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CARBONATE PRECURSOR ROUTE FOR PREPARATION OF CaCu,Ti,0,,
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A simple CaCu,Ti,O
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synthesis method by carbonate precipitation has been developed,

which is not inferior to the known methods of precipitation from solutions. The optimum
temperatures for the synthesis of powder (850 °C) and sintering of ceramics (1080 °C) have
been found. The CCTO ceramic prepared has stable and fine electrical properties. In the fre-
quency range of 1 kHz to 1 MHz, the ¢’ value always is higher 10* with the dielectric losses,
tan § ~ 0.05-0.08. Such CCTO ceramic prepared by the carbonate co-precipitation method
with good electric properties should find applications in electric devices.

Keywords: calcium-copper titanate, high dielectric constant, co-precipitation, carbonate

precursor.

INTRODUCTION. In recent decades, cal-
cium-copper titanate, CaCu,Ti,O , (CCTO) has
attracted theattention of researchersasamateri-
al with a high dielectric constant (¢’ ~ 10*-10°),
low dielectric losses (tan & < 0.15), photoca-
talytic and sensory activity in a wide temper-
ature range (100-600 K). These facts make it
possible to consider CCTO as a material with
a wide potential for practical application as su-
percapacitors, dielectric resonators, chemical
and photocatalytic sensors [1-5]. CCTO has
a pseudocubic ABO, perovskite structure with
space group Im3 [6]. The Cu** and Ca*' ions
are located in A sublattice of the crystal lattice,
but occupy the positions with different coordi-
nation numbers (4 for Cu?** and 12 for Ca?*) due
to the inclination of TiO, oxygen octahedra.

Various CCTO preparation methods with
their advantages and disadvantages are known.
The method of solid-phase reactions has been
widely used industrially [6-8]. The disadvan-
tages of this method are the contamination
during grinding, several stages of grinding, and
prolonged high-temperature heat treatments.
Wet (or soft) chemistry methods are of interest
because of greater purity, better granulometric
characteristics, higher reactivity of synthesized
powders, and as a result, significantly lower
temperatures of ceramic sintering. Among wet
methods, namely hydrothermal mehod [9, 10],
combustion synthesis techniques [11, 12], sol-
gel [13-16], and co-precipitation [17-21], the
last one is the most economical and effec-
tive method.
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The characteristics of CCTO ceramics syn-
thesized by co-precipitation methods (Table 1)
show the mainly used precipitants (oxalate and
hydroxide ions); significant differences in the
conditions of heat treatment, dielectric losses,
and dielectric constants. So, the particularity

of carbonates impact on properties of such ce-
ramics has a great interest and formed the pur-
pose of these studies - to develop a method for
the synthesis of CCTO by precipitation using
carbonates.

Table 1

Heat-treatment conditions and dielectric characteristics at room temperature
for CaCu,Ti, O, ceramics sintered from powders deposited by various methods.

Precursor- Temperature/ Temperature/ g tan 0 Year and

precipitant duration of duration of (1kHz) | (1kHz) reference
synthesis,’C/h sintering, °C/h

HCO, 900/10 1050/24 23000 0.12 2006 [17]

HCO, 700/- 1000/- 20000 0.20 2009 [18]
(spark plasma)

H,C,0, 950/10 1100/24 115000 020 2009 [19]

NaOH 850/2 1050/4 10700 0.15 2011 [20]

NH,OH 850/2 1050/2 3100 0.05 2015 [21]

