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Abstract

Single-phase superfine LiCo1 � yFeyPO4 solid solutions were synthesized with the use of a
mechanochemically stimulated carbothermal reduction of iron and cobalt oxides throughout the entire range
of 0 ≤ y ≤ 1. The mechanical activation was carried out using an AGO-2 planetary mill. According to the
scanning electron microscopy, the average primary particle size of the samples synthesized ranges within
200�250 nm. According to the XRD phase analysis,  all the samples crystallize in the orthorhombic system,
with space group Pnma. The volume of the unit cell increases with increasing the content of iron in samples.
According to Mössbauer (NGR) spectroscopy, all iron ions are in the oxidation state 2+ in an octahedral
environment typical for olivine. Electrochemical properties of Li1 � yFeyPO4 were investigated by means of
galvanostatic cycling. It has been demonstrated that with the increase of Fe content a marked shift in the
potential of the Co2+/Co3+ pair toward lower voltage values occurs, whereas the potential of the Fe2+/Fe3+

pair remains almost unchanged.

Key words: lithium-ion rechargeable cells, cathode materials, LiCo1 � yFeyPO4, mechanical activation, crystal
structure, cycling

* Materials of the IV Int. Meeting �Fundamentals of
Mechanochemical Technologies�, June 25�28, 2013,
Novosibirsk, Russia.

INTRODUCTION

In the today�s world, there is a growing de-
mand for lithium-ion rechargeable cells (LIC).
The scope of LIC is diverse; it covers almost
all aspects in the life of the modern industrial
society: production, everyday life and recre-
ation services. The development of large-scale
rechargeable cells for transport and for energy
storages requires for further increasing capaci-
ty and power characteristics thereof, as well
as improving their performance over a wide
temperature range. This stimulates searching for
novel electrode materials and developing new
methods of their synthesis [1].

In recent years, much attention is paid to
studying a new class of cathode materials, such

as lithium and a transition metal orthophos-
phates with the structure of olivine (space
group Pnma), that have a high operation volt-
age and a sufficiently high electrochemical ca-
pacity. Lithium iron phosphate LiFePO4 was first
proposed as a cathode material in 1997 [2], while
its industrial production began in 2010. Com-
pound LiFePO4 is characterized by the opera-
tion voltage of 3.4 V, relatively to Li/Li+  pair,
and specific energy value of 578 W ⋅ h/g,
marked by a high chemical, thermal and struc-
tural stability in the course of cycling, what
makes it the most popular cathode material for
the production of large-size batteries. The dis-
advantage of this material is a low electrical
conductivity (σ ~ 10�9 S/cm), however, it is
overcome by obtaining LiFePO4 in the nano-
sized state, and surface modifying by highly
conductive carbon [3].

In the series of  structural analogues LiFePO4�
LiMnPO4�LiCoPO4�LiNiPO4, there is an in-
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crease in the operation voltage observed, and,
accordingly, the specific energy and power of
the rechargeable cell exhibits an increase. So, for
LiCoPO4 the voltage amounts to 4.8 V, whereas
the specific energy value is equal to 801 W ⋅ h/g,
which is 1.5 times higher than the value for LiFe-
PO4. However LiCoPO4 exhibits an even lower
electrical conductivity (σ ~ 10�15 S/cm), and the
operation voltage thereof is beyond the electro-
chemical stability window for the standard elec-
trolyte (4.8 V). A higher voltage results in the de-
composition of the electrolyte and the interac-
tion thereof with the cathode material. As the
result, the cathode material undergoes a consid-
erable degradation, and the rechargeable cell loses
the capacity in the course of cycling [4].

It is demonstrated [3, 5, 6]  that the prepa-
ration of  LiCoPO4 in nanosized state,  doping
with the cations of other metals and making a
highly conductive carbon coating with the use
of a variety of carbon-containing precursors
provides satisfactory performance of the cath-
ode materials with respect to the electrical con-
ductivity the cycling ability. Recently, the au-
thors of [7] found that a partial substitution of
Mn2+ ions by Fe2+ ions in LiMnPO4 causes the
shift of the redox potential of the Mn2+/Mn3+

couple to be shifted towards the region of low-
er voltage values. Similar studies are also under
development for LiCoPO4 [8�11]. The shift of
the redox potential of the Co2+/Co3+ couple
towards lower voltage values can significantly
improve the electrochemical properties of LiCoPO4

due to decreasing the decomposition level of
the electrolyte and degradation level of cath-
ode material.

