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Supervalent doping of LiFePO,
for enhanced electrochemical performance’

Vanadium and titanium doped orthophosphates LiFe, M, PO, with an olivine-
type structure (space group Pnma) were prepared by mechanochemically assisted
solid state synthesis using a high-energy AGO-2 planetary mill and post-annealing
at 750 °C. It has been established that the V and Ti ions do not fully substi-
tute for Fe** in the LiFeP0, structure. The other part of these ions participate in
the formation of the secondary phases with the open Nasicon-type structures:
monoclinic Li.V_(P0,), (space group P2, /n) and rhombohedral LiTi,(PO,), (space
group R-3c). According to TEM, the average particle size of the nanocomposites
is about 100-300 nm. EDX microanalysis reveals that the small particles of the
secondary phases are segregated on the surface of the larger LiFePO, particles.
On the charge-discharge profiles of LiFe0.9M0.1P04, the plateaus corresponding
to LiFePO, and the secondary phases are observed. V doping improves cycleability

and rate capability of LiFeP0, to a greater extent than Ti.
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Introduction

Many efforts have been made to
turn insulating compounds into attractive
electrode materials, including nanosizing,
carbon nanopainting and metal doping
[1-3]. This allows the olivine-type lithium
iron phosphate LiFePO, with inherent low
electronic conductivity and slow lithium
diffusion [3, 4] to become a promising
cathode material exhibiting favorable
electrochemical properties and to be com-
mercialized. Li ions migration in LiFePO,
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is found to occur preferably down the
[010] channels, following a curved trajec-
tory. The most favorable intrinsic defects
in LiFePO, are the cation antisite defects,
in which Li and Fe ions exchange posi-
tions. According to ab initio simulations
of the LiFePO, doping, low favorable en-
ergies are found only for divalent dopants
on the Fe sites, whereas substitution ener-
gy for supervalent cations is energetically
unfavorable [5]. Meanwhile, it has been
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shown experimentally that supervalent
doping of LiFePO, on Li sites increases its
electronic conductivity by a factor of ~108
and results in superior electrochemical
performance [3]. Later on, these results
were explained by the formation of the
conductive impurity phases. The studies
on the enhancement of life stability and
rate capability of LiFePO, are still high-
lighted.

Vanadium and titanium are very at-
tractive dopants for LiFePO, since they
readily form corresponding lithium met-
al phosphates. Although several reports
have been published on vanadium [6-12]
and titanium [13-16] substitution, there is
much disagreement regarding the forma-
tion of the LiFe, VPO, and LiFe, Ti PO,
solid solutions. Some authors insist that
V** substitutes for Fe** on Fe sites within
the solid solubility limit 0<x<0.08 [9] or
at x<0.1 [7]. According to [7], the solid-
solution limit depends on the preparation
method and heat-treatment temperature.
When synthesis temperature is increased
to 700 °C, the decreased V solubility
and the formation of the second phase -
Li,V,(PO,), - are observed. Similarly,
when LiFePO4 was doped with Tj, titani-

Experimental

Li,CO,, FeO, V,0, TiO, and
(NH,),HPO, were used as reagents
for the synthesis of LiFe ,V PO, and
LiFe ,Ti  PO,, further labeled as LFVP
and LFTP. Soot was used as a reducing
and coating agent (5%). The reagent mix-
tures were undergone a mechanochemi-
cal activation (MA) by means of a high-
energy AGO-2 planetary mill (900 rpm).
The activated mixtures were annealed at

750 °C in Ar flow.

um phosphate impurities like TiP,O, and
LiTi (PO,), at higher doping level (y>0.05)
were formed [14]. V- and Ti-doped LiFe-
PO, samples are reported to show excel-
lent reversible capacity and rate capability.
However, there is no common viewpoint
on the mechanism of the improvement.
In many previous studies, cationic substi-
tution to the Fe site (M2 site) in LiFePO,
usually results in higher ionic mobility
and Li_ diffusion coefficient due to the
cell volume expansion and the probable
weakening of the Li-O interactions. The
latter lowers the charge transfer resistance
and thus improves the reversibility of the
lithiation process. Only a limited number
of reports show that cationic substitution
to the Li site (M1 site) is probable, result-
ing in the production of Li vacancies that
increases the capacity of LiFePO4 [11]. It
remains essential to develop the synthetic
routs with an appropriate cation doping of
LiFePO, along with decreased particle size
and optimized carbon coating.

The aim of the present work was the
study of V- and Ti-doping of LiFePO, pre-
pared by mechanochemically assisted car-
bothermal reduction.

X-Ray powder diffraction (XRD) was
performed using D8 Advance Bruker dif-
fractometer, CuKa irradiation. The struc-
tural refinement of the XRD data was car-
ried out by the Rietveld method using the
GSAS software package. Particle size and
morphology were characterized by trans-
mission electron microscopy (TEM) using
a JEM-2200 FS transmission electron mi-
croscope. Microanalysis was performed by
means of energy dispersive X-ray analyzer
EX-230 BU. For electrochemical testing,
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the composite cathodes were fabricated us-
ing 75 wt.% active material, 20 wt.% Super
P (conductive carbon) and 5 wt.% PVDF/
NMP binder. The as-mixed slurry was
then pasted on the aluminum foil to obtain
working electrodes. The loading density of
the prepared samples was 2-3 mg-cm™, and
the electrode diameter of 10 mm was used

