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Abstract

Copper-doped SrZrO; perovskites prepared via solid-state reaction method are studied for structural, morphological, thermal and
electrical properties using various characterisation techniques. The X-ray diffraction and Rietveld refinement confirm the
monophasic orthorhombic structure of the undoped and doped samples. The shifting of the XRD peaks with doping is the
manifestation of dopant Cu into the Zr site of SrZrOs lattice. The thermal expansion curves of doped and undoped samples vary
linearly with temperature. The conductivity of the samples increases with copper doping. The activation energy of the samples
suggests mixed electronic and ionic (protonic) conduction in the present samples. The conductivity of the doped SrZrO; increases
up to three orders, i.e. 10 S cm ™' at 600 °C. The thermal and electrical properties are in the required SOFC range making Cu-
doped SrZrO; suitable for use as cathode materials.
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Introduction

Over the past few years, a lot of research is going on the
development of materials for intermediate-temperature solid
oxide fuel cells (IT-SOFCs) [1-3]. One of the members of the
A**B**0;-structured perovskite oxide family is SrZrOs;.
Owing to its high melting point (~ 2600 °C), chemical stability
and fast ionic (protonic) conduction at high temperatures,
SrZrOj; finds applications as cathode and electrolyte materials
in IT-SOFCs [4-6]. Numerous researchers have been studying
the evolution of different structural phase transitions of
SrZrO; [7, 8]. Basically, with the rise in the temperature, there
is a decrement in the tilt angle of the ZrO¢ octahedra which is
responsible for the different phase transitions in SrZrOs. As
the literature suggests, SrZrO; has orthorhombic (Pbnm)
structure at room temperature [9]. However, with the rise in
temperature, SrZrOs undergoes three phase transformations
namely, orthorhombic (Pbnm) — orthorhombic (Cmcem) —
tetragonal (/4/mcm) — cubic (Pm3m) at room temperature
(RT), 700, 830 and 1170 °C, respectively [10].
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These structural phase transitions have been studied using
various techniques such as high-temperature X-ray diffraction
and neutron powder diffraction [7, 8]. Thermal analytical
techniques such as differential scanning calorimetry (DSC),
differential thermal analysis (DTA) and dilatometry have also
been used to study these high-temperature phase transitions
[10-13]. Apart from the structural phase transitions, thermal
expansion is also an important parameter. Zhao et al. observed
how the phase transitions affect the bond lengths of the octa-
hedra of the zirconates, which further influences their thermal
expansion [14]. Raman spectroscopy is also used since the
variation in the chemical bonds of the materials plays an es-
sential role in the phase transitions [15]. The role of doping
rare earth elements such as Sm>*, Pb%*, Eu®>* and Tb>* and
transition metals such as Ni** and Fe**** in the SrZrOs sys-
tem has been of keen interest due to the easy tuning of the
optical properties of these perovskites [16—19].

Perovskite-structured materials which have transition ele-
ments at the B-site show metallic, superconducting or mixed
conducting behaviour due to their multiple valence states [20].
Depending upon the size, charge and the concentration of the
dopant, the addition of transition metals at the B-site of the
perovskite-structured materials enhances their ionic as well as
electronic properties [21]. Misra et al. studied the electrical
conducting behaviour of Fe-doped SrZrO;. Doping of
10 mol% Fe enhanced the conductivity but further increased
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leads to the formation of a secondary phase [22]. Tang et al.
studied its structural and magnetic properties where Fe en-
hanced the dielectric properties and also induced ferromagne-
tism in SrZrOs [23].