EXPERIMENT AND DISCUSSION OF THE
RESULTS. Pure Cu,(OH),CO, and analytical
grade CaCO,, K,CO,, KOH, TiCl,, and HNO,
were used as starting reagents. The aqueous
solution of titanium tetrachloride (TiCl,) was
prepared. Cu,(OH),CO, and CaCO, were dis-
solved in dilute HNO, to form solutions of
Cu(NO,), and Ca(NO,),, respectively. Solutions
of Ca(NO,),, Cu(NO,), and TiCi, were mixed in
the stoichiometric ratio Ca: Cu: Ti=1:3:4.
Aqueous solutions of K,.CO, and KOH were
used as precipitants. Precipitation was carried
out in a reactor with a magnetic stirrer. Solution
of precipitant and Ca**, Cu*, Ti* -cations-con-
taining solutions were added at a constant rate.
The flow rate of KOH solution was controlled
to maintain pH = 10, and prevent the forma-
tion of partially soluble calcium bicarbonate.
After precipitation, the precipitate was heated
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with stirring to 60-70 °C and left for 24 hours
for stabilization. The suspension was filtered,
and the precipitate was washed free of K*, CI,
NO,  ions by double distilled water with an
amount of water 5 I for 0.04 mol CaCu,Ti,O ..
The content of K* ions in the washed water was
controlled by a photoelectric flame photometer
and did not exceed 1:10° g/l. The precipitate
was a green paste of the general composition
CaCO,1.5Cu,(OH), CO 4Ti(OH),nH,O. This
paste was dried at 110 °C to form a dispersed
powder. Powder of CCTO precursor was syn-
thesized at 750-900 °C for 4 h. The synthesized
powders were ground in an agate mortar with
a pestle, mixed with a 5 % aqueous solution
of polyvinyl alcohol and passed through a 150
mesh nylon sieve. Disc-shaped specimens with
a diameter of 8.5 mm and a thickness of 2 mm
were pressed under a pressure of 120 MPa.
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Fig. 1. The process of CCTO preparation.

Ceramics were sintered at 1080-1100 °C for
10 h. Fig. 1 shows a schematic diagram of the
process for CCTO fabrication. The phase com-
position of the products was determined by
X-ray diftractometry (XRD) on a DRON-4-07
diffractometer (40 kV, 20 mA) using CuKa
radiation and Ni filter. Certified standards,
NIST SRM640e-SiO, (2@ standard) and
NIST SRM1976-ALO, (intensity standard)
were used. The relative X-ray impulse count-
ing error did not exceed 0.5 %. The unit cell
parameters of the samples were determined
using FullProf software by the whole-pattern
profile-matching Le Bail procedure [22]. The
crystallite sizes of etched ceramic samples
were studied using a scanning electron micro-
scope JEM 10CX II (JEOL). The average grain
diameters were measured by at least 50 grains
from 3 different areas using Image] software

https://ucj.org.ua

[23]. The density of ceramics was determined
by Archimedes principle. To deposit the sil-
ver electrodes on polished ceramic samples,
Ag-containing paste was burned at 600 °C for
0.5 h. The complex impedance of the samples
with a diameter of 7.3 mm and a thickness of
1.6 mm was investigated using a 1260 Impe-
dance/Gain-Phase Analyzer (SolartronAna-
lytical). The measurements were carried out in
a dry atmosphere to avoid the contribution of
water vapour [30]. The equivalent circuit and
the value of its components were determined
using the ZView® software (Scribner Associ-
ates Inc., USA). Measurement error for € and
tan § in the frequency range 10°-10° Hz does
not exceed 2 %.

Fig. 2 shows the diftraction patterns of the
precipitated CCTO precursor after drying at
100 °C and after heat treatment at 750-1100 °C.
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Fig. 2. Powder diffraction patterns of CCTO precursor dried at 100 °C (1) and synthesized at tem-
peratures of 750 (2), 800 (3), 850 °C (4) and CCTO ceramic sintered at 1100 °C (5). Second phases:
*=CaCuy,Ti0,,z=CaCO,r= TiOZ, t= CaTiO3, # = CuO.

4712’

Fig. 2 shows that in the precipitate dried at
100 °C, copper and titanium compounds are
in an X-ray amorphous state and only weak
reflections of CaCO, (ICDD PDF-2, card
Ne 76-0606) are observed. At 750 °C, perovskite
phase, CaCu,Ti,O , becomes the dominant
phase (Ne 75-2188), and a trace amount of in-
termediate phases CaTiO, (Ne 78-1013), CuO
(Ne 89-5899) and TiO, (Ne 21-1276) are ob-
served. At 1100 °C, single-phase CCTO ceram-
ics were sintered: all diffraction reflections in-
dexed in Im3m space group with the parame-
ter of the cubic unit cell a = 7.3939(1) A; unit

cell volume V = 404.23(1) A was determined.