Results and discussion

Figure 1 shows the Rietveld refined
XRD patterns of the as-prepared samples
LFVP and LFTP. It is evident that both of
them are well fitted by a two-phase model:
LFP with an orthorhombic olivine-type
structure (space group Pnmb) and LVP
with a monoclinic structure (space group
P2 /n) or LTP with a rhombohedral struc-
ture (space group R-3c). The observed and
calculated patterns match well, and the
reliability factor (R ) is good. The olivine
structure of LFP consists of corner-shared
FeO6 octahedra running parallel to the
b-axis, which are linked together by the
PO, tetrahedra. The monoclinic structure
of LVP comprised of metal octahedra and
phosphate tetrahedra sharing oxygen ver-
tices. Li ions are situated in the cavities
within the framework [17]. The occur-
rence of corner-shared chains of Li poly-
hedra along the b-axis and open diffusion
pathways in the other directions provide
rapid, isotropic ionic transport similar
to the fast-ion conduction in NASICON
phases. The rhombohedral structure of
LTP consists of a three-dimensional net-
work made of TiO, octahedra sharing all
their corners with PO, tetrahedra and vice
versa to form so-called ‘lantern units, all
oriented in the same direction (along the
c-axis) [18]. The conduction channels are
generated along the c-axis direction. The
results of structural analysis of the com-
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throughout. The working electrodes were
dried at 120 °C. Swagelok-type cells were
assembled in an argon-filled glove box with
Lias an anode, 1M LiPF, solution in a mix-
ture of ethylene carbonate and dimethyl-
carbonate (1:1 by weight) as an electrolyte,
and a glass fiber filter (Whatman, Grade
GF/C) as a separator.

posites obtained from XRD Rietveld re-
finement are shown in Table 1. The lattice
parameters of LFP in the LEVP compos-
ite are slightly smaller than those of pure
LFP. The slight changes of lattice param-
eters can be ascribed to the small incor-
poration of V ions with smaller ionic ra-
dius (R, =0.64 A, R, =0.53 A) into the
structure of LFP. The calculated mol.% of
LFP and LVP phases are about 96.3 and
3.7 mol.%, respectively. In the LFTP com-
posite, the changes of lattice parameters

20, degree

Fig. 1. Rietveld refined XRD patterns o
f V- (a) and Ti-doped (b) LiFePO,



The supervalence doping to improve
the electrochemical characteristics of LiFePO,

Ne 4| 2015
Chimica Techno Acta

Table 1
Results of structural analysis obtained from XRD Rietveld refinement
. LEVP LFTP
Lattice parameters LFP
LEP LVP LFP LTP
a, A 10.3052(1) | 10.2935(3) | 8.583(6) | 10.3053(3) | 8.491(2)
b, A 5.9946(1) 5.9886(1) 8.574(6) 5.9947(2) 8.491(2)
¢ A 4.6833(1) 4.6843(1) 12.018(8) 4.6828(1) 20.855(9)
d 90.56(6)
Vv, A3 289.32(1) 288.76 884.4(7) 289.29(2) 1302.1(4)
R, % 6.60 8.52 9.29
X 1.290 2.205 2.214
LFP/LMP (mol. %) 96.3/3.7 95.8/4.2

of LFP are smaller than in LEVP. The cal-
culated LFP/LTP ratio is 95.8/4.2 mol.%,
evidencing lower degree of Ti**/Fe** sub-
stitution.

Incorporation mechanism of superva-
lent ions in the structure of LFP is debat-
able. According to [5], it is unfavorable
in all the LIMPO, systems. This strongly
suggests that these ions are unstable
within the crystal lattice of LIMPO, and
unlikely to be incorporated beyond low
concentration (>3%). The compensation
mechanism for supervalent dopants was
found to be the formation of M** vacan-
cies, whereas compensation by a change
in charge state of the transition metal ion
was much higher in energy.

According to the literature, the elec-
tronic state of Fe ions in LFP does not
change upon V- and Ti-doping. The au-
thors of Refs. [13-15] have found the oxi-
dation state of doped Tiions as 4+, where-
as the oxidation state of V ions is between
3+ and 4+ [9-11]. The M3** and M*" sub-
stitution for Fe** in the structure of LFP
compound along with the formation of Li
vacancies and ‘anti-site’ pair defects can be
represented by the following equations in
Kroger-Vink notation:

Li *>V '+Li

Fe, *+ Li * > LiFe' + Fe '

12M,0, + 3/2Fe * > M, + 1/2V_" +
3/2FeO

MO, +2Fe . *> M_ " + V_" + 2FeO

It was supposed that iron ions can
migrate from Fe ' sites to V" vacancies.
Thus, the main defects in the V- and Ti-
doped LFP should be Li vacancies and M**
ions in Fe sites [5].

According to TEM, the LFVP and
LFTP samples consist of the irregular
shaped nanosized particles with an av-
erage particle size of about 100-300 nm
similar to pure LFP (Fig. 2). The surface
of the particles is coated by a thin carbon
layer. EDX microanalysis confirms the
targeted concentration of the elements in
the as-prepared composites. The maps of
Fe and V distribution in LFVP are shown
individually and overlaid with the original
image in Fig. 2c-e. It is evident that LVP
forms smaller particles, preferably on the
surface of larger LFP particles, thus, prob-
ably enhancing surface Li ion mobility in
the composite.

