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Abstract

A brief overview of works aimed at the investigation of the processes of synthesis of nanosized
LiFePO, from different precursors using mechanical activation is presented; its structural and electrochemical
properties are evaluated. The effect of nanosize on cycling processes including its mechanism is demonstrated.
Examples of the influence of carbon component on the morphology of particles and the effect of substitution
processes on the cathode properties of LiFePO, are described, as well as the data on the thermal stability
of LiFePO, against heating in the air. The proposed method was accepted as the basis for the industrial
technology of obtaining LiFePO, at the JSC “Novosibirsk Chemical Concentrates Plant”.
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INTRODUCTION

The number of works dedicated to the in-
vestigation of cathode materials with frame-
work structure based on the compounds of lith-
ium and transition metals (Fe, Mn, Co, Ni etc.)
with polyanions PO}", SO and AsO? is in-
creasing during the recent years [1]. Orthophos-
phates of lithium and d-metals having the olivine
structure LIMPO, (M = Fe, Mn, Co, Ni) attract-
ed the attention of researchers due to the high
potential of the oxidation-reduction pair M**/
M?3* with respect to the pair Li/Li*, which ex-
ceeds the potential in corresponding oxides by
1.5—2 V. This result is due to the M—O—-P “in-
ductive effect” which is in turn determined by

the high covalence of the P—O bond in PO

polyanion. The most promising representative of
this class of compounds is LiFePO,.

The average voltage of LiFePO, discharge,
equal to 3.4V, is optimal for the conservation
of high energy density, on the one hand, and
prevention of electrolyte decomposition, on the
other hand, thus providing longer lifetime of
the rechargeable battery. The theoretical ca-
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pacity is 170 mA [h/g and under definite con-
ditions it may be almost completely realized in
practice. Lithium iron phosphate is distinguished
by its high chemical stability with respect to
moisture, water and the solutions of electro-
lytes containing no proton groups, even at ele-
vated temperatures. The material possesses high
stability to oxygen evolution; no exothermal
reactions are observed during its heating, which
increases the safety of rechargeable batteries.
In addition, LiFePO, is characterized by the
low cost of initial material and low toxicity, so
it is very attractive for use in large recharge-
able batteries for hybrid transport facilities and
electric vehicles in which the price and safety
are very important.

Lithium iron phosphate has an ordered oliv-
ine structure (orthorhombic system; space group
Pnma) composed of the tight hexagonal pack-
ing of oxygen ions in which Fe?" and Li* ions
occupy a half of octahedrons, while P°* ions
occupy 1/8 of tetrahedrons. Its structure can
be represented as a chain composed of octahe-

drons along the ¢ axis, bound by PO tetra-

hedrons and forming a three-dimensional
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framework. The FeOg4 octahedrons forming zig-
zag-like chains are connected with each other
through vertices but not through faces, which
hinders electron transfer. The LiOg4 octahedrons
form linear chains along the b axis; diffusion
of lithium ions occurs along the (010) direction.
One lithium ion per the formula unit can par-
ticipate in changing-discharging processes.
Charge compensation is provided due to the
oxidation-reduction pair Fe?" /Fe?". A two-phase
mechanism of insertion-extraction of lithium
ions is realized; as a result, a plateau is ob-
served on charge-discharge curves. The formed
FePO, phase has a similar orthorhombic struc-
ture; volume change is 6.81 %.

The major disadvantage of LiFePO, is its
low electronic conductance (o ~107%S/cm) [2]
and lithium ion diffusion (o ~ 1071*-107' S/cm)
[3], and therefore unsatisfactory cycling at high
charge-discharge rates. This compound is a semi-
conductor with the forbidden gap of 0.3 eV,
which is determined by its structure. The low
electronic conductance of LiFePO, is a result
of the strong Fe—O bond; the diffusion of lith-
ium ions is limited by the Li—O bond and the
presence of uniform-sized diffusion channels.
At present, extensive works aimed at the opti-
mization of the conducting properties of LiFe-
PO, are performed, for the purpose of improv-
ing its cathode characteristics.

Several ways to improve the cathode char-
acteristics of LiFePO, are known:

1. A decrease in particle size, which promotes
a decrease in the diffusion distance for lithium
ion transport and an increase in the contact area
for electron transfer between particles [4].