As a rule, highly dispersed cathode materials
for LIC are prepared using solution methods (e.
g., sol-gel [12], and hydrothermal technique
[13]). However, in the course of realizing these
methods, liquid wastes are formed, which
requires for further recycling thereof. At the
Institute of Solid State Chemistry and
Mechanochemistry of the SB RAS (Novosibirsk)
there is a modern environmentally friendly and
energy-saving solid-state method for mechanical
activation (MA) of solid-phase processes.
According to the results of numerous studies,
a preliminary MA of  the mixture of  initial
reagents promotes a significant decrease in the
temperature and in the subsequent annealing

time,  thereby the uniformity of  the final
product could be improved, and the product
itself could be obtained in a highly dispersed
state [14].

The present work consisted in studying a
solid-phase synthesis of LiCo1 � yFeyPO4

(0 ≤ y ≤ 1)  solid solutions with the use of mech-
anochemically stimulated carbothermal reduc-
tion of iron and cobalt oxides; crystal struc-
ture, local structure and electrochemical prop-
erties thereof were investigated.

EXPERIMENTAL

The preliminary MA of  the initial multi-
component mixture of reagents such as Li2CO3,
Co3O4, Fe2O3, (NH4)2HPO4 and carbon was car-
ried out using an AGO-2 planetary mill. The
annealing of mechanically activated mixtures
was performed under an inert atmosphere at
750 °Ñ. Excess carbon (2�3 %) was used in or-
der to obtain an electronically conducting car-
bon coating.

The resulting samples were analyzed by
means of X-ray diffraction (XRD), Mössbauer
(NGR) spectroscopy, scanning electron micros-
copy (SEM) and galvanostatic cycling. The XRF
studies were performed using a Bruker D8 Ad-
vance diffractometer (CuKα radiation, scanning
pitch 0.02°/s). Refining the lattice parameters
by means of the Rietveld method was per-
formed using a GSAS software package [15].
The NGR spectra were registered by means of

Fig. 1. Diffraction patterns of LiCo1 � yFeyPO4 (0 ≤ y ≤ 1)
solid solutions.



STRUCTURE AND ELECTROCHEMICAL PROPERTIES OF LiCo1 � yFeyPO4 �??? SOLID SOLUTIONS 55

Fig. 3. Lattice parameters (a, b, c) and unit cell volume
(V) for solid solutions LiCo1 � yFeyPO4 depending on
composition parameter (y).

a NZ-640 NGR spectrometer (Hungary)
equipped with a 57Co radiation source. The par-
ticle size and morphology were examined by
means of a Hitachi TM-1000 scanning electron
microscope, whereas the EDX spectra were
registered using a TM1000 EDS detector. The
procedure of cycling was performed in a gal-
vanostatic mode with the voltage range of
3�5 V at a room temperature using a half-cell
with a lithium anode and an electrolyte based
on a 1 M LiPF6 solution in an ethylene carbon-
ate and dimethyl carbonate mixture at a cy-
cling rate equal to C/10, where C = 167 mA/g.

RESULTS AND DISCUSSION

Figure 1 demonstrates the diffraction pat-
terns of the synthesized solid solutions
LiCo1 � yFeyPO4 (0 ≤ y ≤ 1). All samples are sin-
gle-phase they crystallize in the rhombic sys-
tem (sp. gr. Pnma). The structure can be repre-
sented as a chain of octahedras MO6 (M = Co,
Fe) along the axis c, those are bound by the

3-
4PO  tetrahedra which are linked to form a

three-dimensional framework. The MO6 form-
ing zigzag chains are interconnected by verti-
ces rather than by faces, which hampers the
electron transfer [16]. The diffusion of lithium
ions is implemented through one-dimensional
channels along the axis b (direction [010]).

Figure 2 demonstrates the diffraction pat-
tern for LiCo0.9Fe0.1PO4, refined using a Rietveld

method, and Fig. 3 demonstrates unit cell pa-
rameters depending on the iron content. It can
be seen that a and b parameters increase with
Fe content in the samples, whereas the c pa-
rameter decreases. The anisotropic change in
the parameters leads to an increase in the cell
volume. The refined unit cell parameters for the
samples synthesized depending on the content
of Fe is in a good agreement with the data
obtained by the authors of [8].