Electrochemical behavior of LFVP and
LFTP was studied within the 2.5-4.3 V
voltage window at C/10 charge-discharge
rate. Charge-discharge profiles and the
correspondent dQ/dV vs. voltage plots
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are shown in Fig. 3. The profiles, as well as
the number and the position of the redox
peaks agree with the literature data for the
pure phases. The plateau at around 3.4 V
is based on the Fe**/Fe*" redox couple cor-
responding to one Li (de)intercalation
from/in LFP via a two-phase mechanism.
V-doped sample is characterized by the
appearance of some additional distinct
plateaus at higher voltage, which have
been attributed to the operation of V3+/
V* and V*/V3* couples in LVP. Accord-
ing to Ref. [17], LVP exhibits three oxida-
tion plateaus around 3.62, 3.70, and 4.09
V when charged to 4.3 V, corresponding
to a sequence of two-phase transitions
Li,V,(PO,), » Li,.V,(PO,), > Li,V,(PO,),
- Li V,(PO,),. Very close position of the
oxidation and reduction peaks for pure
LVP upon cycling in the 2.5-4.3 V points
to low degree of polarization and that the
electron and ion transport is facile [17].
Ti-doped LFP also exhibits additional
plateau, but at lower voltage. This plateau
was ascribed to operation of the Tid+/
Ti3+ couple in LTP. It has been found ear-
lier that LTP can insert two additional Li
ions at ~2.5 V corresponding to reduction
of two Ti* ions to Ti* [19]. Li insertion
in LTP is realized by a two-phase mecha-
nism. It should be emphasized that LTP
serves as an insertion host to accommo-
date the Li ions that could not be inserted
back into the LFP structure. Note that the
position of the redox peaks on the dQ/dV
plots well corresponds to those of pure
LFP, LVP and LTP, evidencing that low
degree of substitution and the compos-
ite formation do not noticeably influence
voltage of the redox processes upon cy-
cling. On the contrary, in the case of the
olivine-type solid solutions, e.g., LiFe,
Mn PO, and LiFeLyCoyPO ,» the Fe2+/Fe’
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Fig. 2. EDX (a), TEM (b) and element
distribution images (c-e)
of V-doped LiFePO,.
and Mn*/Mn?*" (Co*/Co*") redox poten-
tials progressively increase/decrease vs.
dopant content [20, 21].

Figures 4a and 4b present discharge
profiles of the doped samples at differ-
ent rates, whereas Fig. 4c and 4d display
the dependence of the specific discharge
capacity vs. cycle number at C/10 rate
and cycling rate, respectively. The initial
discharge capacity was 152 mAh-g' for
LFVP and 135 mAh-g" for LFTP, however
it gradually decreases at the following cy-
cles. Rate capability of LFVP is superior
to that of LFTP. The enhancement of the
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Fig. 4. Discharge profiles (a,b), specific discharge capacity
vs. cycle number (c) and cycling rate (d) for V- and Ti-doped LiFePO,
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electrochemical performance of LFVP
was considered to be a result of the pres-
ence of LVP phase with high Li ion mobil-

Conclusion

V- and Ti-doped LiFePO, samples
were synthesized using Fe,O, and V.0,
or TiO, as the raw materials with carbon
both as a reductive and covering agent
by a simple mechanochemically assisted
carbothermal reduction. It has been es-
tablished that the as-prepared samples
are comprised of two finely mixed phases:
LiFePO, with a small degree of Fe/V(Ti)
substitution and the impurity phases:
Li,V,(PO,), or LiTi,(PO,),. Small particles
of the secondary phases are segregated on
the surface of larger LiFePO, particles.

ity and suitable amount of point defects in
the structure of LEVP.

V-doped LiFePO, exhibits better cyclea-
bility and rate capability than Ti-doped
one. This should be due to higher lithi-
um diffusion arose from the presence of
Li,V,(PO,), with high Li ion mobility and
suitable amount of defects due to partial
V substitution for Fe. The increase in a
number of voltage plateaus and the mean
intercalation voltage due to the presence
of the Li,V_(PO,), secondary phase should
be advantageous for improving the cell
performance of LiFePO,.
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CynepBaneHTHOe fONMpOBaHMe ANA YAy4LIEHUS
3neKTpoxummnyeckux xapakrepucruk LiFePO *

Oprodcpocdpare LiFe, M, ,PO, co cTpykTypoit onmBMHa, AONMPOBaHHbIE BaHa-
OVEM U TUTAHOM, ObiM MOMYYeHbl C NMOMOLLbIO MEXAHOXUMUYECKW CTUMYNIMPO-
BaHHOrO TBEPAO(A3HOr0 CUHTE3a C WCMOJb30BAHUEM BLICOKOIHEPreTUYECKOi
nnaHetapHoi MenbHuubl AF0-2 v nocnepytowero omkura npu 750 °C. Mokasa-
HO, 4TO MOHbI V 1 Ti He NONHOCTLIO 3aMewalT MoKkl Fe* B cTpykType LiFePO,.
OcraBLuascs YacTb 3TUX MOHOB y4acTBYeT B 06pa3oBaHuv BTOPOiA hasbl C HacK-
KOHOMO[06HO CTPYKTYpOiA: MOHOKAMHHOI Li.V_(PO,), (npocTpaHcTBeHHas rpyn-
na P2,/n) n pomboagpuueckoit LiTi (PO,), (mpoctpaHcTsenHas rpynna R-3c).
CornacHo [13M, cpegHwii pa3mep YacTuL, HAHOKOMMNO3MTOB 0kono 100-300 HMm.
30C mMvkpoaHanu3 nokasasn, YTo Meskue YacTuLibl BTOPUYHBIX (ha3 cerpermpo-
BaHbl Ha MOBEPXHOCTH 6onee kpynHbix YacTuyy LiFePO,. Ha 3apaaHo-paspaaHbix
kpusbix LiFe, M, PO, npucytcTayior nnaro, cootsetcrayiowye LiFePO, n BTopoi
thase. [lonnpoBaHme BaHaaveM NOBbILIAET YCTOAUNBOCTb LnKMpoBaHus LiFePO,
W yNyylwaeT ero LMKAMPYEMOCTb NpU BbICOKMX CKOPOCTsIX B GONbLUEN CTeneHu,

4yeM B Cdiydae gonnpoBaHnA TUTAHOM.

Knroyesbie cnosa: LiFePO ,» CYNepBasieHTHoe A0NMPOBaHME; MEXaHOXUMUYECKAs aKTUBALMA; NEKTPOXUAMI-
YECKOe LIMKIMPOBaHKE.