The charge difference between the host (B-site cation) and
the lower valence dopant leads to the creation of oxide ion
vacancies in the SrZrO; system. The vacancy formation af-
fects the BOg octahedra, which alters the thermal and electri-
cal properties of the system. The role of oxygen vacancies is
prominent since it provides vacant sites for ionic (protonic)
conduction. The oxide ion conductors turn out to be protonic
in hydrogen-containing atmospheres. Water from the gas-
phase dissociates into hydroxide ion and a proton. The hy-
droxide ion fills the oxide ion vacancy while the proton forms
a covalent bond with the lattice oxygen [24, 25]. The thermal
properties of the system are affected by the ordering and
disordering of the vacancies. Also, the change in the valence
state of the B-site cation and the creation of oxygen vacancies
maintain the neutrality of the system [26, 27]. Existence of
multiple valence state elements at the B-site enables the move-
ment of electrons in the crystal lattice. So, a significant role is
played by the B-site cations in controlling the conducting
behaviour of these oxides.

However, there are no reports regarding the structural, ther-
mal and electrical properties of doping CuO at the B-site of
SrZrOs. These properties are essential for the materials to be
tested as cathode and electrolyte for IT-SOFCs. The present
study is, therefore, focused on the structure-supported thermal
and electrical conductivity of SrZr;_ Cu, O3 (0 <x <0.20). X-
ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), Fourier-transform infrared spectroscopy (FTIR) and
scanning electron microscopy with attached energy dispersive
spectroscopy (SEM-EDS) have been used to gain knowledge
about the structure and morphology of the samples. The ther-
mal and electrical properties have been studied using thermo-
gravimetric (TG) and differential thermal analyser (DTA), di-
latometry and impedance spectroscopy.

Materials and methods

Five compositions of the SrZr;_,Cu,O3 (0 < x <0.20) system
were synthesised using the solid-state reaction route. These
chemicals are used as received from the suppliers without
any further purification. Stoichiometric ratios of SrCOs;,
Zr0, and CuO powders were mixed thoroughly in acetone
media for 2 h using agate mortar and pestle. The powders were
calcined at 800 °C for 10 h and then pelletised using a hydrau-
lic press. The green pellets of the doped samples were sintered
at 1200 °C for 5 h in the air by heating them in a high-
resistance furnace. The samples were furnace cooled to room
temperature. The undoped sample used for comparison study
was sintered at 1500 °C for 5 h in the air. Crystalline structures
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of the prepared powders were identified via XRD
(PANalytical X’Pert Pro) using Ni-filtered Cu-K,, radiation
(A = 1.5406 A). The measurements were carried out in the
angular range of 20-80° with a step size of 0.017°. The
XRD patterns are refined by Rietveld refinement using
FullProf Software. The oxidation state of Cu has been con-
firmed through XPS (PHI-5000 VersaProbe III, Physical
Electronics) using Al-K,, radiation (1486.6 ¢V) with carbon
peak as the reference.

Infrared spectra of the samples were observed at room tem-
perature using FTIR spectroscopy (Spectrum RX-I, Perkin
Elmer) in the spectral range of 1800400 cm . The powders
of the crushed, sintered pellets were mixed with potassium
bromide and pressed to form translucent pellets for use in
the FTIR spectra measurements. The surface morphology of
the samples was examined using SEM (JSM-6510 LV,
JEOL). A thin layer of gold is sputtered onto the surface of
the sintered pellets with the help of an Auto fine coater (JEC-
1600, JEOL) to make them conducting. The grain size calcu-
lations were done using Zeiss Axiovision software. EDS anal-
ysis was carried out using an INCA attachment coupled with
SEM to check the difference in the stoichiometry of the
undoped and doped samples.

The TG-DTA (Diamond Pyris, Perkin Elmer) measure-
ments were carried out by placing the powders of the sintered
pellets in an alumina pan and heating them at a rate of 10 °C
min " in nitrogen. A push-rod-type dilatometer (DIL 402 PC,
Netzsch) was used to carry out the thermal expansion mea-
surements of the samples. The coefficient of thermal expan-
sion (CTE) of the sintered samples was measured from 200 to
600 °C at a heating rate of 5 °C min"'. The reference material
used during the measurement was Al,O5. Impedance mea-
surements were carried out using an impedance analyser
(Solartron SI-1260) in the frequency range of | 0°-10° Hz with
0.1 V AC biasing. Before placing the sintered pellets in be-
tween the two platinum electrodes, a thin layer of platinum
was sputtered onto the surface of the samples to make them
conducting.