Fig. 2. Diffraction pattern of LiCo0.9Fe0.1PO4, refined by means of Rietveld method.
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TABLE 1

Width, chemical shift (CS), quadrupole splitting (QS)

and the state of Fe ions in LiCo1 � yFeyPO4 (0 ≤ y ≤ 1)  solid
solutions according to NGR spectroscopy.  The content

of Fe2+ is 100 %

y Width, mm QS, mm/s IS, mm/s

0.05 0.26 2.95 1.22

0.10 0.25 2.96 1.22

0.25 0.27 2.97 1.23

0.50 0.33 2.91 1.22

0.75 0.31 2.94 1.22

0.90 0.31 2.94 1.23

1 0.37 2.95 1.22

Fig. 4. Mössbauer spectra of LiCo1 � yFeyPO4 (0 ≤ y ≤ 1) solid
solutions.

The local structure of the solid solutions
LiCo1 � yFeyPO4 (0 ≤ y ≤ 1) synthesized was stud-
ied by means of NGR spectroscopy, which al-
lows determining the electronic state of Fe ions
in the material (Fig. 4). It is seen that all the spec-
tra exhibit a doublet corresponding to Fe2+ ions
in an octahedral environment, which is inherent
in the structure of olivine [17]. No presence of
any impurity phases was revealed. The doublet
intensity exhibits an increase with increasing Fe
content in the samples. Data concerning the width,
chemical shift and quadrupole splitting in the NGR
spectra are presented in Table 1.

According to the results of SEM, the prima-
ry particles of the synthesized LiCoPO4,
LiCo0.5Fe0.5PO4 and LiFePO4 samples have a shape

close to spherical one, and the average size rang-
ing from 200 to 250 nm (Fig. 5, a�c). The primary
particles are combined into secondary loose ag-
glomerates of 10�15 µm in size. The chemical com-
position of synthesized solid solutions such as LiCo1

� yFeyPO4 (0 ≤ y ≤ 1)  was confirmed by means of
energy dispersion energy-dispersive X-ray spec-
troscopy (EDX). Figure 5, d demonstrates an EDX
spectrum of LiCo0.5Fe0.5PO4 sample.

It is known that the charge-discharge pro-
files of LiFePO4 and LiCoPO4 look like a pla-
teau, which correlates with a two-phase mech-
anism of the intercalation/deintercalation of
lithium ions [4, 18]. This means that at each
point of the experimental curve the material
exhibits two phases to be present therein such
as the initial phase of  LiMPO4 and the final
phase of MPO4 (M = Fe, Co). The plot of dQ/dU
depending on the voltage demonstrates the pairs
of corresponding redox peaks. The feature of
LiCoPO4 consists in the fact that there are two
oxidation peaks present, as opposed to one peak
for LiFePO4, which could be explained by the
formation of an intermediate phase of
Li0.7CoPO4 in the course of charge process. How-
ever, the discharge of LiCoPO4 occurs in a sin-
gle-stage manner with no formation of any in-
termediate phase.

Figure 6 demonstrates the charge-discharge
profiles of the synthesized solid solutions
LiCo1 � yFeyPO4 (0 ≤ y ≤ 1) within the voltage
range of 3�5 V at a rate of cycling equal to
C/10. One can see that the curves exhibit two
plateaus at 3.4 and 4.8 V. The first plateau at
3.4 V corresponds to a redox couple of Fe2+/
Fe3+, whereas the second one (at 4.8 V) corre-
sponds to a redox couple of Co2+/Co3+. The
plots of dQ/dU depending on voltage exhibit
present three oxidation and two reduction peaks
(Fig. 7). From the data presented in Fig. 7 and
Table 2 it follows that increasing the Fe con-
tent in the samples the potential of Co2+/Co3+

couple results in a considerable shifting towards
lower voltage values (from 4.92 V for LiCoPO4

to 4.69 V for the LiCo0.1Fe0.9PO4 composition),
whereas the potential of the Fe2+/Fe3+ couple
almost does not changes. It should also be not-
ed that the oxidation peak at 4.81 V, corres-
ponding to the formation of an intermediate
phase such as Li0.7CoPO4 disappears in going to
the composition of LiCo0.5Fe0.5PO4. For the com-
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TABLE 2