*[laHHasi paboTa BbINOMHEHA NPY YaCTUYHOI thuHaHcoBoi noaaepxke POOU (rpaHt N2 14-03-01082).
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Beepenue

CTPYKTYpOIl ONMBUHA, OO/MafaroIeMy
HM3KOJ 3/IEKTPOHHOI IIPOBOJVMOCTHIO

MHOro MOIBITOK 6bIIO0 nmpen-

OPOBOJSAIINE COEUHEHNUS] B IPUBIIE-
KaTe/IbHble 3JIEKTPOJ[HbIE MaTepuaibl,
BK/IIOYasl TOTydeHe MaTepyala B HaHO-
PasMEPHOM COCTOSIHUU, CO3[JaHIie HAHO-
YIIEpPOFHOTO MOKPBITHUS U LOMMPOBAHNUE
MOHaMu MeTajuioB [1-3]. 310 mosBomnu-
no xenesopocdary mutus LiFePO, co
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u MepieHHON nuddysueit mrus [3, 4],
CTaTh MePCIeKTUBHBIM KAaTOHbIM MarTe-
pMaIoOM C HeOOXOIMIMBIMM NIEKTPOXMNMI-
YeCKVMI CBOJICTBAMU U CIIOCOOCTBOBAIIO
€r0 BHEIPEHMIO B IPOMBIIIIEHHOCTD.
Bri1o nokasaHo, yto fud¢ysnsa nonos Li
B LiFePO, mpoucxoaut npenMyecTBeH-
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HO BJIO/Ib KaHa/IOB [1] MO KpuBOIMHEII-
HoIt Tpaektopun. Hanbornee npegmnoury-
TE/MIbHBIMU COOCTBEHHBIMN AedeKTamu
B LiFePO, ABnA0OTCA KaTMOHHbBIE aH-
TUCTPYKTYpPHBIE Jle(eKTbl, B KOTOPbIX
noHsbl Li u Fe obmenmBaTCcs Mectamm.
B coorBerctBun ¢ ab initio pacyetamm
no ponuposannio LiFePO, unskue sua-
YeHNs SHePTUM XapaKTepHBI TOMBKO M
IBYXBaJ€HTHBIX [OMAHTOB B IO3UIINAX
Fe, B To BpeMs Kak 3aMellleHNe CyllepBa-
JICHTHBIMU KaTMOHAMIU 3SHepPreTHYecKn
HeBBITOHO [5]. Mexy TeM aKcrepu-
MEHTA/bHO OBUIO MOKAa3aHO, YTO CYIep-
BasieHTHOe fonuposanne LiFePO, B mo-
sunun Li yBenmumBaeT ero s7IeKTPOHHYIO
IPOBOAUMOCTD B ~10% pas u mpuBoput
K IPEeBOCXONHBIM 3TeKTPOXMMUYIECKUM
xapakrepuctukam [3]. B panbueiimem
9TH Pe3y/IbTaThl OBIIN 0OBICHEHDI 00Opa-
30BaHMEM IPOBOJALINX IPUMECHBIX
¢das. ViccmenoBaHMAM IO IIOBBIIIEHUIO
crabunpHOCTM LMKAupoBanus LiFePO,
U ero IVK/IMPOBAHMIO TP BBICOKUX CKO-
POCTAX [0 CMX IOp HpuAaeTcs: 60ablIoe
3HaueHIe.

Banammit M TMUTaH ABAAIOTCA Ypes-
BbIYATHO IpPMBJIEKATEeTbHBIMY JOMAHTA-
mu gnag LiFePO » TIOCKOJIbKY OHU JIETKO
00pa3yl0T COOTBETCTBYIOLIME INTNII-Me-
rannodocdarel. Hecmorpsi Ha TO, 4TO
ObIIO OIyO/IMKOBAHO HECKONIBKO pPadoT
o gonuposanuio LiFePO , BaHajem [6-
12] u TmTanoM [13-16], cymecTByeT MHO-
rO pasHOIIACKII 10 TOBORY 0OpasoBaHMs
TBEPAbIX PACTBOPOB LiFelryVyPO R LiFelry
Ti PO,. Hexotopbie aBTOpbI yTBep:Kja-
0T, 4To V' 3amemjaer Fe* B mosmmuax
Fe B mpenenax o6mactu pacTBOPUMOCTHI
0 < x < 0,08 [9] mmu npu x < 0,1 [7]. Co-
r1acHo [7], mpepen pacTBOPMMOCTY B
TBepyioil pase 3aBUCUT OT METOAA CUH-
Tesa 1 Temmeparypbl. Korga temmeparty-

pa cmHTesa yBenmmuusaercsa go 700 °C,
HaOJTIOf[aeTCSI TIOHVDKEHME PACTBOPUMO-
ctu V u obpasoBanme Bropoit ¢asel —
Li,V,(PO,),. AHanornyHo, Korja mpous-
BoputTca monuposanue LiFePO , VIOHaMI
Ti, To mpyM BBICOKOM YpOBHE JJOIUPO-
BaHusA (x > 0,05) 06pasyTCs IpUMecH,
takue kak TiP,O, u LiTi (PO,), [14]. Co-
obiaercst, uto o6pasisl LiFePO » TOTIN-
posannble V n Ti, mokaspIBalOT OTINY-
HYI0 OOpaTUMYI0 eMKOCTb ¥ XOPOLIYIO
LVIK/IMPYeMOCTb IPU BBICOKUX CKOPO-
crax. Tem He MeHee HeT OOIIENl TOYKM
3peHNsI OTHOCUTE/IPHO MeXaHMU3Ma 9TOr0o
yrydileHusa. B GonblumHCTBe mpenbiny-
[UX MCCIENOBAHUIT KATMOHHOE 3aMe-
nieHve B nmosuuuax Fe (mosuiusa M2) B
LiFePO,, kak mpaBuao, NpuBOauT K 60-
jiee BBICOKMM MOHHONM IOABVIKHOCTU U
koapPuuuenty puddysun Li* B cBA3n
C yBenmueHueM obOBbeMa 9IeMEHTAPHOI
SYENKM U BEPOSITHOTO OCTAb/IeHnst B3a-
umopeiicteuit Li-O. IocnenHee cHmKaeT
COIPOTUBIIEHE TIPU TIEPEHOCE 3apsma U
TEeM CaMbIM Y/Iy4llIaeT 0OpaTVMOCTb IPO-
1ecca MATUPOBaHus. TONMbKO B HECKOJIb-
KiX paboTax IOKa3aHO, YTO BO3MOXKHO
KaTMOHHOE 3aMellieHne B Mo3ummax Li
(mosvuym M1), B pesynbraTe 4ero Ipo-
UCXOOUT 0OpasoBaHue BakaHcuit Li, 4To
yBenuumaeT emkocth LiFePO, [11].
B cBst3u ¢ aTuM HeoOxoMMa paspaboTKa
METOOB CUHTe3a LiFePO4 C TIOAXONs-
I[VIM KaTMOHHBIM JOIVPOBaHMEeM HapARy
C YMeHblIeHNeM pasMepa 4YacTHll U CO-
3[aHMEM OITUMAJIBHOTO YITIEPOJHOTO
HOKPBITHS.

