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New Li-containing solid solutions LiyM:1xCaxMnOs (M = Pr and Eu) were synthesized by electrochemical
lithiation of the ceramics with perovskite structure. The qualitative and quantitative composition of the initial and
Li-containing ceramics was determined by scanning electron microscopy and energy-dispersive X-ray
spectroscopy. The M/Ca/Mn cation ratio was confirmed by X-ray fluorescence spectroscopy. The crystal structure
of theM1xCaxMnOQzsolid solutions before lithiation (GdFeOs-type structure, space group Pnma, Pearson code 0P20)
and after lithiation (filled-up GdFeOs-type) was determined by the Rietveld method. X-ray structural analysis
showed the formation of phases with increased unit cell parameters after lithiation process. In the case of Eu and
Pr-containing samples X-rays diffraction patterns illustrate the amorphous halo based on the by-products of reaction
between of ceramics surface and components from electrolyte. Under experimental conditions (Li-metal anode) the
quantity of intercalated Li increases for ceramics: Lio.ossEUosCaosMnQs, Lio.113ProsCaosMnQOs, and
Lio.134Pro.7Ca0.sMnOs. Scanning electron microscopy method revealed the formation of Li-containing aggregates
with dimension of 200-900 nm. The grains demonstrate block-like or irregular shape morphology with developed

area surface.
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Introduction

Complex ceramics as well as intermetallic compounds
are widely used as thebasis of modern materials with
multifunctional properties. For today the synthesis of
nano-multicomponent substances and the investigation of
influence of different doping components on their crystal
structures and physicochemical properties is one of the
most popular trends in many fields of science [1].
Perovskites, spinels and garnets are among the highest
promising materials for technology, including energy
industry, such as the mixed oxidation state of their
components is often the cause of unique physical
properties. Magnetic, photoelectric (energy
accumulation), catalytic properties, the characterizationas
electrodes in solid oxide fuel cell (energy transformation)
are the best studied [1-12]. Perovskites with variable
oxidation state of elements (Mn?*/Mn®, Mn3*/Mn*
Pré*/Pr#, Eu**/Eu®, V#/V5, Pb?/Pb* etc.) and cation
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defects in the crystal structure seem to be specially
interesting for scientists, engineers, and inventors as
prospective cathode materials. The improvement of
corrosion resistance, thermal stability and increasing of
discharge capacity of cathodes can operate using Li-
doping of electrodes [13]. In our previous works we have
studied the influence of doping components on
electrochemical properties of intermetallic compounds or
solid solutions as electrode materials [14-18]. Ternary
intermetallics from systems of rare-earth metals, transition
metals and magnesium (zinc or cadmium) [19-22] are
considered especially promising, where, in addition to
insertion, the replacement of electrochemically active
elements (Mg, Zn or Cd) by lithium may takes place. The
aim of this work was to synthesize the LiyM1.,CayMnOz (M
= Pr, Eu) ceramics and investigate its electrochemical
properties as cathode material in Li-ion prototype battery.
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I. Materials and experimental methods

Initial M1xCaxMnQO3 (M = Pr, Eu) ceramic samples
were synthesized by two-stage solid-state reaction method
starting from appropriate quantities of oxides and
carbonates of high purity. At the beginning the reagents
were mixed manually and heated in the muffle furnace at
1000°C during 24 hours. Then the mixtures were ground,
pressed and sintered in the tube furnace at 1200°C during
8 hours. Electrochemical lithiation was investigated in a
two-electrode Swagelok-type cell. A synthesized

Cathode Pr0_5cao_5MnO3 + yL]+ + yé

powdered ceramics was used as cathode material. It was
mixed with the electrolyte (1M Li[PFs] solution in 1:1
ethylenecarbonate/dimethylcarbonate). As anode we used
the sheet of Li-metal (99.8 wt.%, commercial).
Electrochemical measurements were carried out in the
galvanostatic mode at 0.2 mA/cm? using MTech G410-2
galvanostat [23]. The amount of Li per formula unit
(Li/ff.u.) was determined for studied electrodes using
Faraday’s formula, where Li-content is directly
proportional to the discharge time. The electrochemical
reactions that occur in the case of ProsCagsMnOs ceramics
as cathode can be presented by the following scheme:

discharge (lithiation)

charge (delithiation) LyPT05C20.sMnO;
—

discharge (lithiation)

Anode: Li

In the case of Eu, we can see two reactions. Besides
lithiation as targeted electrochemical reaction we assume
the redox by-reaction of Eu?*/Eu®* transformation.

