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The calcium-copper titanate has attracted the attention of scientists in connection with the manifestation of gigantic values
of permittivity in a wide frequency (10*-10° Hz) and temperature ranges (100-600 K), while not being a ferroelectric.
In this article, we report on the results of studies of the thermal behavior of Ni-doped CCTO by thermal analysis methods.
The interest in this work is due, first of all, to the fact that earlier, for iron-containing compounds, we found a reproducible
low-temperature exothermic effect in the temperature range of 506 - 573 K, the nature of which has not been fully elucidated.
It is only known that such a behavior of ceramics is recorded by the impedance spectroscopy data, it is not associated with
the phase transition and is weaker for an undoped CCTO. Samples of Ni-doped CaCu,Ti,O,, ceramics of the composition
CaCu,Ti-4 Ni, O,, ;and CaCu, , Ni, Ti O,, (x=0.005, 0.01, 0.02, 0.03, 0.04, 0.06) were obtained by the solid-phase synthesis
method. According to the XRD results, copper (II) oxide may be present in trace amounts in all samples. The X-ray picture of
CaCu,Ti, , Ni, O, ;samples (x>0.04) revealed calcium titanate reflexes. The thermal behavior of the samples was studied by
DSC and thermogravimetry methods up to 1323 K. The reproduced exothermic effect in the temperature range 487-653 K
and endothermic at 1269 K (1285 K) for CaCu, , Ni, Ti,O , (CaCu,Ti, , Ni, O, ,) are observed on the DSC curves of the
synthesized samples of both series, associated with thermal dissociation of CuO impurities. Thermogravimetric curves in both

cases show a mass loss of samples of no more than 0.35 mass.%. Samples analyzed by FTIR and mass spectrometry.
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TutaHat Ka/jbIys — Meay IPMBJIEK BHUMAaHUE YYEHBIX B CBA3Y C IIPOSB/ICHMEM IUTAaHTCKVX 3HAYCHUI USTEeKTPUYeCKOi
IPOHMIIAEMOCTY B IIMPOKOM dYacToTHOM (10°-10° Iu) m TemmeparypHoMm uHTepBamax (100-600 K), He aBmasach
CerHEeTONIeKTPUKOM. B HacTosIIelT cTaThbe MBI COOOIaeM O pe3y/IbTaTax YICCIeOBAHVA TEPMUYECKOTO IIOBEIeHNA TUTaHATa
Ka/IbIVISI-MeM), SOIMPOBAaHHOIO aTOMaMM HYKeNlA. VIHTepec K laHHOI paboTe 0OYyCIOBIeH pe3yabTaTaMy MCCIeOBAHV
TePMUYECKUX IIPOLIECCOB B JKee30COeprKallieM TUTaHaTe Kalblia-Menu. /I sKee30cofiepKalluX IpenapaToB 0OHapy>keH
BOCIIPOVMI3BOAMMBIII HU3KOTEMIIEpAaTypPHBINl 9K30TepMmUdecknii apdekt B MHTepBane TeMieparyp 506-573 K, npupopna
KOTOPOTO OKOHYATeJIbHO He YCTaHOBJIeHA. PaHee yCTaHOBIICHO, YTO HeIMHEHbIE CBOVICTBA KepaMMUKM (PUKCUPYIOTCA TaH-
HBIMU MMIIEJJaHC-CIIEKTPOCKOIINY, OHM He CBsI3aHBbI C (a30BBIM IePEXOfioM 1 crrabee MPOSBIAIOTCS /IS HEJIETMPOBAHHOTO
TUTaHATA Kanblysa — Meau. Mertogom TBepsiodasHoro cunresa nomydenst o6pasupr CaCu,Ti,O,, n CaCu,Ti -4 Ni, O, ,,
CaCu,  Ni, Ti,O,, (x=0.005, 0.01, 0.02, 0.03, 0.04, 0.06). CornacHo pesynbTaTam peHTreHO(asoBOro aHaM3a, BO BCeEX
obpasnax npucyrcrsyet okcup mepu (II) B cnemoBbix Kommyectsax. Ins o6pasios cocraa CaCu,Ti, , Ni, O ,(x>0.04)
BBISIBIEHBI pe(IeKChl TUTaHATa Kaablysl. TepMmdyeckoe MOBefieHMe 00pasl[oB o0emx cepumit MCCIeNoBami MeTOLaMu
mnddepennnanpHon ckauupylomeit Kanopumerpun (JCK) un TepmorpaBumerpun o Temmeparypsl 1323 K. Ha xpusbix
JCK cuHTe31poBaHHBIX 00pa31ioB 00eux cepuit HAOMIOIAITCS BOCIPON3BOAMMbIE 9K30TepMudeckuit 3¢ dexT B MHTepBase
Temnepatyp 487-653 K u suporepmmdeckmit mpu 1269 K (1285 K) mma CaCu,Ti, ,Ni, O, , n CaCu, ,Ni, Ti O,
COOTBETCTBEHHO, CBSI3aHHBIN C TepMudeckoi maucconmanyert npumecu CuO. TepmorpaBumerpuyeckiie KpuBble B 060MX
CIy4asx ITOKa3bIBAIOT IOTEPI0 MacChl 00pasLioB He mpesplmaromeit 0.35 Mac.%. ITokasaHbl pe3y/nbTaThl aHa/MM3a 00pasLoB
MetonoM VIK- 1 Macc-crieKTpoMeTpun.