Results and discussion
XRD analysis

Figure 1a illustrates quite intense and well-defined peaks for
all the samples depicting the high level of crystallinity or long-
range translational ordering. The XRD patterns of all the sam-
ples correspond to the orthorhombic phase of SrZrO; with
space group Pbnm. The XRD results of StZr;_,Cu,O3 (0 <x
< 0.20) have been verified by Rietveld refinement. The sam-
ples were refined with both orthorhombic as well as cubic
phases; however, the best fit was observed for the orthorhom-
bic phase. The Rietveld refinement of the samples shows good
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Fig. 1 a XRD patterns of StZr; ,Cu,O3 (0 <x<0.20). b Refined XRD pattern of SZC-10 confirming orthorhombic structure with Pbnm space group. ¢
Shifting of the highest intense peak (112) towards lower angles depicting the incorporation of CuO in the SrZrO; system

agreement between the observed and calculated pattern since
the Chi-square () value of all the samples approaches to 1.
As arepresentative, the refined patterns of SZC-10 are shown
in Fig. 1b while the lattice parameters of all the samples are
listed in Table 1. The variation of the lattice parameters is in
accordance with the shifting of the XRD peaks. The sudden
decrease in the lattice parameters of SZC-15 indicates the

Table 1 Sample labels and lattice parameters of SrZr; ,Cu,O; (0 <x <
0.20)

Composition Sample label @ (A) b(A) c(A) VA
SrZrO5 SZC-0 5785 5.812 8.194 275.54 0.99
S1Z19.95Cug 0503  SZC-5 5.788 5.812 8.194 27575 1.00
StZr9.99Cug.1003  SZC-10 5792 5813 8.196 276.03 1.03
StZro.g5Cug 1503 SZC-15 5789 5812 8.194 27576 1.03
StZro.g0Cuo-003  SZC-20 5792 5813 8.198 275.07 1.75

solid solubility limit of the samples is up till SZC-10. A sim-
ilar observation has been reported by Kant et al. [28]. This
decrease might be associated with the gradual change in the
oxidation state of copper from Cu'* to Cu**. The lattice pa-
rameters vary linearly with the doping which indicates the
formation of a single phase. The phase formation can also be
estimated from the Goldschmidt’s tolerance factor (¢), which
is defined as:

I"A+VO

T )t

where 74, 7o, g and ryy are ionic radii of Sr, O, Zr and Cu,

respectively. Since CuO is substituted at the B-site so instead

. . +ry . .
of using 7 in Eq. (1), i ;E is considered. A tolerance factor

0f 0.71-0.9 confirms the orthorhombic phase formation [29].
On calculating the tolerance factor of the present samples
using Eq. (1), it is inferred that the system is indeed
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Table 2 Coordination No. (CN),

jonic radii (IR), electro-negativity Cations Coordination No. Ionic radii (A) Electro- Field strength
and field strength (F) of different negativity
cations used in this study [30]

St 12 1.44 0.95 0.70

7zt 0.72 1.33 1.88

cu' 0.77 1.90 0.46

Cu? 0.73 1.90 0.93

orthorhombic since the value of # comes out to be 0.85. It is
consistent with the XRD results. Table 2 lists the ionic radii
(IR) of the elements used in the present composition along
with their corresponding coordination numbers (CN) [30]. It
is expected that Cu ions will occupy the Zr site due to their
minimum ionic radii difference as compared with Sr site.
Since the ionic radii of the host, Zr+ (CN=6,IR=0.72 A)
is slightly lesser than the dopant, cu** (CN=6,IR=0.73 A),
therefore, the incorporation of Cu into the host lattice does not
change the crystal structure of SrZrO;. However, the local
structure of SrZrO; gets modified due to the charge difference
between Cu'*'** and Zr**. These modifications are related to
the bending of the Zr—O octahedra [31].