Changing the Fe2+/Fe3+ and Co2+/Co3+  couple potential
in the course of cycling LiCo1 � yFeyPO4 (0 ≤ y ≤ 1), V

y Fe2+/Fe3+ Co2+/Co3+

 Charge Discharge    Charge Discharge

0 � � 4.81 4.92 4.72

0.05 � � 4.77 4.87 4.72

0.10 � � 4.77 4.87 4.72

0.25 3.54 3.42 4.74 4.84 4.74

0.50 3.49 3.40 � 4.80 4.71

0.75 3.49 3.42 � 4.77 4.70

0.90 3.47 3.40 � 4.69 4.61

Fig. 5. Micrographs of LiCoPO4 (a), LiCo0.5Fe0.5PO4 (b), LiFePO4 (c) and EDX spectrum for LiCo0.5Fe0.5PO4 (d).

Fig. 6. Charge-discharge profiles for solid solutions
LiCo1 � yFeyPO4 (0 ≤ y ≤ 1).

positions with y ≥ 0.5 within the range of high
voltage values, only one oxidation peak is ob-
served, i. e. any intermediate phase, to all ap-
pearance, is not formed. To all appearance, this
could be caused by changing the mechanism
of lithium deintercalation from the single-phase
mechanism to a two-phase mechanism, which
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Fig. 7. dQ/dU depending on voltage for solid solutions
LiCo1 � yFeyPO4 (0 ≤ y ≤ 1): 1 � charge, 2 � discharge.

Fig. 8. Charge-discharge profile and dQ/dU depending on
voltage for mechanical mixture 0.9LiCoPO4/0.1LiFePO4:
1 � charge, 2 � discharge.

Fig. 9. Specific discharge capacity depending on the cycle
number for the solid solution LiCo0.9Fe0.1PO4 (1) and
mechanical mixture 0.9LiCoPO4/0.1LiFePO4 (2).

we observed earlier in the case of solid solu-
tions LiFe1 � yMnyPO4 [19]. A significant shift in
the Co2+/Co3+ couple potential to lower voltage
values allow one to perform cycling the cath-
ode materials based on LiCoPO4 with the par-
ticipation of  Co2+/Co3+ couple within the volt-
age range lower than 4.85 V, i. e, with no go-
ing beyond the electrochemical window of the
standard electrolyte [20, 21] .

Changing the potential of the redox couple
Co2+/Co3+ in the course of cycling could be
caused by a partial substitution of Co2+ by Fe2+

in the structure of LiCoPO4 to form solid solu-
tions LiCo1 � yFeyPO4 as well as by some chang-

ing in the electronic structure thereof. This ex-
hibits a distinction between solid solutions
LiCo1 � yFeyPO4 and the mechanical mixtures
of LiCoPO4 and LiFePO4 with a similar com-
position, for those such an effect is not observed.
The charge-discharge profile and the dQ/dU
voltage curve for the mechanical mixture
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0.9LiCoPO4/0.1LiFePO4 (Fig. 8) demonstrate that
the potential of the Co2+/Co3+ couple does not
change. The specific discharge capacity for the
solid solution of LiCo09Fe01PO4 is to a signifi-
cant extent higher than the specific capacity
for the mechanical mixture of 0.9LiCoPO4 and
0.1LiFePO4, both for the first, and for the sub-
sequent cycles (Fig. 9).

CONCLUSION

Thus, a simple mechanochemically stimu-
lated solid-phase synthesis of single-phase highly
dispersed solid solutions LiCo1 � yFeyPO4

(0 ≤ y ≤ 1) has been implemented via carbother-
mal cobalt and iron oxide reduction. It has been
demonstrated that all the samples crystallize in
the orthorhombic system, space group Pnma,
therewith the volume of the unit cell exhibits
an increase with increasing the content of Fe. It
has been found that increasing the Fe content
in the samples results in the fact that Co2+/Co3+

couple potential is markedly shifted to lower volt-
age values. Owing to this, the cathode materials
based on LiCoPO4 could be used in recharge-
able cells with a standard electrolyte.
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