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Glass ceramic samples with general composition: (2-x)Na2O

: xM20 : 3Co0 : 2P20s (x = 0 or 0.05,

M!- Li, K) were synthesized by melt method with subsequent annealing of homogeneous glass at a temperature of
650 °C. According to powder X-ray diffraction data, monophase phosphates with the general composition
Nas«M'Co3(P04)2P207 which belong to the orthorhombic system (space group Pn2:a) were obtained. The
calculated cell parameters of prepared phosphates correlate with the size of the substituted alkali metal atom. The
FTIR spectroscopy data confirm the presence of two anion types (PO4 and P207) in the structure of crystalline
phosphates. The ionic conductivity properties of the synthesized samples were investigated using impedance
spectroscopy method. Analisys of results showed an increase of specific conductivity at the partial substitution of
sodium atoms (0.1 Na — 0.1 Li) in an initial structure NasCo3(POa4)2P207. The obtained results can be in future
used in the preparation of solid electrolytes for sodium-ion batteries based on substituted glass ceramics with the
composition Nas.xM'xCo3(PO4)2P.07 with improved ion-conducting characteristics.
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Introduction

Complex phosphates of alkali metal and bi- or three
valent metals have attracted much attention in Na-ion
batteries, because of their structural and thermal stability.
For example, cathodes based on orthophosphates
(NaM"PO4, M" — Fe, Co, Mn [1-5] and NazV2(POu)s
[6-7]), pyrophosphates NayMP207 (M - V, Fe, Mn, Co, Ni
[8-9]) and mixed anionic compounds NasMs(PO4),P,07
(M —Fe, Mn, Co, Ni) [10-12], as well as solid electrolytes
of different composition [13-16] are perspective materials.

Known mixed anionic NasM3(PO4).P,07 phosphates
are isostructural and belong to orthorhombic system
(space group Pn2;a ). Their 3D-frameworks composed of
[M3P2013]n layers built up from edge- and corner-shared
MOs-octahedra and POg-tetrahedra [17-18]. The
[M3P2013]n layers are interconnected by diphosphate P,Or
groups along a-direction. As result the extensive tunnel
network creates (along crystallographic directions [100],
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[010] and [001]) where Na atoms located [17-18]. The
results in [19] showed that Na ions tend to diffuse across
3D migration pathways with a low activation barrier of
0.20 - 0.24 eV. Simulation of the process of sodium
removal from the NasCo3(PO4)2(P207) structure (battery
charging) showed the sequence of sodium extraction from
different positions of Na2, Nal and Na4, which is
accompanied by the oxidation of Co?* to Co*" (one third
for each Na atom) and the formation of phases
N33CO3(PO4)2(P207) and N32C03(PO4)2(P207) [11]. The
sol-gel [20-23] and solid state [24-29] methods are the
most commonly used synthesis techniques for preparation
of mixed anionic phosphates NasMz(PO4):P.0;. The
obtained results indicate the influence of the synthesis
method on the properties of the obtained material [20-29].

The aim of this work was to study the effect of partial
substitution of sodium atoms for bigger or smaller
potassium or lithium atoms for system with the general
composition (2-x)Na;O : xM'20 : 3Co0 : 2P,0s (x = 0 or
0.05, M' — Li, K) on formation of phases and ion-
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conducting properties of glass-ceramic.

I. Materials and methods

The melt synthesis method was used for preparation
of glass ceramic with the general composition:
(2-x)Na20 :lezo :3C00 : 2P,05 (x =0or 0.05, M- Li,
K). The method of the experiment provided for obtaining
melts with the necessary ratio of elements and further
annealing homogeneous systems for crystallization of
phosphates. Thoroughly ground initial components:
NaPOs, CoO, Li,CO;3; and K>COs (all were an analytical
grade) were melted at a temperature of 1000°C for 2 hours
for homogenization. The resulting melts were quickly
cooled by pouring them onto a copper sheet. The obtained
glasses were heated to 650 °C for 2 hours and kept in
isothermal conditions for 2 hours. As result the glass
ceramics with different elemental compositions were
obtained. The phase composition of the obtained samples
was determined using the powder X-ray diffraction
method. The patterns were recorded using a Shimadzu
XRD-6000 powder diffractometer (graphite
monochromator; 26 method of continuous scanning at a
speed of 1°/min; 26 = 5.0 - 70.0°). The anionic
composition of the samples was confirmed using the FTIR
spectroscopy method. Infrared spectra were recorded
using a PerkinElmer Spectrum BX spectrometer for
samples pressed into tablets with KBr in the range of
400 - 4000 cm™.