To determine the optimal mode of heat
treatment, the temperatures of powder syn-
thesis and CCTO ceramic sintering were var-
ied (Table 2). Table 2 shows that the relative
density of ceramics depends on the synthesis
temperature. The sample 800/1080 synthesized
at 800 °C and sintered at 1080 °C has the maxi-
mum density (93%). The decrease in ceramic
density with an increase in synthesis tempe-
ratures can be explained by the loss of powder
activity and the improvement of the particles
crystal lattice.

Influence of temperature regime on the density of polycrystalline CCTO samples. fable 2
Sample Synthesis, Sintering, Apparent density, Relative
designation °C/h °C/h g/cm’ density, %
750/1080 750/4 1080/10 4.46(3) 88(3)
800/1080 800/4 1080/10 4.71(8) 93(2)
850/1080 850/4 1080/10 4.43(8) 89(2)
900/1080 900/4 1080/10 4.30(5) 85(3)
800/1100 800/4 1100/10 4.62(8) 91(2)
900/1100 900/4 1100/10 4.15(9) 82(2)
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SEM microstructure of ceramic samples
800/1080, 900/1080, 800/1100, and 900/1100
are shown in Fig. 3. Fig. 3 shows that the
smallest grains (5 £ 3 um) occur at the synthe-
sis temperature of 800 °C. With an increase in
the synthesis temperature to 900 C, the grain
size increases to 7 = 3 um. Large grains have

a smaller surface area, closed porosity remains
at the sintering stage, which leads to a decrease
in the apparent density of polycrystalline sam-
ples. Thus, the optimal synthesis and sintering
temperatures of the CCTO ceramics should
not exceed 850 and 1080 °C, respectively.

Fig. 3. SEM microstructure of the CCTO ceramics at different synthesis and sintering temperatures,
°C: 800/1080 (a); 800/1100 (b); 900/1080 (c); 900/1100 (d).

https://ucj.org.ua
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Fig. 4. a - Complex impedance diagrams at room temperature and an equivalent circuit (insert) for
CaCu,Ti O, ceramic sample 850/1080 °C. R and CPE are resistance and constant phase element. Sub-
scripts indicate grain (G), grain boundary (GB) and the interface between sample and electrode (SE).

b - Capacity and resistance of grain boundary (1, 1°) and sample/electrode interface (2, 2’) depending

on synthesis temperature.

CCTO ceramics are electrically heterogene-
ous with low grain and high grain boundary re-
sistance [24, 25]. Fig. 4a shows a room-tempe-
rature complex impedance diagram of CCTO
ceramic synthesized at 850 °C and sintered
1080 °C. As can be seen from Fig. 4a, the de-
pendence Z" = f (Z') is described by two sem-
icircles, that indicates the presence of two re-
laxation mechanism in the structure. These two
mechanisms are also observed on the depen-
dencies €'(f) and tan 8(f) (Fig. 5). The equivalent
circuit for the complex impedance of CCTO
ceramics (Fig. 4a, insert) is composed of R
(resistance of grain), R, and CPE_ (resistance
and constant phase element of grain boundary),
R, and CPE, (resistance and constant phase
element of interface between sample and elec-
trode) [26, 27]. As can be seen in Fig. 4b, with
an increase in the synthesis temperature, the
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grain boundary resistance and the sample-elec-
trode resistance of the samples almost does
not change, while the capacitance at the grain
boundary and the sample-electrode area passes
through a maximum. The maximum value of
capacity is observed for the sample synthesized
at 850 °C and sintered 1080 °C.