Diffraction data before and after electrochemical
lithiation were collected on STOE STADI P automatic
powder diffractometer (Cu K,i-radiation, Gelll-
monochromator). The experimental diffraction patterns of
samples were compared with the theoretical ones,
structural analysis was performed by Rietveld refinement
using the FullProf program [24]. The qualitative and
guantitative compositions of studied samples were
established applying energy-dispersive X-ray
spectroscopy (Tescan Vega 3 LMU scanning electron
microscope with Oxford Instruments AZtec ONE
System). SEM and energy-dispersive X-ray analysis
(EDX) were performed at 21-25 kV voltage and high
vacuum atmosphere. X-ray fluorescence spectroscopy
was used for determination M/Ca/Mn ratio (ElvaX Pro X-
ray fluorescence analyzer).

_—
charge (delithiation) y
— @ -

Lit + ye

I1. Results and discussion

X-ray phase and structural analysis of the synthesized
complex oxides MixCaxMnO3(M = Pr, Eu) showed the
presence of phases with orthorhombic GdFeOs-type
structure only (space group Pnma, Pearson code oP20).
The unit cell parameters of these phases correlate well
with the cation radius of the rare-earth metal: r(Ca?*) =
0.94 A, r(Eu®) = 0.96 A, andr(Pr’*) = 1.01 A. We
observed an increase of cell volume with increasing of
praseodymium content. Rietveld refinement showed that
R-factors for Li-containing samples were some what
higher due to partial amorphization and formation of by-
products after lithiation. After lithiation the unit cell
parameters are increased (Table 1). XRD powder patterns
of M1,xCaxMnO3; (M = Pr, Eu) samples before and after
lithiation are presented at Fig. 1. For Eu-containing
sample after lithiation the small amounts of unidentified
phases with low intensity peaks were observed
simultaneously with amorphous halo at small

Table 1
Cell parameters of ceramics before and after lithiation.
Initial Lithiated AVIV, %
EuosCaosMnOs LixEuosCaosMnQO3

a=5.3904(12) A, b = 7.523(2) A,
¢ =5.3379(12) A, V = 216.48(9) AS;
Re = 0.0996, R, = 0.0309, Ryyp = 0.0386

a =5.4015(11) A, b = 7.5259(18) A,

€ =5.3442(11) A, V = 217.25(8) A3, 0.36

trace amounts of by-products of lithiation;
Rg = 0.107, Rp = 0.0295, Rup = 0.0373

ProsCaosMnOs3
a=5.3848(7) A, b =7.5976(8) A,
€=15.3996(6) A, V=220.91(4) A3;

Re = 0.0614, R, = 0.0338, Ry = 0.0426

a=5.3894(11) A, b = 7.6036(13) A,
C=5.4046(9) A, V = 221.48(7) A%;
Re = 0.0749, Ry = 0.0427, Rup = 0.0539

LixProsCaosMnQOs3
0.26

Pro7CaosMnOs3
a=>5.4387(12) A, b =7.7107(16) A,
€ =5.4070(10) A, V =226.75(8) A3;

Re=0.0740, Ry = 0.0367, Rup = 0.0461

a=5.4418(19) A, b=7.720(3) A,

C=5.4046(16) A, V =227.05(13) A3; 0.13

trace amount oxidized Li-containing phases;
Rg = 0.123, R, = 0.0668, Rwp = 0.0851

LixPro7CaosMnOs3
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angel area (5-30° 20). New phases are crystallized by
interaction of the oxide surface and components from the
electrolyte.

1 EupsCaosMnOs
2EupsCnosMnOa:Li™

10.0 20.0 300 0.0 0.0 0.0 70.0 s0.0

1 ProsCansMnO;
2ProsCaosMnOs:Li*

........................................

1ProsCunesMnOs
2 ProsCaosMnOs:Li*

Fig. 1. XRD powder patterns of M1.,CaxMnOs; (M = Pr,
Eu) samples before (1) and after lithiation (2).

The change of EupsCaosMnOz ceramics morphology
after lithiation is shown at Fig. 2. One can easily see the
aggregation of Li-based particles with the formation of
spherical-type grains up to 1000 nm. In the case of
lithiated Pri.,CaxMnO3s solid solutions we observed the
block-like or irregular-type particles (Fig. 3, 4). Small
aggregates or blocks have dimension of 200-600 nm.
LixPro7CaosMnO3 sample oxidizes quite quickly in air.
Also this sample demonstrates considerable amorphous

halo. Lithium-containing phases are easily hydrolyzed
formation  of

with  the intermediate  amorphous

compounds.