2. Deposition of highly conductive carbon
coating. The choice of an optimal carbon-con-
taining precursor is made among various carbon
types (carbon black, graphite etc.) or organic com-
pounds (carbohydrates, carboxylic acids, poly-
mers etc.) [5]. In the latter case, it is important
that the precursor is characterized by not high
temperature of pyrolysis during which a uni-
form layer of nanometer-sized carbon with high
electronic conductance is formed on the surface
of LiFePO, particles. It is economically efficient
to perform the synthesis of LiFePO, and its sur-
face modification in one stage.

3. Doping LiFePO, (substitution in Li and Fe
positions) with heterovalent ions M (M = Nb,

Zr, Mg, Ti etc.) leads to obtaining black-coloured
semiconductors of p type with the conductivity
about 1072 S/cm at room temperature [2]. How-
ever, in many cases the positive effect is con-
nected not with the formation of solid solutions but
with the modification of the surface of LiFePO,
particles by highly conducting compounds con-
taining the given dopants. The simultaneous in-
troduction of a dopant and carbon-containing
compound (including the use of organometallic
compounds) is under investigation.

4. The formation of surface conducting phas-
es of iron phosphides, carbides, nitrides (Fe,P,
Fe;P, Fe;C, Fey,N). As a result of the interac-
tion of LiFePO, with carbon at elevated tem-
perature (above 850 °C) the neighbouring Fe
and P ions in the lattice get reduced with the
formation of iron phosphides Fe,P and/or Fe;P;
these compounds possess high electronic con-
ductance [6]. Initial iron oxalate may serve as
the source of carbon. Heating in the atmosphere
of nitrogen leads to the formation of Fe,N,
which also promotes an increase in conductivi-
ty. These compounds are most easily formed
under soft reductive synthesis conditions when
a mixture of inert gas with hydrogen is used.
However, the layer of extrinsic conducting
phase should be as thin as possible.

5. Coating with metal particles (for exam-
ple, Ag, Ag/C etc.). Conducting nanometer-sized
metal particles on the surface of LiFePO, or
LiFePO,/C improve the cycling properties at
high rates [7].

6. Coating with amorphous compounds pos-
sessing high lithium ion conductivity. In the case
of low Fe/P content on the surface of synthe-
sized LiFePO, particles, amorphous phases com-
posed of lithium phosphates or pyrophosphates
are formed; they possess high lithium ion con-
ductivity [8]. Due to the amorphous nature of
these coatings, it becomes possible to eliminate
the anisotropy of the surface properties of
LiFePO, and to accelerate the delivery of lith-
ium ions to the face at which its introduction
into the lattice occurs.

Iron ions are present in LiFePO, in the oxi-
dation degree 2+, so it is preferable to use the
compounds of Fe?" (in particular ferrous ox-
alate dihydrate) in mixtures with various lithi-
um compounds and ammonium phosphate as
the initial reagents for its solid-phase synthe-
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sis. At the same time, the cost of Fe?' com-
pounds is higher than that of Fe?* compounds.
In addition, a large amount of gaseous prod-
ucts is formed, which hinders the use of Fe?*
compounds for the mass production of LiFePO,.
An alternative to their use has become recent-
ly proposed method of solid-phase synthesis of
LiFePO, on the basis of carbothermal reduc-
tion of Fe®* compounds using various carbon-
containing precursors [9]. Ferric oxide Fe,O; is
the cheapest and the most available reagent
possessing the high mass product/reagents ra-
tio (76.7 %). In addition, contaminating gases are
not formed when this compound is used. The
presence of carbon in the mixture under acti-
vation helps slowing down the growth of LiFePO,
particles during annealing. In the case if the
amount of carbon is above the stoichiometry,
it remains on the surface of LiFePO, particles
forming a tight contact with the surface and
playing the part of the surface electron-con-
ducting nanometer-sized coating. As a result,
the electronic conductance of LiFePO, increases
by 5—6 orders of magnitude. So, the synthesis
and surface modification processes take place
in one stage.

To obtain nanometer-sized LiFePO,, the
mechanochemical approach was developed at
the ISSCM of the SB RAS. This approach is
distinguished by the fact that the reactions are
conducted in the solid phase, by simplicity,
short time, energy- and ecological efficiency.