It is a well-known fact that doping causes shifting of the
XRD peaks along with variation in the intensity. Shifting of
the XRD peaks of the doped samples towards lower diffrac-
tion angles as seen in Fig. 1c is due to the introduction of
larger ionic radii dopant Cu'*** (CN = 6, IR = 0.77/0.73 A)
in place of Zr** (CN = 6, IR = 0.72 A). On the other hand, the
formation of oxygen vacancies shifts the XRD peaks towards
higher diffraction angle since the ionic radii of oxygen vacan-
cy is lower than the oxygen ion [32]. Furthermore, shifting of
the SZC-20 towards higher angles could be attributed to the
change in the valence state of Cu since the ionic radii of Cu**
(CN =6, IR =0.73 A) is slightly greater than Zr** (CN = 6, IR
=0.72 A). There might be a possibility of copper to be in Cu'*
state initially (SZC-5 and SZC-10) which gradually changes
into Cu®" state, particularly in the case of SZC-15 and SZC-
20. The XPS results have also verified this change in the
oxidation state of Cu. As seen in Fig. 2, Cu is in the mixed-
valence state particularly in SZC-5 and SZC-10; however, in
SZ(C-20, the effect of Cu'* state seems to diminish and Cu®*
state is prominent. The presence of a mixed-valence state of
copper could also be associated with the broadening of the
XPS peaks of SZC-5 and SZC-10. The XPS spectra of SZC-
20 sample have defined and sharp peaks which might corre-
spond to the presence of fully oxidised Cu?*. Since the XPS
spectra of Cu,O does not have any satellite peaks, therefore,
the oxidation state of Cu is only + 2. Also, from the melting
points of CuO (1326 °C) and Cu,O (1232 °C), it is evident
that the CuO phase is more stable [33]. As for the intensity of
the XRD peaks, the doped samples are quite intense in com-
parison with the undoped sample. The intensity of the doped
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samples decreases with the increase in the CuO concentration.
However, the intensity of SZC-20 increases abruptly indicat-
ing better crystallinity with some order. The change in the
valence of copper along with the charge difference between
Zr** and Cu'*?* ions introduces vacancies into the system.
The vacancies cause a local modification in the parent lattice
which tilts the BOg (ZrOg) octahedra. The following defect
relation represents the vacancies introduced in the system on
doping CuO in place of ZrO, in SrZrO; [34]:

CuO—Cuy, + OF +V;, (2)

The defect equilibrium is represented by the following
equation:

302 (@) + Vo0 +21 4

These equations are as per the Kroger-Vink notation where
Cu'Z’r denotes the vacant Zr site, O represents the oxygen ion
at the lattice and V; represents the vacant oxygen site. These
vacancies play an essential role in the conduction mechanism
of such perovskites [35].

(b)

Intensity (a.u.)

(a)

955 950 945 940 935
Binding energy (eV)
Fig. 2 XPS spectra of Cu in a SZC-5, b SZC-10 and ¢ SZC-20

970 965 960 930
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FTIR analysis

The FTIR spectrum generally exhibits two fundamental modes
of vibration, i.e. asymmetric stretching and bending modes
which are active under infrared radiation. In a perovskite struc-
ture, the bending and stretching vibrations of the B-site cations
and oxygen gives rise to the formation of bands of varying
intensities [36]. FTIR spectra of StZr;_,Cu,O3 (0 <x <0.20)
as observed from Fig. 3a, b show the existence of seven bands
positioned around 1632, 1472, 1210, 1092, 993, 860 and 588
cm !, respectively. The bands after 1800 cm ™" are supposed to
be of stretching and bending vibrations of adsorbed water mol-
ecules. Therefore, only the fingerprint region (1800-400 cm ™)
has been considered for analysing the FTIR spectra of SrZr,
+Cu,03 (0<x<0.20). The variation in the position of the bands
of the undoped and doped samples is attributed to the presence
of oxygen vacancies in the system [37].