KnroueBbie ctoBa: TepMI/I‘IECKI/HZ AaHa/IN3, TUTAHAT KaJIbINA-MEON, HUKEID.
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1. Introduction

To this day, calcium-copper titanate has attracted the attention
of scientists in connection with the manifestation of gigantic
values of permittivity (e~10*-10°) in a wide frequency
(10*-10° Hz) and temperature ranges (100-600 K), while
not being a ferroelectric [1,2]. Calcium-copper titanate was
discovered by A. Deschanvres et al in 1967, and its properties
were studied in detail by M. A. Subramanian et al. [1-3]. The
unique behavior of calcium-copper titanate and its related
compounds promises the prospect of its widespread use in
microelectronics. Materials based on them can be used in
the manufacture of multilayer capacitors and microwave
devices. High dielectric losses limit the practical use of
calcium-copper titanate [4]. The main efforts of scientists
are aimed at minimizing dielectric losses, while maintaining
high values of permittivity. The main technique that is used
to optimize the electrophysical characteristics of CCTO is
doping. It has been shown that doping with CCTO is possible
both for copper, titanium, and also co-doping [5-12]. Good
dielectric properties are demonstrated by CCTO ceramics
doped with nickel atoms. Substitution of copper atoms with
nickel atoms leads to an increase in the dielectric constant of
calcium-copper titanate and, in some cases, to a decrease in
the dielectric loss tangent [9,11,12]. As reported by J. Wang
et al. [11] the best electrophysical characteristics are ceramic
CCTO, in which 20 mol.% of copper atoms is replaced by
nickel. Such ceramics exhibits a dielectric constant of 1.51-10°
and a dielectric loss tangent of 0.051 at room temperature
and a frequency of 1 kHz. Rai et al. [13] when comparing
the dielectric properties of ceramics CaCu, Ni Ti,O,, and
CaCu,Ti, Ni O, it was found that CaCu, Ni TiO, is
characterized by higher dielectric constant and dielectric
loss. The research results show that the dielectric properties of
Ni-doped CCTO are highly dependent on sample preparation,
synthesis method, and sintering conditions. In the course
of studies, it was found that nickel atoms predominantly
replace Cu positions in CCTO at concentrations not
exceeding x=0.3 for CaCu, Ni Ti,O , [6,9,10,12]. Ceramics
CaCu,Ti,0,, NiO exhibits increased density and accelerated
grain growth [5,9].