EXPERIMENTAL

The synthesis of LiFePO, and substituted
compounds based on it was carried out using
the compounds of Fe?" (FeC,0, [R2H,0) and Fe**
(FeyOs5) in mixture with lithium carbonate or
hydroxide, and ammonium phosphates. Prelim-
inary mechanical activation (MA) of the mix-
ture of initial reagents was carried out in a plan-
etary activator AGO-2 with water cooling us-
ing steel cylinders and balls. Activated mixtures
were annealed in the furnace at a temperature
of 450—800 °C in the inert gas flow.

The obtained samples were analyzed by
means of X-ray phase analysis, IR, Raman,
Moéssbauer spectroscopy, %'Li and *'P MAR
(magic angle rotation) NMR spectroscopy, scan-

ning and transmission electron microscopy and
galvanostatic cycling. Structural studies were
carried out with the help of D8 Advance Bruk-
er diffractometer (CuK, radiation). IT spectra
were recorded with a FTIR BOMEM IR spec-
trometer within the range 4000—200 cm™ (tab-
lets with CsI); Raman spectra were recorded
with a Bruker Raman spectrometer; Mossbau-
er spectra were recorded with an NZ-640 spec-
trometer (Hungary) using Co®’ y radiation; ®"Li
and *'P MAR NMR spectra were recorded with
a Bruker Avance AV-300 solid-state spectrom-
eter (Hy, = 7.05 T, v="T7kHz), diluted aqueous
solutions of LiCl and H;PO, serves as refer-
ences. Electron microscopic images were taken
with a LEO 1430 VP scanning electron micro-
scope and JEM-4000EX transmission electron
microscope with the resolution of 0.17 nm. Elec-
trochemical tests were carried out in half cells
cathode + C (Super P, Timcal Co.) /LiPFy +
ethylene carbonate + dimethyl carbonate /Li
with polypropylene separators at the cycling
rate of C/10 — 10C (current density 0.3—30
mA /cm?) and temperature of 20 °C.

RESULTS AND DISCUSSION

Synthesis of nanometer-sized LiFePO,
using mechanical activation

We carried out a comparative investigation
of the synthesis of LiFePO, using MA of the
mixtures of Li,CO,;, NH,H,PO, with
FeC,O[H,0O (three-component system, mix-
ture 1) and Li,CO;, NH,H,PO, with Fe,O; and
C (four-component system, mixture 2) followed
by heating in the inert atmosphere [10]. The
diffraction patterns of activated mixtures re-
veal the formation of the intermediate prod-
uct Li;PO, according to the reaction
2NH,H,PO, + 3Li,CO; -

2Li,PO, + 2NH, + 6H,0 2)

During heating mixture 1, the formation of
the final product starts at a temperature of
300 °C (Fig. 1), while in the case of mixture 2
it starts at 700 °C. The average size of the par-
ticles of LiFePO,-450 °C is 50 nm and increas-
es gradually with an increase in annealing tem-
perature. The Mo0ssbauer spectra of the prod-
ucts are symmetrical doublets with the chemi-
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» NH,H,PO, [ASTM 37-1479]
® FeC,0, -2H,0 [ASTM 23-293]
a LizPO, [ASTM 15-760]
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Fig. 1. Diffraction patterns of the activated mixture of
Li,CO,, FeC,0, [2H,0 and NH,H,PO, (1) and the products
of its heating at different temperature, °C: 450 (2), 500
(3), 550 (4), 600 (5), 700 (6).
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Fig. 2. MGssbauer spectra of activated and annealed mixture
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Fig. 3. Charge-discharge curves for LiFePO, obtained at
a temperature of 450 (a) and 700 °C (b).

cal shift 1.22 mm/s and & (quadrupole splitting)
2.95 mm/s (Fig. 2). In the spectrum of the prod-
uct obtained from FeC,O,[PH,O, an additional
doublet is observed; it is connected with the ex-
trinsic phase containing Fe** or Fe,P. The forma-
tion of phosphides is not observed during carbo-
thermal reduction at any annealing temperature.