ITenpro maHHOI pabOTHI OBITIO U3yUe-
Hue V- u Ti-gonmposanoro LiFePO o
CMHTE3MPOBAHHOIO MEXaHOXMMUYECKNU
CTUMYIMPOBAHHBIM KapOOTepMIIeCKIM
BOCCTaHOBJIEHVEM.
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JKcnepuMeHTaNbHasA 4acTb

LiF eO)QVO’lPO , 1 LiF eo)9TiO)1PO ,» Jaiee
o6o3nauennsie kKak LFVP u LFTP, Obumn
CHUHTE3UPOBAHbl C MHCIIOJIb30BAHUEM B
Ka4ecTBE HMCXOJHBIX pPEarcHTOB Li2C03,
Fe,0,,V,0,, TiO, u (NH,),HPO,. B kaue-
CTBE BOCCTAHABJIMBAIOLIETO U IOKPHIBAIO-
LIEro areHTa MCcHoib30Bain caxy (5 %).
CMech HCXOIHBIX peareHTOB NOABEPIaIn
MexaHuveckoi aktuBaiuu (MA) B BbICO-
KOPHEPTeTHUECKON TUTAHETApPHOW MeEIb-
aune AI'O-2 (900 06./MuH.). OTRHUT Me-
XaKTHUBUPOBAHHOW CMECH OCYIIECTBIISUIN
B Toke Ar mpu 750 °C.

Pentrenodasosbit  anamms  (PDA)
IIPOBOVIIN C IOMOIIBIO iudpaKkTOMeTpa
D8 Advance Bruker, usnryyenne CuKoa.
sl CTPYKTYpHBIX YTOYHEHMIT JaHHBIX
P®A ucnonp3oBany makeT mporpaMMHO-
ro obecrievennst GSAS. Pasmep u mopdo-
JIOTMIO YacTHULL OIpefesaay ¢ IOMOIbI0
IIpOCBEYMBAIOIIE)l  3/IEKTPOHHON  MU-
kpockornu (IT9M) ¢ umcnonpzoBaHUEM
IIPOCBEYMBAIOLIETO 3/IeKTPOHHOTO MIU-

PesynbTaTbl n 06cypeHue

Ha puc. 1 mpepcraBiensl pudpak-
TOTPaMMBI CHHTE3MPOBAHHBIX 00Pa3LoB
LEVP u LFTP, yTouHeHHbIe IO METORY
Putsenbpga. BupHO, YTO OHM XOPOILIO
OIIVCBIBAIOTCA  JIBYX(a3HON MOJE/bIO:
LFP ¢ opTOpOMOMYeCcKOil CTPYKTYpOit
onvBMHa (IPOCTPaHCTBEHHas TpyIlNa
Pnmb) u LVP ¢ moHOkMHHOI (mpo-
CTpaHCTBeHHas rpynma P2 /n) wnu LTP
¢ poMb60aapuIecKoil CTpyKTypoit (mpo-
CTpaHCTBeHHas rpymma R-3c). Habmo-
IaeMble M pacueTHbIe AM(PaKTOrpaMMbl
XOpOIIO KOPPENUPYIOT MEXAy coboif;
dakTop mocrosepHocTu (R ) nmeeT npu-
emyieMble 3HaueHMA. CTPyKTypa ONMBMHA
LFP cocrouT M3 CO€IMHEHHBIX BEpLIN-
Hamn OKTasnpoB FeO,, pacmonoxkeHHbIx
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kpockorna JEM-2200 FS. Mukpoananns
IIPOBOAM/IN C TIOMOUIbIO SHEPTOAVCIIep-
CMOHHOTO PEHTTeHOBCKOTO CIIEKTpOMe-
Tpa EX-230 BU. [I11 anekTpoxuMmuecko-
rO TeCTUPOBAHMA ObUIM MPUTOTOB/IEHBI
KOMIIO3MILIMOHHbIe KaTOJHble MaTepua-
JIBI, cocTosAIMe 13 75 BeCc. % aKTUBHOM
cocTassAmwIeil, 20 Bec. % MPOBOAAIILErO
yrnepoga Super P u 5 Bec.% cBasylouie-
ro PVDF/NMP. Ilony4yennas cycneHsus
3aTeM HAHOCUIACh Ha ATIOMUHNIEBYIO
¢donbry amsa monydeHus pabodmx 9ymek-
TponoB. IIJIOTHOCTb IPUTOTOBIEHHBIX
06pasioB cocTaBisina 2-3 Mr X cM™>, a
nuametp anmekTpoma 10 Mm. Pabouwmii
aNeKTpoy, BbicymmBamu npu 120 °C.
DJIeKTpOXMMUYeCcKIe sSTYeiKu cobupanmu
B aprOHOBOM OOKce, MCIIONb3YsI MTUTHIL B
KayectBe aHoma, 1M LiPF, B cmecu stn-
neH- 1 fuMeTnaKapbonata (1:1) B xade-
CTBe 97MeKTPOINTA U CTEKTIOBOTOKOHHBIN
¢unprp Whatman, Grade GF/C B kauect-
Be ceTaparopa.

