide compared to lithium carbonate (Li2CO3) 
or lithium nitrate (LiNO3). It should be emphasized 
that high thermal stability of LiOH and Li2CO3 in 
the temperature range to about 700 С makes them 
the most effi  cient Li sources for solid-phase synthe-
sis of LiFePO4, because lithium acetate or lithium 
nitrate decompose at much lower temperatures 
(~500 С).96 Besides, low-temperature decomposi-
tion of lithium nitrate in the course of heating can 
be accompanied by the release of oxygen-containing 
compounds that suppress the Fe3+/Fe2+ reduction 
and form impurity phases on the surface of particles, 
which increases the resistance of the synthesized 
material. 

Currently, there are proven strategies that com-
bine various methods for synthesis and thus allow 
one to obtain high-performance materials from al-
most all types of lithium-containing raw materials.97 
This makes it possible to nearly completely exclude 
the eff ect of the nature of the raw materials on the 
morphology and electrochemical performance of the 
resulting LFP. However, the choice of the key pa-
rameters of synthesis and the specifi c features of 
formation of a stable carbon coating during sintering 
still remain open questions.

Eff ect of the sintering temperature of Fe3O with 
the lithium-containing raw material on the electro-
chemical performance of cathode materials. As men-
tioned above, sintering of precursors is accompanied 
by the formation of the LFP crystal structure. The 
most effi  cient and widely used method involves sin-
tering with the carbon source (usually, a readily 
available product of natural origin).98 High-tem-
perature decomposition of the carbon-containing 
raw material is followed by the formation of a carbon 
coating on the surface of synthesized LFP particles99 

that helps solve at least two severe problems related 
to practical application of the material in the LIB 
cathodes. First, this allows one to inhibit the growth 
of particles of the active material during the synthe-
sis (that is, the diff usion path of Li+ ions is shortened 
and, as a consequence, a larger amount of the active 
material becomes involved in the intercalation/
deintercalation process).100 Second, the conductiv-
ity and some other electronic properties are improved 
signifi cantly.101 For instance, the formation of a car-
bon coating on the surface of LiFePO4 particles was 
followed by an increase in the LFP conductivity by 
about four orders of magnitude.102 Similar data were 
obtained in a study of the properties of LFP coated 
with carbon from diff erent sources, viz., the conduc-
tivity of LFP particles increased by 5—6 orders of 
magnitude.103

The heat-treatment temperature, at which amor-
phous FePO4 is sintered with the lithium and carbon 
sources to give crystalline LiFePO4, has strong 
impact on the performance of LFP as the cathode 
material.

The eff ect of the calcination temperature in the 
range of 550—700 С on the electrochemical perfor-
mance of LiFePO4 was analyzed.104 It was demon-
strated that at 600 С and above the crystal structure 
of the resulting material remains unchanged; how-
ever, as the temperature increased to 650 С, more 
homogeneous particles were prepared, each being 
coated with an amorphous carbon layer. At 700 С, 
agglomeration of small particles of the active material 
was observed. The material synthesized at 650 С 
had the highest discharge capacity. Similar results 
were obtained in another study105 where the material 
synthesized at 650 С also demonstrated the high-
est specifi c discharge capacity (156.7 mA h g–1) 
and the best capacity retention after 50 charge—dis-
charge cycles, namely, 96.5% at a current density of 
1С (Fig. 7).

This fact was explained by the high electronic 
conductivity of the cathode material. Indeed, since 
each LiFePO4 particle is connected to the conductive 
carbon network, the active material can be fully 
utilized to achieve high specifi c capacity and long-
term cycling performance.

The eff ect of the synthesis temperature on the 
properties of LiFePO4/C composites was studied106 
in the range from 550 to 750 С with an increment 
of 50 С. The results obtained were much like those 
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considered above. The materials prepared at 550 
and 600 С were characterized by very small parti-
cle size and low discharge capacity. The latter 
was attributed to the low degree of crystallinity 
and low conductivity of the composites in question. 
At 700 and 750 С, agglomeration of small parti-
cles was observed. As a consequence, the diff usion 
path of lithium ions in the particles increased and 
the electrochemical performance of the materi-
als decreased. It follows that the material synthe-
sized at 650 С has the best electrochemical per-
formance.

The eff ect of the sintering temperature and the 
nature of precursors on the electrochemical perfor-
mance of LFP is illustrated by the data presented in 
Table 1.