From time to time, the question arises about the presence
of a high-temperature phase transition of calcium-copper
titanate and its solid solutions in connection with the
possibility of the manifestation of various relaxation processes
in them. A. Onodera et al. [14,15], basing on the analysis of
the results of structural, calorimetric and dielectric studies,
concluded that at 732 K a structural phase transition can be
observed. Later, M. V. Gorev et al. [16], in the study of thermal
expansion and heat capacity of CCTO, refuted this possibility,
indicating the monotonicity of changes in thermal expansion
in the range of 120-1200 K (a(7)=5-10"-11-10" K,
which does not contradict the results of studies of other
scientists [17]. Meanwhile, an anomaly of thermal expansion
was noted during cooling of the sample (at 850 and 950 K)
and was associated with a variation in the stoichiometry
of the composition of the surface layer of grain in ceramic
samples. By Zhang M. N. et al. [18] based on studies of the
dielectric properties of CaCu,Ti,O , up to 1073 K and in the
frequency range 20 Hz-10 MHz, three dielectric anomalies

were detected that are sensitive to the sintering conditions
and the annealing atmosphere of the sample, which indicates,
according to the authors, their dependence on the contact of
the electrode with the sample and oxygen vacancies.

In this article, we report on the results of studies of the
thermal behavior of Ni-doped CCTO by thermal analysis
methods. The interest in this work is due, first of all, to the
fact that earlier, for iron-containing compounds, we found
a reproducible low-temperature exothermic effect in the
temperature range of 506 - 573 K, the nature of which has not
been fully elucidated. It is only known that such a behavior
of ceramics is recorded by impedance spectroscopy data, it
is not associated with a phase transition and is weaker for an
undoped CCTO.

2. Experimental part

The solid solution samples CaCu,Ti, ,Ni, O, , and
CaCu, , Ni, Ti,O, (x=0.005, 0.01, 0.02, 0.03, 0.04, 0.06)
were obtained via the standard ceramic procedure from
“special pure” grade CaCO, and Ni (IT), Ti (IV), Cu (II) oxides
using staged calcination at 923, 1123, 1223 and 1323 K. The
synthesis technology was the same for the samples of both
series.

The phase composition of the samples was monitored by
means of X-ray phase analysis (a DRON-4-13 diffractometer,
CuK  emission) and scanning electron microscopy (electron
scanning microscope Tescan VEGA 3LMN, energy dispersion
spectrometer INCA Energy 450). The unit-cell parameters
were calculated by Pawley approach using Topas 5.0 [19].

Thermal analysis of the samples of CaCu,Ti, ,Ni, O, ,
and CaCu, , Ni, Ti,O , was carried out by means of a
simultaneous thermal analyzer STA 409 PC Luxx (Netzsch,
Germany) in the dynamic air atmosphere at the heating rate
of 10 K/min in platinum crucibles. The measurements were
carried out in a furnace with Pt-PtRh thermocouples of in
the temperature range of 293 +1323 K and 293 +723+373 K.
The rate of 10 K/min was chosen because it allowed to
register well resolved thermal effects and to be closer to
the thermodynamic equilibrium in the sample without
significant extending of the time of experiment. Air was the
purge gas, the flow was 20 ml/min. An empty crucible was
used as a reference. The relative standard deviation of the
determination of the temperatures and enthalpy of phase
transitions of the calibration substances was 0.5%. To calibrate
the temperature and enthalpy sensitivities of the TG-DSC
instrument, a DSC/DTA calibration kit was used (Netzsch
6.223.5-91.2). The following standard compounds with the
corresponding phase transition temperatures were used for
the calibration: CH,COOH (395.4 K), KCIO, (573.8 K),
Ag SO, (699.2 K), K,CrO, (941.0 K), BaCO, (1081.0 K).
About =60 mg of a calibration standard weighted with the
accuracy of +0.001 mg were placed in a Pt crucible with a
perforated lid. An empty Pt crucible with a perforated lid was
used as a reference. The heating rate was 10 K per minute.
TG and DSC curves were registered. This procedure was
repeated three times for each calibration substance. The values
of enthalpy and onset temperatures of the endothermic effects
of the calibration substances were measured in NETZSCH
Proteus software and used for making the calibration curves.
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Fourier transform infrared (FTIR) spectra were recorded
on a IRPrestige-21 Shimadzu (Japan) spectrophotometer
equipped with a DLATGS detector in the wavenumber range
0f400-4000 cm™ with a resolution of 4 cm ™. Before analysis,
the samples were mixed and ground with KBr (2% of a sample
by weight). The transmission spectra were obtained using the
diffuse reflection mode. The data were processed using the
Shimadzu software.