BIO/Mb OCK b, KOTOpble CBSI3aHBI APYT C
[IPyroM TIOCpencTBoM TeTpasupos PO,
Monoxnmunaasa crpykrypa LVP copep-
KUT OKTas[pbl METAJUIOB M TeTPasAphI
docdara, nmeronine o6IIE ATOMBI KU-
cropofa B BepunHax. VIOHBI TUTHUA pac-
IIOJIOXKEHBI B IIOJIOCTAX CTPYKTYpHI [17].
Hanuyme nemodyek MHONMSAPOB JUTHA,
COeNMHEHHBIX BepIIMHAMM BIOIb OCK b
U OTKPBITHIX AN(P(QPY3MOHHBIX KaHAIOB
B JPYIMX HallpaBJIeHUAX, obecrednBaeT
OBICTpBIIT, M30TPOIHBIN MOHHBI TpPaH-
CIIOPT, MOJOOHBI CYIIEPUOHHOI IIPOBO-
OMMOCTHU B COEIMHEHMAX CO CTPYKTYpOIt
NASICON. Pomb6oapudeckast CTpyKTypa
LTP mpepcrasisier us cebss TpexMepHYIO
cetb u3 oktasupoB TiO,, coenmHeHHbIX
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BCEMU CBOMMM BepIIMHAMU C TETPas-
apamu PO,, u Hao60poT, hopmupys Tax
HasbiBaeMble «(hOHAPUKI», OPUEHTUPO-
BaHHbIE B TOM K€ HalpaBieHun (BLOTb
oc ¢) [18]. Kanampr mpoBopmmocTu
¢dbopMupyI0oTCst BOIb ocu ¢. Pesymbprarhl
CTPYKTYPHOTO aHajM3a KOMIIO3UTOB, I10-

(a)

20, rpaaychl
(6)
Rt e Doy
LTPO bh ) [N I TRV
L I I A
10 20 30 40 50 60 70
20, rpagycsl

Puc. 1. Judpaxrorpammst V- (a)
u Ti-pormposannoro (6) LiFePO,,
YTOYHEHHBIE 110 MeTOfy PutBenpia

JIy4eHHble TI0CTIe yTOYHEeHNA A1dpaKTor-
paMM MeTofoM PuTBenbfia, mpefcTaBbie-
HbI B TaO1. 1. [Tapamerpsl pemretku LFP
B Komnosute LFVP Heckonbko MeHblle,
yeMm y uncroro LFP. He6onbiune usme-
HeHMsI TTapaMeTpOB MOIYT OBITH BbI3Ba-
Hbl HE3HAUUTETbHBIM BHEApEHUeM 1O-
HOB V C MEHbIIMM HOHHBIM PajjycoM
(R,,, = 0,64 A, R, =053 A) s CTPYKTY-
py LFP. Paccunrannoe coornouenue ¢as
LFP/LVP oxomno 96,3/3,7 mon. %. B xom-
nosute LFTP u3MeHeHMs napamMeTpoB
pewerky LFP MeHble, yeM B KOMIIO3MTe
LFVP. Paccuntannoe cootHomenune LFP/
LTP - 95,8/4,2 mon. %, 4TO CBUETEb-
CTBYeT O MeHblIleil CTelleH) 3aMelleHNs
Ti**/Fe*".

Bonpoc 0 MexaHu3Me BHEPEHNUA Cy-
IIepBaJIEHTHBIX MOHOB B CTPyKTypy LFP
ABNAETCA JVUCKYCCMOHHBIM. B cooTBet-
ctBun ¢ [5], aTOT mMporiecc Hebmaronpu-
ATeH mnsA Bcex oprodocdaros LiMPO,.
9TO yKasplBaeT Ha TO, YTO CyINepBajeH-
THble JOHBI HeCTaOM/IbHBI B KPUCTAJ-
nmuyeckoit pemerke LIMPO, un Bpan nmn
MOTYT BCTPaMBaTbCs B KOHIIEHTPALMAX,
npesblmarmux 3 %. YCTaHOB/IEHO, YTO
MeXaHM3MOM KOMIIeHCAIIUM JJid CyIep-

Tabmuma 1
Pe3ynbTaThl CTPYyKTYypHOTO aHa/IM3a C yTOYHEHNEM II0 MeTofy PuTBenbia
ITapameTpsl LEP LFVP LFTP
pemeTkn LFP LVP LFP LTP
a, A 10,3052(1) 10,2935(3) 8,583(6) 10,3053(3) 8,491(2)
b, A 5,9946(1) 5,9886(1) 8,574(6) 5,9947(2) 8,491(2)
¢, A 4,6833(1) 4,6843(1) 12,018(8) 4,6828(1) 20,855(9)
O 90,56(6)
V, A3 289,32(1) 288,76 884,4(7) 289,29(2) 1302,1(4)
R _,% 6,60 8,52 9,29
X 1,290 2,205 2,214
Iifaf)flef 96,3/3,7 95,8/4,2
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BaJICHTHBIX JIONIAHTOB AB/IAETCA (PpopMu-
poBaHue BakaHcuil M?*', B TO BpeMs Kak
U3MeHeHNe 3apsA0BOTO COCTOSHUA MO-
HOB I[IepeXOJJHOTO MeTajIa 6o/iee 9HEpro-
3aTpaTHo.

Ilo nuTepaTypHBIM HAHHBIM, 37eK-
TpoHHOe cocTosiHMe noHoB Fe B LFP He
MeHseTcsl npu pommposanuu V u Ti
Aropel  pabor [13-15] ycraHoBmny,
YTO CTeNeHb OKMCIIeHMs JONMPOBAaHHBIX
noHoB Ti 4+, B To BpeMs Kak MOHOB V -
Mexny 3+ 14+ [9-11]. 3amelenne N1OHOB
Fe?* nonamu M** u M** B crpykrype LFP
OIHOBpPEMEeHHO ¢ 00pa3oBaHUEM BaKaH-
cuit Li M «aHTUCTPYKTYPHBIX» IapHBIX
HedeKTOB MOXKeT OBITh IIPENCTABICHO
CNIeNyIOMYMM YpaBHEHUAMHU B CUCTeMe
Kpérepa — Bunka:

Li*— V. '+Li

Fe "+ Li *°Li '+ Fe

1/2M,0, + 3/2Fe * — M, + 1/2V "+
+ 3/2FeO

MO, +2Fe,* — M, "+ V_" + 2FeO.