Fig. 2. SEM-images of EupsCagsMnQOj3 before (left) and
after (right) lithiation at different magnification:
a —2000x, b —5330x, ¢ — 13300x.

The integral composition (cation ratio M/Ca/Mn) of
studied ceramics was confirmed by X-ray fluorescent
spectroscopy. Also, the composition from energy-
dispersive X-ray spectroscopy correlates well with the
nominal composition of the samples. After lithiation the
composition of cathode materials are
Eu7.4Cai10.4Mn21 906033, Prs 7Cag.4Mni15.8063.1, and
Pris9Cas sMn220s91. Elemental mapping demonstrates
homogenous component distribution on the grain surface.

Fig. 3. SEM-images of ProsCaosMnO; before (left) and after (right) lithiation at different magnification:
a—2000x, b —5330x, ¢ — 13300x
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Fig. 4. SEM-images of Pro7Cao3MnQ; before (Ieft)cand after (right) lithiation at different magnification:
a —2000x, b —5330x, ¢ — 13300x.

The composition was presented without components from
electrolyte such as C, F, and P (Fig. 5). Selected charge
and discharge curves for battery prototypes are presented
at Fig. 6. In the case of Eu, we can see two reactions (two
large plateaus on charge and discharge curves). Quantity
of intercalated Li depends on volume of cathode phase. Pr-
based electrodes demonstrated only one reaction of Li-
insertion, whereas EuosCapsMnOs-electrode showed two
sequential reactions: | — Li-intercalation, Il — redox and
structural transformation of Eu?*/Eu®*cations with
disproportionation of oxide phase.

e

Eug,Cay;9Mny9.5060.4 Eu; ,Cayo4Mny; 90603

Pry ¢Cag3sMn; 50640 Pry,Cag 4Mn 54063, *

= ]
Pri36Cas2Mni9:061.0 Pris9CassMn3g20s9.4*

Fig. 5. Elemental mapping of the ceramics surface of the
samples before (left) and after lithiation (right);
* — composition without components from electrolyte: C,
F, and P.

Eu, sCa, sMnO,
Pry sCay sMnO;
— PrO_.]CaU__.‘MnO3

E,V

0.9
08 2 3
it
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Li/f.u.
Fig. 6. Selected charge and discharge curves for battery
prototype at 0.2 mA/ecm? (1,2,3 - lithiation of

EuosCagsMnos, ProsCapsMnOs, and  Pro7CagsMnOs;
1°,2°,3* —delithiation of Eup sCaosMnOs3, ProsCapsMnQOs,
and Pro7Cap sMnOs, respectively.

Formed LiyM1xCaxMnOs solid solutions can be
interpreted as fill-up GdFeOs orthorhombic perovskite.
The insertion of lithium into the structure presumably
occurs in the voids between the layers of large cations
[M/Ca] and the layers of octahedra [MnOg]. Under
experimental conditions (Li-metal anode) we observed the

formation of solid solutions with corresponding
compositions: Lio.0s4EU05Ca0.sMnOs3,
Lip113ProsCapgsMnOs, and Lig134Pro7CagsMnQOs.  For

EupsCaosMnO; and ProsCapsMnOs; phases lithiation
occurs at the potential below 2.5 V, while for the sample
with higher Pr content - at the potential < 3.0 V. Similar
electrochemical behavior we already observed for
Nd1«CaxMnOs solid solutions [25]. The electrochemical
lithation of these oxide ceramics was carried out.
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Intercalation of Li into structural voids of oxide phase took
place during discharge process at potential below 3.5 V.
The compositions of obtained Li-containing solid
solutions were Lio.057CaosNdosMnOs,
Lio.0s1Cao3Ndo7MnO3,  and  Lio113CaposNdo.osMnOs.
Similarly, we noticed the formation of Li-containing
aggregates with dimension of 1-3 pm. Small grains had
block-like shape and diameter of < 250 nm.