The region between 850 and 400 cm " is attributed to the B—
O vibrations, which, in this case, can either be of Zr—O or Cu-O
[38]. The bands at 598 and 588 cm ™' for the undoped and doped
samples correspond to the Zr—O stretching vibrations [39, 40].
In the case of ceramic materials, the shifting of peaks towards
higher or lower wavenumbers is related to the formation of
stronger and weaker B-O bonds, respectively. The shifting of
the bands ~ 598, 1095 and 1233 cm”! towards lower wavenum-
ber might be due to the partial substitution of Cu'*** in place of
Zr*. Since the force constant decreases on doping Cu'** into
SrZrO5 system, it leads to lower Cu—O strength. It, in turn,
causes the bands to shift towards lower wavenumber [41].
Also, the introduction of CuO into the SrZrO; system induces
oxygen vacancies which might also be responsible for the
shifting of these bands towards lower wavenumber [42]. The
bands at 1461 and 1472 cm ™" in the undoped and doped sam-
ples, respectively, could be due to the reaction of the samples
with CO, present in the atmosphere. The water-related bands at
~ 1626 and 1632 cm™" in the undoped sample shift towards
higher wavenumber, and the intensity of these bands increases

1626 1461 1095. | 1971 837 517
ol N R e -

508

s 2 8 8

% Transmittance

$

:

P Poiii (a)
1600 1400 1200 1000 800 600 400
Wavenumber (cm™)

30
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Fig. 3 FTIR spectra of a undoped and b Cu-doped SrZrO;

with the increase in the CuO doping thereby confirming higher
hydrophilic nature of the doped samples [43-45].

Physical parameters

In order to have a better understanding of the microstructure of
the system, it is necessary to have some knowledge about the
physical parameters such as density and molar volume. Table 3
lists the different physical parameters used in this study.
Density plays a vital role in controlling the properties of poly-
crystalline materials [45]. The density of the samples was cal-
culated using the concept of Archimedes principle. The follow-
ing formula has been used for the density calculations:

W,
W,

p = X Py (4)
where the density of the sample is p, p, is the density of xylene
which is 0.863 g cm >, W, is the weight of the sample in air and
W, weight of the sample after dipping in xylene. An increase in
the CuO concentration leads to a significant increase in the
density of the samples. In the present case, copper doping
seems to increase the sinterability of the samples as observed
in the following section which leads to an increase in the den-
sity. The sample with the maximum amount of dopant (SZC-
20) is denser than other samples. Since density is an additive
property of material, this increase is attributed to the doping of
CuO (631 ¢ cm ) which is denser than ZrO, (5.68 g cm ).
The molar volume of the samples is also following the expect-
ed results. The molar volume (V,,) was calculated using the
following formula:

(5)

where m is the molar mass of SrZr;_Cu, O3 (0 <x<0.20) and
p is the density calculated using Eq. (4). Since CuO (79.545 g
mol ') has lesser molar mass than ZrO, (123.218 g mol 1);

100 1472 . 1092 860 1588
1632 200 3993 : :
90 1 : : AN
3 =~ '~ :
c 804 : : (p
©
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s |
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Table 3 Relative density, molar
volume, concentration, polaron Sample label p (%) Vi (cm’ mol ~ ') N (x 102 cm ) rp (cm) R (<107 cm)
radius and the distance between
Cu ions of SrZr;_Cu, 05 (0 <x < SZC-0 70.73 30.89 - - -
0.20) SZC-5 85.57 25.19 7.57 9.52x 107° 2.36