Note that these experimental data allow one to 
quite reliably determine the temperature range for 
sintering iron phosphate with the lithium source. 

Precipitation as an intermediate step 
in the synthesis of spherical LFP particles 

with high bulk density 

The most important characteristics of a LIB in-
clude the specifi c discharge capacity normalized to 
the unit mas of the active material and the specifi c 
energy density normalized to the unit volume of the 
cathode material. Besides, the smaller the particle 
size of the active material (including the nano size 
region) the shorter the diff usion path of lithium ions 
in the charge—discharge processes. However, smaller 
particles have a much larger specifi c surface area, 
which naturally leads to an increase in the electrolyte/
electrode contact area and can promote reduction 
of the electrochemical stability in the charge—dis-
charge processes.112 

There is a correlation between the morphology of 
particles of the active material and the volumetric 
energy density of a LIB.113 Powders consisting of 
spherical particles of the active material have a higher 
packing density than powders consisting of particles 
of irregular shape. Compared to particles of irregular 
structure, spherical particles have the smallest free 
surface area, which decreases the contribution of 
surface interaction when contacting the electrolyte 
and the degree of formation of side products that 
precipitate in the course of electrochemical reaction.

Similar results were also reported in another 
study.114 It was demonstrated that, among particles 
of diff erent morphology, it is spherical particles that 
have the highest bulk density, which is of particular 
importance from the standpoint of the volumetric 
energy density of the electrochemical system. Parti-
cles of irregular shape can agglomerate and come 
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Fig. 7. The cycle performance of LFP/C samples sintered at 
diff erent temperatures: 650 (1), 700 (2), 750 (3), and 800 C (4).105

Table 1. Eff ect of the starting reagents and sintering temperature on the specifi c discharge capacity of LiFePO4 

Raw material  Carbon source Temperature Topt Maximum discharge Reference 
   range/С  capacity/mA h g–1

(NH4)H2PO4, LiOAc, Fe(OAc)2 Sucrose, glucose, 550—700 650 155.0 098
  acetylene black    
FePO4•2H2O, LiOH•H2O Poly(ethylene glycol) 550—700 650 153.4 104
FeC2O4•2H2O, LiF, (NH4)2HPO4 Carbon gel 650—800 650 156.7 105
FePO4, Li2CO3 Glucose 550—750 650 151.2 106
LiOAc•2H2O, H3PO4, FeCl2•4H2O  Citric acid 600—750 650 166.0 107
Li2CO3, (NH4)H2PO4, Spent LiFePO4 Sucrose 600—750 650 147.1 108
H3PO4, LiOH, FeSO4•7H2O Glucose 600—700 650 154.8 109
Li2CO3, (NH4)H2PO4, FeC2O4•2H2O Pyrene 600—700 650 152.0 110
FeC2O4•2H2O, (NH4)H2PO4, Li2CO3 Glucose 600—700 650 163.8 111

* Topt is the optimum sintering (calcination) temperature.
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into close contact with one another. Such contacts 
along a certain crystal face can lead to the formation 
of excess space surrounding the agglomerates.115 
Owing to their shape, spherical particles have a smaller 
particle-particle contact area, which improves their 
wettability. In addition, the total void volume in 
packings of spherical particles is much smaller, 
therefore, these particles have a higher bulk density.

It should also be noted that the structure of the 
carbon coating of particles of irregular shape can be 
nonuniform, especially, at ends and narrow faces, 
and can be damaged mechanically or frictionally. 
The surface of spherical particles is free from these 
features and thus makes it possible to form a stable 
and uniform carbon coating.

Among particles of diff erent morphology, it is 
spherical particles that are optimum from the stand-
point of packing density.116 To additionally increase 
the bulk density, it is appropriate to use secondary 

micrometer-sized spherical particles formed by ag-
glomeration of smaller primary particles. Smooth 
surface of the secondary particles additionally reduces 
friction and favors the formation of a dense structure 
when shaking. As a result, it is possible to attain 
a uniform distribution of particles, their accessibility 
to wetting with electrolyte, and small surface area. 