Conclusions

During electrochemical lithiation of MixCa@MnOs
(M = Pr, Eu) ceramics (structure type GdFeQOs, space group
Pnma, Pearson code oP20) the LiM1xCaxMnOs solid
solutions of inclusion were obtained and investigated using
energy-dispersive X-ray spectroscopy, X-ray fluorescence
and X-ray powder diffraction methods. The unit cell

parameters of initial phases correlate well with the cation
radius of the rare-earth metal. X-ray phase and structural
analysis of lithiated samples showed the formation of phases
with increased cell volumes. Synthesized by electrochemical
lithiation phases have compositions LiossEUgsCagsMnOs,
Lio,113Pro,5ca0,5|\/|nO3, and Lio.134Pro7Cag3sMnOs. In the case
of Eu and Pr-containing samples the existence of
amorphous halo (on the X-rays diffraction pattern) based on
the by-products is explained by reaction between of oxide
surface and components from electrolyte.  After
electrochemical lithiation the aggregates with size of 200-
900 nm of block-like or irregular shape are formed.
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Demchenko P.Yu. — Ph.D, Senior Research Fellow;
Pavlyuk V.V. — D.Sc, Professor.
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B. Kopnan?, O. 3apem6al, I1. lemuenko!, B. ITaBmrok?

CuHTe3 Ta eJIeKTPOXiMIiYHI BJIACTHBOCTI TBEPAUX PO3YNHIB
LiyM1xCaxMnQOs (M = Pr, Eu)

UTveiscokuii nayionansuuil ynieepcumem imeni leana ®dpanxa, Jlveis, Yrpaina,
2Iymanimapno-npupoonuuuti ynieepcumem imeni Ana Jnyeowa, Yencmoxosa, Ionvwa, vasyl.kordan@Inu.edu.ua

Hosi Li-BmicHi TBepai po3unan LiyM1xCaxMnOs (M = Pr ta Eu) Oynu cuHTE30BaHi €IEKTPOXIMIYHHUM
JTIFOBaHHAM KepaMiK 31 CTPYKTYPOIO MepOBCKiTy. SIKiCHHH Ta KiTbKICHHI CKJIaJA BUXiAHUX (10 JiTitoBaHHs) Ta Li-
BMICHMX KepaMiK BH3HAYMJIM METOJAaMH CKaHYIO4Ol eJIEeKTPOHHOI MIKpPOCKOMil Ta eHeproaucrepciitHoi
peHTreHiBebkoi crnekrpockorii. CriBBiIHOMIEHHS MDK KibKocTsiMU KatioHiB M/Ca/Mn B ckiazi kepamik 0yio
MATBEPPKEHO PEHTICHIBCHKOIO (DIIYOPECHEHTHOI CIEKTPOCKOIier0. Kprcraniuny cTpyKTypy TBEpIHX PO3UHHIB
M1xCaxMnQO3 no mititoBanus (crpykrypauii Tun GdFeOs, nmpoctoposa rpyma Pnma, cumsoun Ilipcona 0P20) ta
micis JiTioBaHHs (CTPYKTypa BKIroYeHHs Ha ocHoBi Tuny GdFeO3) BU3HAUUTH Ta YTOUHHIN MeToIoM PiTBenbaa.
PeHTreHiBChKHMIT CTPYKTYpHUIA aHAJIi3 BKa3aB Ha 30UIbIICHHS ITapaMeTpiB eIeMEHTAPHOT KOMIpKH 1S Li-BMicCHUX
¢a3. [pucyrHicts amopdHoro ramo Ha mudpakrorpamax y Bumaaky Eu- ta Pr-BMicHHX 3pa3skiB HOSCHIOETHCS
NOOIYHMMH TPOAYKTAMU Peakilii B3aeMofil MOBEpPXHI OKCHAHHX (a3 Ta KOMIIOHEHTIB 3 EIEKTPOIITY. 3a YMOB
eKCIIEPHUMEHTY (aHOJ Ha OCHOBI MeTaliqHOro Li), KiUNBKiCTh IHTEPKAJNLOBAHOTO JITi0 3pOCTae y psAy:
Lio.osaEu0.5Ca05sMn0O3, Lio.113Pro.sCaosMnOs, Lio.134Pro.7Cao3sMnOs. MeToxn ckaHyr040i eIeKTPOHHOI MIiKPOCKOIIii
MmoKa3aB yTBOpeHHs Li-BMmicHuX arperartiB po3mipoM 200-900 HM. 3epHa (a3 JeMOHCTPYIOTH OJIOKOMOIIOHY YK
HeperyJsipHy GopMH i3 PO3BHHEHOIO ITOBEpXHEI0 MopdoJorii.

KoarouoBi cioBa: peHTreHiBcbka IUQpPAaKIis; eIeKTPOHHA MIKPOCKOIIsS; CTPYKTypa IIEpPOBCKITY;
eIIeKTPOXIMIYHE JITIFOBaHHS.
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