It was established that the shape of charge-
discharge curves and the mechanism of the
processes of lithium intercalation—deintercala-
tion depend on the size of LiFePO, particles.
For example, a plateau is observed in the case
of Li ,FePO, obtained at 700 °C, while the
curves for Li FePO, obtained at 450 °C have a
gentle slope within a broad range of x values
(Fig. 3). It is known that extraction (insertion)
of lithium from (into) the Li FePO, structure
proceeds according to the two-phase mechanism
with the formation of FePO, phase (in each
point of the curve, the cathode material is a
mixture of two phases: initial LiFePO, and fi-
nal FePO,). This process is accompanied by the
appearance of a plateau on the charge-dis-
charge curves. However, within narrow rang-
es of the x values near 1 and 0 for nanome-
ter-sized samples, the formation of solid solu-
tions was discovered [11]. We established in the
in situ synchrotron radiation diffraction studies
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that low-temperature LiFePO, samples are dis-
tinguished by broadening of the regions of solid
solution formation, that is, the two-phase mech-
anism is replaced by the single-phase one [12].

So, MA results in fine mixing of the multi-
component initial mixture of indicated reagents,
accompanied by amorphization and initial in-
teraction processes. This causes a decrease in
the temperature of synthesis and crystalliza-
tion of the final product LiFePO,, which is
essential from the viewpoint of the synthesis
of the material in the fine dispersed state.

Composite materials LiFePO ,/C with carbon coating

The role of carbon coating is not only in
dramatic increase in the intergrain electron con-
ductivity of LiFePO, (by 5—6 orders of mag-
nitude) but also in efficient braking of particle
growth and even optimization of its microstruc-
ture. Shortcomings of carbon coating include an
increase in the bulk density of the product, which
causes a decrease in the volumetric energy den-
sity. For example, with an increase in carbon con-
tent from 0 to 15 %, the volumetric density of
LiFePO, decreases by 22 %, while the gravimet-
ric density decreases by 15 %. It is necessary to
optimize the concentration of carbon additive,
thickness and structure of the coating.

The choice of carbon-containing precursor
becomes critical for obtaining the cathode ma-
terial based on LiFePO, with high conductivity
and good cycling ability. It is generally believed
that the electric conductance and electrochem-
ical properties of LiFePO, depend on pyrolysis
temperature and the type of carbon-contain-
ing compound. Graphitized carbon coatings have
higher conductivity in comparison with disor-
dered coatings. Using carbothermal reduction
of Fe** compounds, it becomes possible to per-
form synthesis and surface modification of
LiFePO, with carbon simultaneously.

We carried out a comparative investigation
of the effect of carbon material nature and
content (amorphous carbon black and crystal
graphite) on the synthesis of LiFePO, from
Fe,O; with the formation of composite materi-
als LiFePO,/C. It was shown that MA of the
mixture of reagents with graphite is accompa-
nied by its dispersing and structural disorder-

ing [13]. After MA for 10 min, graphite becomes
X-ray amorphous. According to the data of
Raman spectroscopy, the spectrum of initial
graphite is characterized by one band (G) at
1575 em™!, corresponding to the presence of
sp? bonds. The second band (D) appears at
1355 cm ™! in the spectra of mixtures activated
with graphite; this band corresponds to the for-
mation of sp? bonds (Fig. 4). It was established
by means of electron scanning microscopy that
the nature of carbon material has a substan-
tial effect on the morphology of the particles
of final product LiFePO,/C. For example, for
the content of carbon black in the composite
equal to 25 9%, spherical particles are formed,
while in the case of the same graphite content
the particles are lamellar (Fig. 5). The electro-
chemical properties of LiFePO,/C improve with
an increase in graphite content and MA time.

Solid solutions in the system LiFePO ,~LiMnPO

Coating of LiFePO, with conducting mate-
rials does not have any effect on the structural
parameters or intrinsic volume conductance. To
improve volume conductance, LiFePO, doping
with heterovalent cations and anions at differ-
ent positions is carried out: Li (M1), Fe (M2)
and O. According to the data of quantum chem-
ical calculations [14], it is preferable to substi-
tute Fe?" ions only by bivalent ions such as Mg**
and Mn?*. The absence of LiFePO, tolerance
to aliovalent substitution was noted.
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Fig. 4. Raman spectra of activated mixtures with graphite
depending on MA time, min: 1 (1), 25 (2), 5 (3), 10 (4).
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In the present work we carried out the synthe-
sis of the solid solutions LiFe, _ Mn, PO, through
carbothermal reduction of Fe,O; and MnO, using
preliminary MA and studied their crystal local struc-
ture and electrochemical properties [15].