Fig. 5 shows the results of frequency measu-
rements €' (f) and tan § (f) at room temperature
of the CaCu,Ti,O,, ceramics prepared by depo-
sition methods in this work and the works of
other authors. As can be seen from Fig. 5a, the
g’ (f) dependence of synthesized in this work
ceramic (curve 1) demonstrates a decrease
with frequency and is 11400 at 1 kHz. The sam-
ple synthesized in this work is characterized by
a low dielectric loss tangent (tan 6 < 0.2) in
a frequency range 10°-10° Hz and a high di-
electric constant € > 10* in a wide frequency
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range 10°-10° Hz. These characteristics agreed
well with the data of Ref. [20] (curve 4), exceed
values shown in Ref. [21] (curve 5) and low-
er than that showed in Refs [17, 18] (curves 2
and 3). In a frequency range of 0.1-100 kHz,
CCTO ceramics with the lowest dielectric loss-
es, tan 6 ~ 0.05-0.08, are demonstrated the low-

est dielectric constant, 2500-3000 (curve 5).
At frequencies above 10 kHz, the dielectric
loss of the investigated ceramic (tan § ~ 0.11
+ 0.14) exceeds the analogous (curves 2 and
4) and becomes close to the data in curves 3
and 5. Above 1 MHz, dielectric losses increase
sharply.

Fig. 5. Frequency dependences of ¢’ (a) and tan & (b) of CCTO ceramics at room temperature: this
work, synthesized at 850 °C and sintered 1080 °C (1) and Refs [17] (2), [18] (3), [20] (4), [21] (5).

Dielectric parameters obtained are charac-
teristic of the CCTO prepared by deposition
methods (Table 1) and are mainly explained
by the small size of the ceramics grains and
consequently a larger number of interfaces
between grains [15, 28]. Namely, according to
the model of internal barrier layer capacitor
(IBLC) structure, the effective dielectric con-
stant (e ) can be estimated by the following
equation [29]:

€= ang(dg + dgb) / dgb

wheree , is the dielectric constant of the grain

boundary, d_is the average grain size, and d  is
the thickness of the grain boundary layer. This

https://ucj.org.ua

equation shows that the value of ¢_is deter-
mined by the ratio of (d_+d,) / d,. Therefore,
the increase in grain size and the thickness of
the grain boundary layer increases the ¢ _ value
of CCTO ceramics.