Investigation of electro-physical characteristics of
synthesized glass ceramic samples was carried out by the
impedance spectroscopy method [30-32]. Samples for
measurement were prepared in the form of cylindrical
tablets (@ = 11 mm and h = 1.7 - 2 mm) by cold pressing
of thoroughly ground powder. Electrical contact of the
samples with the measuring circuit was carried out using
platinum electrodes with a diameter of 8 mm. The
characteristics were investigated at temperature range
from 25 °C to 530 °C and the frequency interval
v =1 -107 Hz. The electrical impedance module |Z| and
the shift angle ¢ between the sinusoidal probing voltage
(amplitude 50 mV) and the current in the circuit were
experimentally determined. These data were used for
calculation of values of the real (Z'(v)) and imaginary
(Z"(v)) impedance components as well as real component
of electrical conductivity (c'(v)), dielectric permittivity
(¢'(v)), imaginary component of dielectric modulus
(M"(v)) using the formula given in [32].

Il. Experimental results

XRD patterns of prepared glass ceramics are showed
in Fig. 1. According to powder X-ray diffraction data for
sample with initial composition 2Na2O : 3Co0 : 2P,0s the
crystalline phosphate NasCos(PO4),P.O7 (PDF2 # 01-089-
0579), that belongs to orthorhombic system (space group
Pn2;a) was obtained (Fig. 1,a). General view of patterns
for samples with composition 1.95Na;0:
0.05M'20 : 3Co0 : 2P,0s (M! — Li, K) in respect of
positions and intensity of reflexes is similar to
corresponding for NasCos(PO4),P.07 and is absent of
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impurity phases (Fig. 1,b, c). These facts indicate the
partial substitution of sodium atoms and formation of
single phasic phosphates NasxM'Co3(PO4)2P207 (M'- Li,
K). The calculated cell parameters for prepared
NasCo3(P04):P207 (a = 18.046(8)A, b = 6.519(6) A,
¢ =10.516(8) A) are close to corresponding data reported
in [10], while insignificant change for Li-
(a= 18.043(4)A, b = 6.512(6) A, ¢ = 10.508(7) A) and
K- (a = 18.081(4) A, b = 6.523(1) A, ¢ = 10.517(3) A)
containing  phosphates  additional confirmed the
realization of partial substitution (0.1Na — 0.1M!) in an
initial structure NasCoz(POa)2P205.
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Fig. 1. XRD patterns of glass ceramics with general
composition (2-x)Na2O : xM%0 : 3C0o0 : 2P;0s, x = 0 (a)
or 0.05, M'— Li (b) and K (c) annealed at temperature
650°C. Indexing was done with respect to data for
NasCos(PO4)2P207 (PDF2 # 01-089-0579).

FTIR spectra for synthesized glass ceramics consist of
the characteristic isolated PO4 and P,O7 bands (Fig. 2).
Vibrations of PO4 group include symmetric and
asymmetric stretching v(P-O) and bending &(O-P-O)
modes. Vibrations of P,O; are assembly of vibrations of
POz group and P-O-P bridges. The overlap of certain
modes complicates the precise interpretation of spectra for
synthesized samples (Fig. 2). The frequency range of 990
- 1200 cm? includes asymmetric stretching vibration
v(P-O) in POs and POs-groups, while corresponding
symmetric stretching vibrations contribute to the 890 -
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990 cm! region. The bands, in the lowest frequency range
of 500 - 680 cm™ have been assigned to the bending O-P-
O vibrational modes (5(0-P-0)). Mode at 732 cm™*
belonging to symmetric bringes (P-O-P) bonds in P>0.

3
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Fig. 2. FTIR-spectra for prepared glass ceramics in the
system with general composition (2-x)NaO : xM-0 :
3Cao0 : 2P,0s, x = 0 (curve 1) or 0.05; M'— Li (curve 2)

and K (curve 3)).