Mass spectrometric analysis was carried out on a DSQ
mass spectrometer (Thermo, USA) in the electron impact
mode (electron energy 70 eV, mass scanning in the range of
10-1050 Da) using the Xcalibur Data System software and
the NIST05 mass spectra library. The samples were injected
directly into the ionization source in a micro crucible (DIP)
and heated from 50°C to 350°C at a rate of 30°C/min under
vacuum (70 mTorr).

3. Results and discussion
3.1. Phase composition and microstructure of samples

Samples of the compositions CaCu, ,Ni, Ti,O, and
CaCu,Ti, ,Ni, O, ; (x<0.06) were studied by X-ray phase
analysis (XRD) and electron scanning microscopy (Fig. S1,
supplementary material). Based on the XRD analysis, it was
found that the samples crystallize in the cubic structure of
CaCu,Ti, O, described by the space group (Im-3) [1-3].
On the X-ray diffraction patterns of the preparations of
both series, trace amounts of the impurity phase of copper
(II) oxide are recorded [11,20-22], with slightly more
CuO in CaCu,Ti, ,Ni, O, .. We believe that this may
be due to the tendency of nickel (II) atoms to occupy the
coordination positions of copper (II), which has a square
plane geometry [3].

Impurities of nickel oxide in the samples of both series
in the entire studied concentration range by X-ray powder
diffraction and electron scanning microscopy were not
recorded. X-ray diffraction patterns of CaCu,Ti, ,Ni, O, ;
samples at x>0.04 show CaTiO,, impurity reflections, in
contrast to CaCu, , Ni, Ti O ,, which indicates the limited
solubility of nickel (II) oxide in CCTO and the predominant
distribution of nickel (II) ions in Cu (II) positions.

The unit cell parameter of CaCu,Ti,O , is 7.3881 A [20].
For CaCu, , Ni, Ti,O,, samples, the parameter is close to
the calcium-copper titanate parameter: 7.3921 (x=0.010)
and 7.39116 A (x=0.06). The cell parameter of the
CaCu,Ti,  Ni, O, ; samples varies from 7.3921 (x=0.010)
to 7.3941 A (x=0.06), which does not contradict the
literature [11].

The method of electron scanning microscopy of samples of
both series of substituted calcium-copper titanate confirmed
the formation of nickel-containing solid solutions. However,
in micrographs of samples of both series, copper (II) oxide
is observed in the intergrain space (bright areas). Due to the
fact that copper (II) oxide is observed in the samples of both
series, it can be concluded that the yield of copper oxide is due
to a long heat treatment (20 h) at 1323 K [21,22]. Samples of
both series of solid solutions are compacts consisting of fused
melted grains ranging in size from 2 to 9 pm (Figs. S1-S3,
supplementary material). In the EDS spectra of samples of

both series (Fig. S1, supplementary material), the intensity
of the absorption line from nickel atoms increases with
increasing formula content of nickel in the sample formula,
which confirms the conclusion that nickel dissolves in
calcium-copper titanate in the concentration range under
consideration.

3.2. Thermal analysis

The synthesized samples of Ni-doped CaCu,Ti,O,, ceramics
were studied by thermal analysis methods (DSC and
TG) in the heating mode with a step of 10 deg/min in the
temperature range 293 -1323 K (Fig. 1).

It should be noted that for samples of both
CaCu,  Ni, Ti,O, and CaCu,Ti, ,Ni, O, (x=0.03) the
behavior of the TG and DSC curves, in general, coincides.
Two effects are recorded on the DSC curves: exothermic in
the range of 487-653 K and endothermic at 1269 K (1285 K)
for CaCu, , Ni, Ti O, (CaCu,Ti, ,Ni, O, ,) with a slight
weight loss of up to 0.35 mass.%. It is interesting to note that
the low-temperature effect manifests itself as an overlap of
two successively occurring exothermic effects at =531 K
and 576 -598 K. The thermal effect of the low-temperature
thermal transformation in both cases is two times different
on average and does not show a clear dependence on the
sample weighed for analysis: CaCu,, Ni ,Ti,O,, (55.44 mg)
and CaCu,Ti, Ni O, o (65.38 mg). Moreover, as will
be shown below, it also does not depend on the content of
impurity copper (II) oxide. We can only state that in the
same temperature range (506-573 K) the uncomplicated
exothermic effect of Fe-doped CaCu,Ti,O , is exhibited [23].
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Fig. 1. (Color online) TG and DSC curves of the CaCu, , Ni, ,Ti,0,, ()