SZC-10 90.04 23.66 3.95 1.18x10°# 2.93

SZC-15 92.32 22.78 2.68 134x10°% 3.33

SZC-20 93.08 22.30 2.01 148 x 1078 3.67

therefore, there is a decrease in the values of the molar volume.
The highly dense SZC-20 has the lowest molar volume. The
density and molar volume of the samples are listed in Table 3.
Using the density of the materials, several other parameters
such as the concentration of Cu ions per unit volume (N),
distance between Cu ions (R) and polaron radius (r,) are cal-
culated. The ionic concentration is calculated using the follow-
ing formula:

__PNa
" 100 x m (6)

where N, is the Avogadro’s number and m is the molecular
weight of CuO in the sample. The concentration of ions per
unit volume helps to calculate the values of the distance be-
tween Cu ions and the polaron radius. These parameters are
calculated using the following formulas [46]:

1
R=1]—

. )
rp:0.5><3i (8)

6N

The decrease in the value of N leads to an increase in the
distance between the Cu ions. Therefore, SZC-5 has the low-
est value of R. Since, the polaron radius of all the samples is
smaller than R but higher than the ionic radii of Cu, it is
inferred that the electrons in the system are localised [46].

Morphological analysis

Figure 4a—e illustrates the micrographs of StZr;_Cu, 05 (0 <x
<0.20) showing the formation of well-defined grains. Change
in the morphology of the samples is quite evident from the
SEM micrographs. SZC-0, SZC-5 and SZC-20 samples have
homogeneously distributed spherical shaped grains. However,
in the case of SZC-10, the grains are intact but not uniform in
shape. Rather, there is a transition from spherically shaped
grains to cubic shaped. The spherically shaped grains some-
what change into inhomogeneously distributed cubic-shaped
grains in SZC-15. The intergranular connectivity confirms the
effective doping of copper into the SrZrO; system which is
supported by the decrease in the grain size of the doped
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samples in comparison with the undoped sample. The grain
size decreases significantly in SZC-15 and again increases for
SZC-20. The XRD analysis also supports this change in the
morphology of the samples. Table 4 lists the average grain
size values of SrZr;_Cu,O; (0 < x < 0.20) calculated using
the intercept method [47]. The grain size of the samples varies
between 0.4 and 1.0 pm. Due to the decrease in the grain size,
there is room to accommodate a greater number of grains.

Addition of CuO has been known to refine the microstruc-
ture and increase the density of the samples leading to lower
sintering temperatures. The lower melting point of CuO fa-
vours the liquid phase sintering, which leads to higher density
due to increased diffusion process [48]. The density measure-
ments of the samples also support this argument (Fig. 5). The
EDS data of the samples listed in Table 4 confirm that the
required stoichiometry is maintained even after sintering at a
higher temperature.

Thermogravimetric analysis

Figure 6 shows the TG plots of SZC-0, SZC-10 and SZC-20.
All the samples undergo discontinuous weight loss when heat-
ed up to 1000 °C, which is correlated to the loss of water or
lattice oxygen from the system. The weight loss in the
undoped and doped samples occurs at three different stages.
The first stage of the weight loss occurs until ~ 400 °C. It is
less than 0.5% which might be due to the evaporation of
moisture (H,O) from the closed pores or due to the relaxation
processes occurring within the system [49, 50]. Between 500
and 800 °C, all the samples show weight loss; however, it is
higher in the doped samples, i.e. SZC-10 and SZC-20. This
weight loss might be associated with the lattice oxygen loss
due to the change in the oxidation states of the transition
element, i.e. Cu in the samples. Above 800 till 1000 °C, the
change in the weight becomes constant in all the samples. This
means that the system is stable in this range and suitable for
use as cathode material for SOFCs. Figure 7 shows the DTA
curves of the undoped and doped samples. Above 700 °C, no
appreciable peaks are observed. However, lots of disturbance
is observed in this temperature range which might be due to
the presence of phase transitions as reported in the literature
[7, 8, 10].
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Table 4 Average grain size and
EDS data of StZr; ,Cu,05 (0 <x Sample label Average grain size (um) Sr (wt%) Zr (wt%) Cu (wt%) O (Wt%)
<0.20)
SZC-0 1.03 36.77 41.84 - 21.39
SZC-5 0.84 37.02 41.48 0.16 21.35
SZC-10 0.80 38.90 39.71 0.29 21.05
SZC-15 0.46 38.88 39.11 0.95 21.06
S7C-20 0.52 3837 40.31 0.13 21.19