Fig. 3,a shows a typical impedance dependence of the
imaginary component Z"(v) on the real component Z'(v)
(Nyquist curve) for a glass-ceramic with the composition
NasCo3z(P0O4)2P207. Three sections which describe the
characteristics of sample can be distinguished on the
curve. The low-frequency region (1 - 10 Hz) corresponds
to the processes on the contact between the electrode and
sample surface. The significant slope of the curve in this
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region is explained by the strong blocking effect of the
platinum electrode on transport ions. The character of the
curve in the area of intermediate frequencies describes a
strongly deformed semicircle and is associated with
strongly disordered regions at the point of
microcrystallites contact. The high-frequency part of the
curve in the form of a small semicircle describes the
processes in the volume of microcrystallites. A detailed
analysis of this section was carried out to describe the
electrophysical properties of the materials without taken
into account the influence of electrode and intercrystalline
effects. The intersection of the curve with the ordinate axis
(the axis of the active impedance component) coincides
with the active electrical resistance of glass-ceramic with
the composition NasCoz(PO.).P207, which is equal to
8.85-10° Om.

The analysis of the frequency dependences of the
impedance imaginary components and dielectric modulus
(Fig. 3,b) and the real components of electrical
conductivity and dielectric constant (Fig. 3,c) showed an
increase of the of the imaginary impedance values
Z"exp(v) and a significant slope of the frequency
dependence of the dielectric permittivity &'(v) (Fig. 3,c) at
frequencies lower than 5 Hz. Such character of curves is
associated with the polarization of the electrode. The
maximum at 100 Hz on frequency dependence of the
impedance imaginary components corresponds to the
processes on the boundaries between the microcrystallites
of the sample. This frequency value corresponds to the
maximum on the large semicircle shown in Fig. 3,a. In the
frequency range from 2-10% Hz to 10° Hz, a bend with a
maximum of 3.6:10* Hz (Fig. 3,b) is observed, which
coincides with the maxima of the small semicircle on the
Nyquist curve (Fig. 3,a) and is caused by the own
characteristics of microcrystalline component of the
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Fig. 3. Complex impedance (Nyquist curve) at a temperature of 230°C — (a), frequency dependences (Bode curves)
of imaginary components of impedance Z"(v) and dielectric modulus M"(v) — (b), real components of electrical
conductivity ¢ '(v) and dielectric constant €'(v) — (c) for a glass ceramic with compaosition NasCos(PO4)2P.07.

542



Synthesis and lonic Conductivity of Glass ceramics with General Composition (2-x)Na,O : xM>0 : 3CoO : 2P;0s...

sample.

On the curve of the frequency dependence of
imaginary component of the dielectric modulus M"(v) in
the region of high frequencies, a maximum at 8-10* Hz is
directly related with electrical processes in the volume of
the microcrystalline structure. This result allows to
determine of the specific electrical conductivities of
prepared materials using the values of active resistances
Rgr. It was established that for a glass ceramic with
composition NasCos(POs).P.O; at a temperature of
230 °C, the specific electrical conductivity ogc equal to
6.9-105 Om*m™.

A similar analysis was carried out for glass ceramics
with composition 1.95Na,0O : 0.05M%0 : 3CoO : 2P,0s,
M' — Li and K and the values of specific electrical
conductivities in the temperature range from 25°C to
530 °C were calculated. The obtained results are shown in
Fig. 4 in Arrhenius coordinates. The analysis of the
obtained results showed that the partial substitution of
sodium atoms by smaller lithium atoms leads to an
increase of the specific conductivity (Fig. 4, curve 2) for a
glass ceramic with the composition
1.95 NazO : 0.05Li'0 : 3CoO : 2P,0s, while the addition
of potassium cations reduces the ionic conductivity
(Fig. 4, curve 3).

1.5

2,0 25
1000/T, K*

Fig. 4. Arrhenius plot of conductivity for prepared glass
ceramic with the initial composition
(2-x)Naz0 : xM%0 : 3Co0 : 2P,0s, x = 0 (curve 1) or 0.05
for M'— Li (curves 2 and 4) and K (curve 3) annealed at
temperature of 650°C (curves 1-3) and initial samples
(curve 4).

It was found that for a glass ceramic with a general
composition NasxMLCo3(PO4).P,07 (M! — Li, K) at a
temperature of 230°C, the specific electrical conductivity
cgc equals to 1.5-10°% Omm?! — for Li and
5.1.-10° Om™*m™ — for K-containing sample.

A comparison of the characteristics for Li-containing
sample obtained after homogenization of the initial
components at a temperature of 1000 °C with further its

freezing and the corresponding sample annealed at
650 °C, that according to XRD result is single phase
NasgLio1Co3(PO4)2P207, showed that the annealing
sample at 650°C contributes to its crystallization with an
increase of the specific conductivity of the material to
1.5-10° Owm?Im?l, comparing with initial sample
(0dc=5.5-10* Om™*m™ (Fig. 4, curves 2 and 4).