Spherical particles are prepared by different 
methods including solid-phase synthesis of LFP.117 
Particles coated with a conductive carbon layer 
(weight fraction 1.7%) had a rather low bulk density 
of 1.11 g cm–3. Spherical LFP particles with a bulk 
density of 1.16 g cm–3 were obtained by hydro thermal 
synthesis.118 Combining mechanochemical synthe-
sis, spray drying, and carbothermal reduction allowed 
one to synthesize spherical particles with a bulk 
density of 1.6 g cm–3 (Fig. 8).119

Thus, cathode materials consisting of spherical 
particles of diff erent size will have the highest bulk 
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Fig. 8. Photomicrographs of spherical LFP particles obtained by the precipitation method (a—с),112 by combining mechanochemical 
synthesis, spray drying, and carbothermal reduction (d—f),119 and by solid-phase synthesis (g).117 a —FePO4 precursor at low mag-
nifi cation, b and c — general view and cross-section of LFP particle, respectively; d — spherical LFP particle after spray drying, 
e and f — LFP/C particles obtained using diff erent carbon sources, g—i — LFP/C particles at diff erent magnifi cation: general view (g), 
individual particle (h), and the porous structure of the particle (i).
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density and, therefore, specifi c volumetric energy. 
An analysis of the photomicrographs in Fig. 8 sug-
gests that secondary micrometer-sized LFP particles 
can also be synthesized by diff erent methods (or their 
combination). Porosity of spherical particles is of 
paramount importance because pores allow the 
electrolyte to diff use into the interior of the particle, 
thus increasing the proportion of the active material 
involved in the electrochemical processes. Besides, 
it is important to retain high density of particles in 
order to maintain high bulk density. 

Among all methods for the synthesis of LFP 
mentioned above, precipitation of precursor followed 
by spray drying is the most promising approach from 
the standpoint of synthesis of spherical particles. The 
method requires is simple to implement, effi  ciently 
utilizes inexpensive and readily available raw mate-
rials, and makes it possible to obtain particles with 
the highest bulk density that are used in producing 
LIBs characterized by the highest volumetric energy 
density. When iron sources contain the metal in the 
highest oxidation state (i.e., Fe+3), the precipitation 
process is usually carried out in air under continuous 
stirring at atmospheric pressure. The size of pre-
cipitate particles is inversely proportional to the 
concentrations of the starting reagents and therefore 
can be effi  ciently controlled in order to form the 
optimum structure. 

The bulk densities and specifi c parameters of 
spherical LFP particles synthesized by diff erent 
methods are compared in Table 2.

It should be noted that the published LFP bulk 
density values can be abnormally high.121,128 
Probably, in this case one deals with the tap density 
of LFP, which is much higher than the bulk density 
of the synthesized materials. 

Precipitation methods for the synthesis 
of high-performance cathode materials: 
specifi c features of practical application 

From the standpoint of the cost of reagents, the 
metal consumption of equipment, and the number 
of intermediate technological steps, the precipitation 
of iron phosphate followed by sintering with the 
lithium source is one of the cheapest methods for the 
synthesis of LFP having high electrochemical per-
formance. 

Table 3 lists the systematized literature data on 
the types of the raw materials, sintering (calcination) 
temperatures, and specifi c discharge capacities of the 
resulting LFP. 

Common to all processes under study are the 
ranges of the medium рН values, the solution tem-
peratures at which precipitation occurs, and the 
concentrations of the interacting components (Fig. 9). 

Table 2. Characteristics of spherical LFP particles obtained by diff erent methods

Method Starting components ρ/g cm–3 Discharge cpacity Reference
     /mA h g–1 
    (current density) 

Precipitation Fe(NO3)3, H3PO4, Li2CO3 1.60 150 (0.1C) 112
Precipitation Fe(NO3)3, H3PO4, Li2CO3 1.60  152 (0.4С); 110 (4С) 113
Ball milling/spray drying/ FePO4, Li2CO3 1.68 164 (0.2С) 116
  carbothermal reduction    
Sol-gel/spray drying FeC6H5O7•5H2O, 1.53 162.5 (0.1C) 120
  /annealing NH4H2PO4, Li2CO3
Precipitation H3PO4, Fe(NO3)•9H2O, Li2CO3 1.80 167 (0.1С) 121
Solid-phase synthesis FePO4, Li2CO3 1.21 162.19 (0.2С); 156.38 (1С) 122
 /spray drying
Hydrothermal synthesis H3PO4, Fe(NO3)•9H2O, LiOH 1.40 162 (0.1С); 116 (10С) 123
Hydrothermal synthesis Fe(NO3)•6 H2O, NH4H2PO4, 1.40 153 (0.1С); 115 (10С) 124
   LiOAc•2H2O
Solvothermal synthesis LiH2PO4, FeSO4•7H2O 1.40 132.5 (0.1С) 125
Solvothermal synthesis FeSO4•7H2O, H3PO4, LiNO3 1.50 158 (0.1С); 109 (5С) 126
Microwave heating/ LiH2PO4, C6H5FeO7 1.30 160 (0.1С) 127
  hydrothermal synthesis/
 carbothermal reduction
Precipitation LiH2PO4, Fe(OAc)2 1.82 165 (0.1С); 48 (10С) 128
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Using the corresponding data within the ranges 
specifi ed, one can choose the optimum synthesis 
conditions for all combinations of raw materials and 
available equipment.