[Tpenmonaraercsi, 4TO MOHBI >Kere3a
MOTYT MUTPUPOBaTh U3 nonoxenni Fe
B BakaHcuu V. ". Takum 06pasom, OCHOB-
HbiMu flepextamu B LFP, nonmpoBanHOM
monamu V u Ti, JOIKHBI OBITH BAaKaHCUU
Li u monbr M** B mosunusx Fe [5].

Cormacao II9M, o6pasust LFVP n
LFTP cocTosT 113 HaHOpa3MepHBIX YaCTHI]
HeIIPaBMIbHOI (POPMBI CO CpeHMM pas-
MepoM okono 100-300 HM, aHA/IIOTMYHO
yncromy LFP (puc. 2). IToBepxHocTh 4a-
CTUI] MOKPBITA TOHKUM CJIOEM YT/IepOofa.
OHeproAycnepCcUOHHbIN PEHTTeHOBCKIUI
MUKpPOAHaNMM3 TIOATBEpXKAaeT 3aflaH-
HYIO KOHI[EHTpAIluI0 37IeMeHTOB B CUH-
Te3MPOBAaHHBIX KOMIIO3UTaX (puc. 2, a).
Ha puc. 2, 6-2 mpuBefieHbl UHAUBUYAIIb-
Hble KapThl paclipefiefieHns 3/1eMeHTOB
Fe n V mna ob6pasia LEVP mpu nanoxe-
HIM C MCXOZHBIM M3006pakeHneM (puc. 2,
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6). OueBnpHoO, uto LVP obpasyer 6omee
MeJIKMe YaCTHUIIbI, MPEeAIIOUYTUTEeNbHO Ha
MOBEPXHOCTY 0O/ee KPYMHBIX YacTUI]
LFP, Takum 06pas3oM, BEpOSTHO, yBeM-
4yBag MOBEPXHOCTb 1A guddysun mo-
HOB Li B Kommo3nure.
INeKTpoXuMIIecKoe HoBefieHNe
LFVP u LFTP wusywanu B pmamasoHe
HanpspkeHnin 2,5-4,3 B npm ckopoctu
yukaupoBanusa  C/10.  3apapHo-pas-
psfgHble TPOGUIN ¥ COOTBETCTBYIOLINE
saBucumoctt dQ/dV ot HampspkeHums
nokasaHel Ha puc. 3. IIpodumm, a Taxke
KOJIMYECTBO ¥ IIONIOXKEHUE OKUCIUTE/Ib-

15000

-

13500

PKa

12000

10500

5000

OKa VLa

Counts

7500
000

T3

3000

mu-c‘: ] % J\

T u y
[ 150 300 430 600 730 w00 w30 1200 B3

BF 300 nm

c———— 300 nm

Puc. 2. EDX (a), TEM (6) u kapTsl
pacnpenenenus snemMenToB (6-0) LiFePO4,
JOMUPOBAHHOTO BaHAMEM



(CynepBaneHTHOe AONMPOBaHUe

ANA YNyHLEeHNA 3NeKTPOXAMMIecKuX xapaktepuctuk LiFePO,

Ne 4| 2015
Chimica Techno Acta

HO-BOCCTAHOBMTE/IbHBIX MNMKOB COIJIa-
CYIOTCA C JUTEePaTypHBIMU JIaHHBIMU
mast uncteix das. IInato okomo 3,4 B
OTHOCUTCSI K OKMC/INTETbHO-BOCCTaHO-
ButenpHoit mape Fe®'/Fe’*, coorsercr-
Bylowel (fe)unrepkanaunu Li ns/s LFP
1o aByxgasHoMy MexaHusmy. O6paser,
TOMMPOBAHHBIN V, XapakTepusyeTcs Io-
SB/IeHMEM HEeCKONbKIX JOIOTHUTETbHBIX
OTYeT/IMBBIX IIATO NP Gojee BHICOKOM
HaIpsKeHNUM, KOTOpble OTHOCATCA K pa-
6ounm nmapam V**/V* u V#/V3* B LVP.
CornacHo [17], it LVP xapaktepHsl Tpu
OKUC/IUTENBHBIX IIATO OKOIO 3,62; 3,70;
4,09 B ipu 3apsaze no 4,3 B, cooTBeTCTBY-
IollJie MOC/IeOBaTeIbHBIM ABYX(asHbIM
nepexogam Li,V,(PO,), ° Li,.V,(PO,), °
Li,V,(PO,), * Li V(PO,),. Ouenp Onus-
KOe PpacIloNIo)KeHMe OKMCIUTETbHBIX U
BOCCTQaHOBMTENIbHBIX IMKOB /A YUCTO-
ro LVP npu nuknmpoBanumu B guamnaso-
He HampspbKeHui 2,5-4,3 B ykasbiBaeT
Ha HM3KYI0 CTelleHb NOMApU3ALNU U

48 LFP
(@) 40f 1
35f
30 F
25f
m 45 [ 1 1 L 1
o) F LFVP
= 40} J
g 35t
& 3o0f F
g. L
S 25f
T 45 . L L
L LFTP
40} J
35t
3.0}
251 1 N 1 1 1
0 50 100 150