The activation energy (E.) values of the specific
electrical conductivity for the synthesized glass ceramics
were calculated using the temperature dependence of the
specific electrical conductivity (Fig. 4). It was established
that the partial substitution of sodium atoms by lithium
atoms almost did not effect on the value of E,
(NasCo3(PQ4)2P207 — 0.28¢B, NazglLio1Cos3(PO4)2P207 —
0.27 eV), while substitution by potassium atoms leads to
an increase in E, to 0.31 eV for Naz gKo.1Co3(PO4)2P20y. It
should be noted that the value of the activation energy for
the lithium-containing sample obtained after initial
components homogenization at a temperature of 1000 °C
and with further its freezing is 0.16 eV, which is slightly
lower than for the corresponding sample annealed at
650 °C. Thus, results indicate that annealing of glass
ceramic allows to obtain the materials with higher specific
conductivity.

Conclusions

Glass ceramics with  general  composition
(2-x)Naz0 : xM50 : 3C00 : 2P;05 (x =0 or 0.05, M!' - Li
and K ) were obtained by melt synthesis method. Further
annealing of homogeneous systems at a temperature of
650 °C led to the crystallization of monophase phosphates
with composition NasxM<Cos(PO4).P20; belonging to
the orthorhombic system (space group Pn2:a). The
calculated cell parameters for obtained phosphates
indicate the partial substitution of sodium atoms by
potassium or lithium atoms. The presence of PO, and P,O7
anion types was confirmed by FTIR spectroscopy. It is
shown that the introduction of lithium atoms into the
composition of glass-ceramics contributes to an increase
in specific conductivity without a significant effect on the
value of the activation energy.
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CuHTe3 Ta I0HHA NMPOBIAHICTH CKJIOKEPAMIK 3arajibHOT0 CKJIANY
(2-x)Naz20 : xM"0 : 3C00 : 2P20s (x = 0 um 0.05, M'— Li, K)

Kuiscokuit nayionanvnuil ynisepcumem imeni Tapaca Illesuenxa, m. Kuis, Ykpaina, n.strutynska@knu.ua

CriokepamiyHi 3pasku 3aranbHoro ckiaay (2-x) Na2O : xM20 : 3Co0 : 2P20s (x = 0 uu 0,.05, M! - Li, K)
CHHTE30BaHI METO/IOM PO3ILIABHOTO CHHTE3Y 3 MOAANBIINM BiJIlTAJIOM TOMOTEHHOTO CKJIa IpH Temreparypi 650 °C.
3rifHO0  JaHUX TOpOIIKOBOI peHTreHorpadii onmepkano MoHodasHi ¢docdaru 3arajJbHOrO  CKIaLy
NasxM'xCo3(PO4)2P207, 1o Hanexars 10 OpTopoMOidHOi CHHTrOHIT (Ip. rp. PN21a), a po3paxoBaHi mapameTpu ix
KOMIpPOK KOpENIOIOTh i3 pO3MipaMH 3aMilllylouoro aroMmy JIyxHoro Merany. Pesynpraru [Y-crexrpockomii
M ATBEPIXKYIOTh MPUCYTHICT ABOX TuMiB aHioHIB (PO4 Ta P207) y cknani xpucramiuaux docdaris. JocmimKeHHs
10HHOT MPOBIHOCTI CHHTE30BaHUX 3pa3KiB METOIOM iMIIEIAHCHOI CIIEKTPOCKOMIT BHSBIIIO ITiIBUIIECHHS MATOMOL
HPOBIHOCTI MpH  YacTKoBOMy 3amimieHHi artomiB Hartpito (0,1Na — O0,1Li) y Buxiguiii crpykrypi
NasCo3(PO4)2P207. OneprkaHi pe3ysnbTaTd B MOJANBIIOMY MOXYTh OyTH BHKOPHCTaHI IPU OJEP)KaHHI TBEPAUX
SNIEKTPOJNIITIB  JUI1  HATpid-loHHMX  Oaraped  Ha  OCHOBI  3aMillleHMX  CKJIOKepaMiK  CKJamy
Nas-xM%Co3(PO4)2P207 3 mOKpaIIeHNMH {OHNPOBITHUMHA XaPAKTEPHCTUKAMH.

KarodoBi cioBa: cximanni pocdaru, ckiokepamika, ioHHa IPoBixHICTh, [Y-criekTpockormis.
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