The changes of the parameters of orthor-
hombic cell in LiFe, - ,Mn, PO, within the en-
tire concentration range corresponds to Vegard
rule (Fig. 6). The MAR NMR spectra of "Li and
3P have a broad asymmetric envelope (half-
width is about 150 kHz). The isotropic chemical
shift depends on sample composition and on
temperature; this dependence is much stron-
ger expressed on phosphorus nuclei than on lith-
ium nuclei (Fig. 7). The shift of the signals of
67Li and *'P is determined by the contact hy-
perfine interaction of the resonant nucleus with
the paramagnetic atom through the oxygen
atom, which depends on the nature of the
paramagnetic atom and the ionicity of M—-O

Fig. 5. SEM images of mechanocomposites LiFePO,/C with
graphite (a) and carbon black (b).
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Fig. 6. Parameters of the orthorhombic lattice of synthesized
LiFe, - ,Mn, PO, samples.

bond [16]. Two regions are observed on the charge-
discharge curves, corresponding to oxidation-re-
duction pairs Fe?"/Fe?* (34 V) and Mn*"/Mn*"
(4.1V) (Fig. 8). With an increase in manganese con-
tent, the potentials of both pairs increase by 0.1 V.
For compositions with y = 0.5, the electrochemi-
cal capacity decreases. The major drop is observed
within the region of Mn**/Mn?".

. 3
g o)
B, 60 5
-1 =
o —
= 40 -
= o X
b =
P 20+ o
< 7 +
» h=t
ER G
g g
o —201 2
<
5 - g
<
—40 (&)

Fig. 7. Chemical shift of NMR “Liand ®'P signals depending
on the composition of the sample LiFe,_  /Mn PO,:
1 — literature data, 2 — our data.
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Fig. 8. Charge-discharge curves of synthesized
LiFe, - ,Mn PO, samples.

Composite cathode materials LiFePO ,—LisV (PO )5

Li;V,4(PO,); is a new cathode material with
monoclinic structure. Under charging up to 5 V,
three lithium ions can be extracted from its
structure, which is accompanied by the oxida-
tion of V3 ions to V°* [17]. It was discovered
recently that the addition of Li;V,(PO,); to
LiFePO, causes an increase in the electron con-
ductance of the cathode material [18].

In the present work, the synthesis of initial
LiFePO, and Li;V,(PO,); samples was carried
out through carbothermal reduction of Fe,O,
and V,0;. The synthesis of LiFePO,~Li;V,(PO,);
composites was carried out using MA. Accord-
ing to the XPA data, for any component ratio,
the diffraction patterns are superpositions of
initial compounds [19]. The charge-discharge
curves exhibit two regions corresponding to the
oxidation-reduction pairs Fe?* /Fe?* (3.4 V) and
V3t V4 (above 34 V) (Fig. 9).

Thermal stability of LiFePO,

According to the published data [20], dur-
ing long-term exposure of LiFePO, in the air
and during heating it in the air, partial deinter-

; LiFePO,
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Fig. 9. Charge-discharge curves of initial LiFePO, and
Li;V,(PO,); samples and their mechanocomposites.
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Fig. 10. Mo6ssbauer spectrum of LiFePO, annealed
at different temperatures.
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Fig. 11. Charge-discharge curves of LiFePO, annealed at
a temperature of 300 (a) and 500 °C (b).

calation of lithium from olivine structure oc-
curs, with the formation of defect-bearing ox-
idized compositions Li Fe PO, and new surface
phases. In this situation, the degree of process
propagation depends on the size of LiFePO,
particles. We studied thermal stability of na-
nometer-sized LiFePO, samples obtained using
MA from Fe,O; (carbothermal reduction) and
from FeC,0, [21]. Anisotropic change of lattice
parameters during heating LiFePO, samples
was discovered: parameters a and b at first in-
significantly increase (to 250 °C), then sharply
decrease; quite contrary, parameter c increas-
es gradually with temperature rise. The sample
obtained from FeC,0O, differs by lower thermal
stability due to smaller particles. According to
Mossbauer data, Fe?* ions (~3 %) appear in the
samples heated to 120 °C, while after heating
to 300 °C the spectrum is a superposition of
three phases: LiFePO,, Fe,O; and LizFe,(PO,);
(Fig. 10). After heating to 500 °C, the spectrum
of LiFePO, disappears. The cycling curves of
samples heated to 300 °C contain a plateau at
3.4 V within the region 2.0—4.2 V, which is char-
acteristic of LiFePO,, and a sloping region char-
acteristic of LisFe,(PO,); (Fig. 11). During cy-
cling the sample heated to 500 °C, the plateau
disappears completely; the shape of charge-
discharge curve corresponds to LisFe,(PO,);
compound.