-1
YoenbHaa eMKOCTb, MA YT

00JIerYeHHbIII MEKTPOHHBIN U VOHHBII
TpancnopT. LFP, monmpoBaHHbI TUTa-
HOM, TaK>Ke MMeeT JOIONHNTeIbHOe IIIa-
TO, HO Ipy O0JIee HM3KOM HAIPSDKEHMIN.
ITO MIAaTO COOTBETCTBYET paboueil mape
Ti**/Ti** B LTP. Panee 6b110 06Hapy»XeHo,
yto LTP MOXeT BHe#pATb fABa IOIOJ-
HUTENbHBIX MOHA Li mpym HampspkeHun
~2,5 B, cOOTBETCTByIOIIEM BOCCTaHOB-
nenmio AByXx monos Ti** mo Ti** [19].
Buegpenne Li B LTP peammusyeTrca mo
nByxdasHoMy MexaHusmy. Ciefyer 1oj-
4epKHYTb, 4T0 LTP cmyxut marpuieit
O pasMelleHNs MoHOB Li, koTopblie He
MOTYT OBITh BHEPEHBI 0OPATHO B CTPYK-
Typy LFP. OTMeTum, 4TO MONOXKEHUE
OKMCTUTETbHO-BOCCTAHOBUTEIbHBIX IHU-
koB Ha dQ/dV 3aBUCKMOCTSIX COOTBETCT-
ByeT nukam st unucteix LFP, LVP un LTP,
CBUJIETENbCTBYA, UTO HU3KasA CTEIeHb 3a-
MeleHNs ¥ 00pa3oBaHye KOMIIO3ITOB He
OKa3bIBAIOT 3aMeTHOTO BNMAHMSA Ha Ha-
IpsDKeHNe  OKMCIUTETbHO-BOCCTAaHOBU-
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Puc. 3. 3apsigHo-paspsipusie npodunu (a) u sasucumoctyt dQ/dV ot Hanpsixenus (6)
A gncroro, V- u Ti-gonmposannoro LiFePO4
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TeJIbHBIX IIpolieccoB mpu ukaupoBanun.  C/10 1 OT cKOpOCTU LIMKIMPOBAHUA, CO-
C #pyroit CTOpoHBI, B Clydae TBEPABIX OTBeTCTBeHHO. HavanbHas paspsapHas
PacTBOPOB CO CTPYKTYpOJT ONIMBYHA, Ha-  €MKOCTb COCTaBlAeT 152 MAY X 1! mia
npuMep, LiFelryMnyPO R LiFelryCoyPO p» LFVPu 135 MAu x r! pna LFTP, ogHako
OKVICTNUTeTbHO-BOCCTAHOBUTENIbHbIE IIO-  IOCTEIIEHHO YMEHbIIAeTCsA Ha IOCTeny-
teHiuansl Fe?*/Fe’* m Mn?*/Mn’** (Co**/  romux umkiaax. LEVP ny4me unkampyer
Co’") NHOCTeNeHHO IOHIDKAIOTCA/TIOBBI-  IIPY HOBBIMIEHHBIX CKOPOCTAX, 4eM LFTP.
MIAIOTCA B 3aBUCMMOCTHU OT cofiepXaHusA  Ha Hamn B3IiAg, yaydlleHue sJIeKTpOX1-
momanra [20, 21]. Mmuecknx xapakrepuctuk LEVP apnser-
Ha puc. 4, a, 6 npencraBnensl paspsn- s CIeACTBYEM IpucyTCTBUs (aspr LVP ¢
Hble IPO(IIN ZONMPOBAHHBIX 00PA3L[OB  BBICOKOJI MOABIDKHOCTHIO IOHOB JIUTHS U
IpUPA3TNIHBIXCKOPOCTAX,aHApUC.4,6,2—  TIPUEM/IEMOTO KONMYeCTBA TOYEYHDIX Jle-
3aBUCHMOCTD YHENbHON paspAfHOil eM-  QekToB B cTpykrype LEVP.
KOCT) OT HOMepa IMKJIA IPY CKOPOCTHU

3aknueHue

O6pasupr  LiFePO ,» MONMPOBAHHBIE  C UCIOIb30BAHNEM Fe203, VZO5 n TiO2 B
BaHafileM U TUTAHOM, ObUIM CUHTe- KadeCTBEe JMCXOJHBIX PEareHTOB M CaXXM
3MpPOBaHBl C IIOMOILIbI0O IPOCTOTO Me- A BOCCTAHOBJICHMS U CO3[aHUA YIJle-
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COCTOAT M3 JBYX TOHKO IIepeMeIlaHHbIX
¢as: LiFePO, c manoii crenenpio 3ame-
menns Fe/V(Ti) n npumecHoit ¢aspl —
Li,V,(PO,), wmn LiTi,(PO,),. Manenbkue
YacTUIBl BTOPUMYHBIX (a3 cerpernpona-
HBI Ha [IOBEPXHOCTI 6OJIee KPYyIIHbIX 4a-
crun LiFePO,. LiFePO,, jonmpoBanHbIii
BaHafueM, obOmajaeT mydiueil cTabuib-
HOCTBIO IIPY LMK/IVPOBAaHUM U LUKIIMPY-
eMOCTBIO IIpJ IIOBBILIEHHBIX CKOPOCTAX,
qeM oOpasell, ZOMMPOBAHHBIX TUTAHOM.

910 B 6OMIbIIEN CTENEeHN CBI3aHO C 60-
jee BBICOKOV auddysueit TUTUA, BbI3-
BanHON mpucyrcteuem LiV (PO,), c
BBICOKOII MOOMIBHOCTbIO MOHOB Li m
IpUeMIEMbIM KOJMYeCTBOM JieeKToB
BC/IE[CTBIIE YACTUYHOrO 3aMelleHus V
Ha Fe. YBenmmuenne 4ucna miaaro u cpef-
Hero HaNpsDKEHVsI MHTEPKasuu 67aro-
mapsa npucyrcruto Li,V,(PO,), momkHo
UIMeTb IIPeVMYIIeCTBA B YAYYILIEHNN V-
knupoBanusa sveek ¢ LiFePO,.
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