and CaCu,Ti,  Ni  ,O,, ; (b).
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We hypothesized that the observed exothermic effect
could be related to samples storage and CO, or H,O sorption.
As a result, we performed a two-time continuous thermal
analysis in the range of 293-723-373 K in the heating-
cooling mode of the sample (Fig. 2).

From Fig. 2 we can see that freshly calcined samples of
exothermic effect do not show, which confirms our hypothesis
about their sorption of volatile components from the air.
Two weeks after the last experiment, we again investigated
the thermal behavior of the analyzed samples. As a result,
it was found that for both series of samples, the exothermic
effect is again manifested within the specified temperature
range (Fig. S4, supplementary material). On the basis of our
studies, we concluded that the low-temperature exothermic
effect is not related to the phase transformation of CCTO, it is
reproduced for samples stored in the air and is accompanied
by a slight mass loss of the sample [24,25]. The assumption
of sorption of volatile components, e.g., water vapors, was
tested by infrared spectroscopy of the samples (below).

The high-temperature endothermic effect manifests
itself at 1269 K (1285 K) for CaCu, ,Ni TiO,
(CaCu,Ti, ,Ni, O ,) and it is similar to that observed
previously for calcium-copper titanate [21]. The high-
temperature endothermic effect is apparently caused by the
thermal dissociation of copper (II) oxide according to the
reaction equation: 2CuO - 20, + Cu,O.

According to [26], the reaction proceeds at 1326 K,
but due to the X-ray amorphous state of copper (II) oxide
segregated in the intergranular space of CCTO ceramic, the
process temperature may be lower. For an iron-containing
preparation, this transformation is recorded by the DSC
method in the temperature range (1256-1259 K), and for
undoped calcium-copper titanate =1250 K. The thermal
effect of the process for samples of both series is significantly

CaC Nio 0o TisO Temp. /°C
TG % aCu2.01N10.00T14012 DSC /(mWima)
T exo
10.10
103 ; 450
400
102 Peak: 29.7 miri 0.05 350
Area: 22,62 Jig
101 \ 000 |30
100 250
.0.05 200
9 150
9 -0.10 100
97 50
0 20 40 60 80 100 120 140
Time /min
a
Temp. /°C
TG /% CaCu;3T13.88N10.120125 DSC /(mW/mg)
T exo
102.0 450
101.5 0.05 [400
101.0 380
300
1005 Peak:27.6 min 0.00 250
100.0 005 200
995 150
99.0 010 100
98.5 50
0 20 40 60 80 100 120 140
Time /min
b
Fig. 2. (Color online) TG and DSC curves of the CaCu,, Ni  'Ti,O,, (a)

and CaCu,Ti, ,Ni (b) in the range of 293 -723-373 K.

012()1275

different. A simple algebraic calculation shows that the
thermal effect in CaCu,Ti, Ni O, , is 2.7 times higher
than the expected value, which can be associated either with
an uneven content of copper oxide impurity in the samples or
with a high content of CuO impurity in CaCu,Ti, , Ni, O, ;
samples. By the magnitude of the thermal effect, we can
estimate the content of copper oxide in the samples. Knowing
the standard enthalpy of the Cu(Il)>Cu(I) process
(AH,,,=75.5 kJ/mol, [26]), the amount of decomposed
copper (II) oxide can be calculated for each case from the
value of the thermal effect (or from the mass fraction of
losses) samples of the composition CaCu,, Ni  ,Ti,O,, and
CaCu,Ti,  Ni O, .. As a result of the calculation, it was
found that the composition of the first sample corresponds
to the approximate formula CaCu, Ni Ti,O,,,,—0.08CuO
and the second — CaCu, . Ti, ,Ni ,O , ,—0.27Cu0, i.e. only
2.8 and 9.0 molar percent of copper (II) oxide of the total