CONCLUSION

On the basis of studies performed at the
ISSCM of the SB RAS, an energy-efficient and
ecologically safe method was developed for the
synthesis of nanometer-sized cathode material
LiFePO,/C using mechanical activation. The
developed method was the basis for the
industrial technology of LiFePO, production
which is under introduction at the Novosibirsk
Chemical Concentrates Plant.

REFERENCES

1 Padhi A. K., Nanjundaswamy K. S., Goodenough J. B,
J. Electrochem. Soc., 144 (1997) 1188.

2 Chung S. Y., Chiang Y. M., Electrochem. Solid-State
Lett., 6 (2003) A278.

3 Prosini P. P., Lisi M., Zane D., Pasquali M., Solid State
Ionics, 148 (2002) 45.

4 Yamada A., Chung S.C., Hinokuma K., J. Electrochem.
Soc., 148 (2001) A224.

5 Ravet N., Chouinard Y., Magnan J.F., Besner S., Gauthier
M., Armand M. J., Power Sources, 97 (2001) 503.

6 Herle P. S, Ellis B., Coombs N., Nazar L. F., Nat. Mater.,
3 (2004) 147.

7 Park K. S, Son J. T, Chung HT., Kim S. J, Lee C. H, Kang
K. T, Kim H. G,, Solid State Commun., 129 (2004) 311.

8 Kang B, Ceder G., Nature, 458 (2009) 190.

9 Barker J., Saidi M. Y., Swoyer J. L., Electrochem. Solid-
State Lett., 6 (2003) A53.

10 Kosova N. V., Devyatkina E. T., Petrov S. A, J.
Electrochem. Soc., 157 (2010) A1247.

11 Kobayashi G., Nishimura S.I., Park M.S. Kanno R.,
Yashima M., Ida T., Yamada A., Adv. Funct. Mater.,
19 (2009) 395.

12 Kosova N. V., Devyatkina E.T., Ancharov A.I, Markov
A. V., Karnaushenko D. D., Makukha V. K., 18th Int.
Conf. on Solid State Ionics (Proceedings), Warsaw, 2011.

13 Kosova N. V. Devyatkina E. T., 61st Annual Meeting
of the Int. Soc. of Electrohem. (Proceedings), Nice,
France, 2010.

14 Islam M. S., Driscoll D. J., Fisher C. A. J,, Slater P. R,,
Chem. Mater., 17 (2005) 5085.

15 Kosova N. V., Devyatkina E. T., Slobodyuk A.B., Petrov
S. A., Electrochim. Acta. Doi: 10.1016/j.electacta.2011.10.082

16 Tucker M. C., Doeff M. M., Richardson T. J., Finones R.,
Reamer J. A., Cairns E. J., Electrochem. Solid-State Lett.,
5 (2002) A95.

17 Huang H., Yin S. C.,, Kerr T., Taylor N., Nazar L.,
Adv. Mater., 14 (2002) 1525.

18 Zheng J. C, Li X. H, Wang Z. X,, Guo H. J,, Peng W. J,,
J. Power Sources, 195 (2010) 2935.

19 Kosova N.V., Devyatkina E.T., Int. Battery Association
Meeting (Proceedings), Cape-Town, South Africa, 2011.

20 Hamelet S, Gibot P., Casas-Cabanas M. Bonnin D., Grey
C.P,, Cabana J, Leruche J.B, Rodriguez-Carvajal J., Courty
M, Levasseur S, Carlach P., Thournount M. van, Tarascon
J. M., Masquelier C., J. Mater. Chem., 19 (2009) 3979.

21 Kosova N. V., Devyatkina E. T, Petrov S. A., Kaichev V.V,
Int. Meeting on Lithium Batteries (Proceedings),
Montreal, 2010.