CONCLUSIONS. Carbonate precursor can
be successfully used to synthesize CaCu,Ti,O,,
powders by precipitation from solutions. The
sample synthesized at 800 °C and sintered at
1080 °C for 10 h has the maximum density
(93%). The smallest grains (5 £ 3 um) occur
at the synthesis temperature of 800 °C and in-
creases to 7 £ 3 um at 900 °C. The optimal syn-
thesis and sintering temperatures of the CCTO
ceramics should not exceed 850 and 1080 °C,
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respectively. The complex impedance diagrams
of CCTO ceramic indicate the presence of two
relaxation mechanisms in the structure. These
two mechanisms appear due to the difference
in electrical properties of grain boundaries
and interfaces between ceramic sample and
electrode. With an increase in the synthesis
temperature, the resistances of grain bounda-
ries and the sample-electrode interfaces almost
do not change, while their capacitances pass
through a maximum. The maximum value of
capacity is observed for the sample synthesized
at 850 °C and sintered 1080 °C. The sample
synthesized is characterized by a low dielectric
loss (tan 6 < 0.2) and a high dielectric constant
(€' > 10%) in a frequency range of 1-100 kHz.
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Turanar KaIbI[ifo-Mimi CaCu,Ti O,
(CCTO) mae 3HauHMIT TOTEHIia/l MPAKTUYHO-
TO 3aCTOCYBAHHA [l CTBOPEHHS CYIEPKOH-
JIeHCAaTOPiB, pPe30HATOPIB, XiMiYHKX i PpoTOKa-
TaJIITUYHNX ceHcopiB. CHiBOCaJKeHHA € Off-
HVIM i3 HailOi/IbIII €KOHOMIYHUX i JOCTYIHUX
MeTofiB «Bonoroi ximii» orpumanua CCTO,
AKUIT 3a0e3nedye BMCOKY YNCTOTY, AMCIIEp-
CHICTDb i 3HIDKEHHS fAK TeMIepaTyp CUHTe3y
IIOPOWLIKY, TaK i CIiKaHHA KepaMiku. JIna ot-
pumanHa CCTO meTomoM criBocafi>XKeHHS SIK
Buxigni Bukopucropysamu Cu(OH),-CuCO,,
CaCO,, K,CO,, KOH, TiCl, i HNO,. ITicna
posunnenns (CuOH),CO,, CaCO, B HNO,
posunun Ca(NO,),, Cu(NO,), i posuun TiCl,
3MILTyBa/IM B CTEXiOMETPUYHOMY CIiBBiTHO-
meHHi Ca:Cu:Ti = 1:3:4. OcajyKeHHA IPOBO-
mym 3a nocrirtnoro pH = 10 3 ogHOYacHOIO
[oflayero Ipy IlepeMillyBaHHI B peakTop
HITPaTHO-XJIOPUJHOTO PO3YMHY 1 PO3UMHIB
ocamkysauiB — K,CO, i KOH. Ocan 3enenoro
KO/IbOPY, 1[0 BiAIOBifgae 3arajnbHii ¢popmyi
CaCO,Cu(OH),-CuCO4Ti(OH),'nH O,
peTenbHO MPOMMBAIM, CYMIMIN i CMHTE3yBa-
m 3a 750-900 °C ynpognosx 4 rog. 3a 750 °C
nominyiodoro ¢asoro 6yma CaCu,TiO,, i3
MiHIMaJIbHOIO KiNbKicTIO TpoMDKHUX a3
CaTiO,, CuO i TiO,. Cnevena sa 1060~
1100 °C/ 10 rog. xepamika CCTO 6yna ogHo-
¢dasnomw (up. rp. Im3m). BigHocHa miinpHicTh
KepaMiKy CyTT€EBO 3ajieXXajia Bifl TeMIepary-
pu cuHTe3y. MakcuMmanbHy WibHICTD (93%)
IIPOJIEMOHCTPYBAB 3pa30K, CUHTE30BaHMUII 32
800 °C i cneuennit 3a 1080 °C. ITpn npomy Ke-
pamika masna api6bHi (5 + 3 Mxm) 3epHa. [Ipn
HiABUIIEHH] TemnepaTypu cuHTedy 1o 900 °C
po3Mip 3epeH 30inbLIyeThCs 0 7 + 3 MKM, a
yABHA I'yCTVHA KepaMiKy 3HIDKYETbCA 10 87 %
BIITTOBiTHO. 3a/1eXKHICTh KOMIIJIEKCHOTO iMITe-
paHcy Z" = f (Z') orpumanoi kepamikn CCTO
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MO>KHa OIMCaTy JBOMa HalliBKO/IaMM, 10 BKa-
3y€ Ha HAABHICTb y CTPYKTYpi ABOX pelaKca-
OiTHMX MeXaHi3MiB. JIoCmimKeHH 3a/IeXXHOC-
Teit €' (f) i tan O (f) 3a xiMHaTHOI Temmepary-
P¥ IIOKA3asIo, 10 €' 3HMKYETHCA 3 YaCTOTOIO
(11380 3a 1 Ity Ta 8050 3a 100 xIir), a tan &
cranoButh 0,11-0,14 3a vactor f = 10 xliy;
i3 mimBuUIleHHSAM 4dacToTH o 1 MHz pienek-
TPUYHI BTpaTy Ppi3Ko 3pocTaroTb. OTpuMani
Jie7IeKTpUYHI IMapaMeTpy € XapaKTepHUMMU
nna CCTO kepaMiky, oTpuMaHOI MeTOZaMU
OCA/I)KE€HHA 1 MOACHIOITBCA, B IEPIUIY Yepry,
Ma/IIMI PO3MipaMu II 3€peH i BeINKOI Kijlb-
KICTIO IpaHMLIb PO3JIiTy 3€pEeH.

KmrouoBi cmoBa: TuUTaHAT KajbIlilo-Mii,
BJICOKA Jiie/IeKTpUYHA IIPOHUKHICTD, CIIJIbHE
OCaJKeHH:, KapOOHATHMIT TTOTIEePeHIIK.
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