copper content in Ni-doped CCTO ceramics.
3.3. FTIR and mass spectrometry

FTIR spectra of CCTO and solid solutions of the
CaCu, , Ni, Ti,0 ,and CaCu,Ti, , Ni, O, , (x=0.03) before
and after calcination (at 723 K) were obtained (Figs. 3, S5,
supplementary material).
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Fig. 3. (Color online) Comparison of FTIR spectra of the
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samples calcinated at temperature of 723 K for 180 min (b).
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IR spectra of the samples are recorded in a matrix of
potassium bromide in a frequency range of 400 -4000 cm™.
The attribution of observed absorption bands is made on the
basis of literature data [27-32]. The main components of
CCTO and Ni-doped CCTO IR spectra are reproduced with
the data given in the literature. On spectra of all samples three
absorption bands in the area of fingerprints at ~410, 488-490,
540 cm™, connected according to data [27,28] with valence
oscillations TiOTi (410), Cu-O (=489) and Ca-O bonds at
540 cm™ in CCTO are clearly fixed. The authors of [29,30]
connect the absorption bands at 540 and 489 cm™ with the
valence oscillations of TiO bond in the octahedron TiO,. The
wide diffuse absorption band in the region of 600-1200 cm™,
typical for CCTO and Ni-doped CCTO, observed earlier in
works [30] and [31], attracts attention. On its background,
the maximums at 1099-1105, 995-999, 840-852,
802-806 cm™, which can be associated with vibrations of
CuO,, TiO, groups, are clearly seen [27,32]. No absorption
bands typical for carbonate ions and water molecules were
found in the spectra of samples before and after calcination
[32]. On the other hand, visible changes in the spectra for
all calcined samples appear against the background of the
diffuse band, it becomes wider, probably due to a decrease
in the intensity of the bands 840-852, 802-806 cm™ and
an increase in the intensity of the bands manifested in the
shoulder form in the interval 600-800 cm™. This behavior
may be related to the thermal activation and diffusion
of oxygen atoms, which affects the distortion of TiO,
polyhedrons and TiO coupling oscillations. After calcination
of the Ni-doped CCTO samples, there is a decrease in the
intensity of the absorption line at 2400 cm™, which referred
to air. The absorption band of deformation oscillations
of H,O was not detected. We assume that such spectrum
changes may be related to this behavior may be related to the
thermal activation and diffusion of oxygen atoms.

An analysis of the behavior of the CaCu,Ti, , Ni, O, ;and
CaCu,_, Ni, Ti,O,, and CCTO samples by mass spectrometry
in the temperature range 323-623 K did not allow us to
establish the nature of the released component. When heated
in the temperature range from 323 to 623 K under vacuum
(70 mTorr), the analyzed sample (Fig. S6, supplementary
material) does not emit compounds with masses in the range
of 10-1050 Da.

4., Conclusion

As a result of investigation of the thermal behavior of
CaCu,Ti, ,Ni, O, ; and CaCu, , Ni, Ti O, samples by
thermal analysis methods up to 1323 K, two reproducible
thermal transformations in the range of 487-653 K and
near 1275 K were established. With the exothermic effect,
a comparable mass loss of samples of both series was fixed,
not exceeding 0.14 mass.%. Based on the analysis of FTIR,
MS spectra of the samples, it is supposed that the exothermic
effect is connected with the diffusion of oxygen atoms. The
endothermic effect is associated with thermal dissociation
of copper oxide (II) and is accompanied by a slight mass
loss. According to thermal analysis, the CuO content in
CaCu,Ti, , Ni, O, ; samples is significantly higher than in

4-4x" T4x T 12-8

CaCu, , Ni, Ti,0,,.

Supplementary material. The online version of this paper
contains supplementary material available free of charge at the
journal's Web site (lettersonmaterials.com).
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