Most studies on the sintering of iron phosphate 
with lithium sources report the actual temperatures 

at which products with the best electrochemical 
performance are formed. Emphasize that these val-
ues can diff er from one another depending on the 
design of the oven; however, the optimum sintering 
temperature most probably falls in the range specifi ed 
(see Fig. 9). The synthesis of lithium iron phosphate 

Table 3. Synthesis conditions of LiFePO4 by the precipitation method

Iron Phosphorus Lithium Carbon T/С Discharge Reference
source source source source  capacity/mA h g–1 
      (current density)

Fe(NO3)3 (NH4)2HPO4 Li2CO3 Glucose 600 162.5 (0.1C) 064
FeSO4 NH4H2PO4 Li2CO3 Glucose 650 162.7(0.1C) 086
FeSO4 H3PO4 Li2CO3 Glucose 700 144.8 (0.1C) 130
FeSO4 LiH2PO4 LiH2PO4 Glucose 700 159 (0.1C) 131
FeSO4 H3PO4 Li2CO3 Oxalic acid 500 166 (0.1C) 132
(NH4)2Fe(SO4)2 NH4H2PO4 LiOH Graphene 700 160 (0.2C) 133
Fe(NO3)3 Na2HPO4 LiI — 550 153 (C/7) 134
FeSO4 (NH4)2H2PO4 Li2CO3 Glucose 650 157.79 (0.1C) 135
FeSO4 NH4H2PO4 Li2NO3 Activated carbon 550 163 (0.1C) 136
FeSO4 NH4H2PO4 Li3PO4 Citric acid 600 163.3 (0.2C) 137
FeSO4 H3PO4 Li2CO3 Glucose 700 158.4 (0.2C) 138
FeSO4 NaH2PO4 Li2CO3 Glucose 750 163.7 (0.1C) 139
FeSO4 H3PO4 LiOH Glucose 650 155 (0.1C) 140
FeSO4 (NH4)2HPO4 LiNO3 Stearic acid 700 160 (0.1С) 141
FeCl3 H3PO4 LiOH Glucose 650 141.4 (0.5C) 142
Fe(NO3)3 H3PO4 Li2CO3 Glucose 700 163.9 (0.1C) 143
Fe(NO3)3 H3PO4 Li2CO3 Glucose 700 146 (0.1C) 144
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Fig. 9. Optimum parameters of the synthesis of lithium iron phosphate (LFP) by the precipitation method.
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using the intermediate precipitation step is aimed at 
obtaining a single-phase, defect-free material con-
sisting of micrometer-sized spherical particles with 
uniform carbon coating.

Conclusion

In this work we considered specifi c features of 
various methods for the synthesis of lithium iron 
phosphate having high electrochemical performance. 
It was established that the most promising methods 
include precipitation of iron phosphate followed by 
spray drying and hydrothermal synthesis. Both of 
them are rather simple to implement. 

Usually, most studies are devoted to the eff ect of 
a certain parameter on the electrochemical proper-
ties of cathode materials (other things being equal), 
while other parameters are not optimal, although 
remain unchanged and thus do not infl uence the 
fi nal result. Our analysis of the relevant literature 
made it possible to generalize and systematize the 
data on optimization of the precipitation conditions 
of FePO4 and methods for the synthesis of materials 
with the best electrochemical performance as well as 
to reveal some trends in the eff ects of the properties 
of the starting reagents and methods for the synthe-
sis of LEP on the fi nal operating parameters of these 
materials.

Summing up, the development of an effi  cient 
method for the synthesis of cathode materials using 
the precipitation technique involves substantiated 
choice of the synthesis conditions and a search for 
balance between diff erent operating properties of the 
resulting materials. Although the key parameters of 
the synthesis can be varied within narrow ranges, 
one can successfully obtain materials with desired 
properties. 
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