Thermal expansion measurement

Dilatometry is a sensitive experimental tool used to analyse
the changes in the length of the material upon heating or
cooling. CTE is an essential property for the planar design
of IT-SOFCs. The slope of % versus temperature plot where
Lo is the original length of the sample while dL is the change
in the length gives the value of the CTE. The thermal expan-
sion for a given system is generally a demonstration of two
processes. First is due to the formation of oxygen vacancies,
and the other one is due to the increased bond strength be-
tween the dopant and the host. Thermal expansion for a given
system is small for strongly bonded materials in comparison
with weakly bonded materials [49].
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Figure 8 shows the linear thermal expansion curves of all
the samples indicating linear continuous curves of thermal
expansion with temperature. All the samples expand linearly
with a slight difference in their slopes. Table 5 lists the CTE
values of SrZr;_Cu, O3 (0 < x < 0.20) which shows that the
doped samples have higher CTE than the undoped sample. It
might be due to the presence of oxygen vacancies in the sys-
tem because of Cu'*?* doping for Zr** in StZrOs. The miss-
ing oxygen from the lattice lowers the interatomic bond
strength and increases the CTE. The shifting of the bands
towards lower wavenumber in the FTIR spectra of the doped
samples also supports this decrease in the bond strength [50].
It is supported by the difference in the field strength (F) of the
cations also. As seen in Table 2, the field strength of Cu is less
in comparison with Zr, which implies that the bond strength
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Fig. 4 SEM micrographs of (a) SZC-0, (b) SZC-5, (c) SZC-10, (d) SZC-15 and (e) SZC-20 with corresponding particle size distribution
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decreases with Cu substitution. Therefore, the decrease in
bond strength increases the CTE of the doped samples in
comparison with the undoped samples. The field strength of
the cations has been calculated using the following formula:

F=—" 9)

re +ry

where z is the charge of the element, 7. and r, are the ionic
radii of the cation and oxygen (CN = 6, IR = 1.40 A),
respectively.

As the concentration of the dopant increases, a consider-
able decrease in the CTE values is observed. This decrease is
due to the ordering of oxygen vacancies with the CuO con-
centration. An increase in the vacancies leads to a point where
the vacancy concentration becomes ordered. The interaction
energy between a cation and anion is a fine balance between
the Coulombic attraction and the internuclear repulsion. The
ordering of oxygen vacancies makes the potential energy well
symmetric, which results in the reduction of the CTE [51, 52].
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Fig. 6 Representative TG plots of SZC-0, SZC-10 and SZC-20
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Also, higher electro-negativity of copper as compared with
zirconia leads to an increase in the cation-anion bond
(Table 2). It also leads to a decrease in the CTE of the system
[53]. However, the CTE values of some of the samples such as
SZC-0, SZC-15 and SZC-20 are in the required SOFC range
(9-13 x 107% °C"") which make StZr; ,Cu,05 (0<x<0.20)a
suitable candidate for use as a cathode for SOFCs.

Electrical properties

The impedance spectroscopy is a well-known non-destructive
characterisation technique used to analyse the electrical prop-
erties of ceramic materials. It is an essential tool used to relate
the microstructures and the contribution of grains to the con-
ductivity of the polycrystalline oxides over a wide range of
frequencies and temperatures. The impedance spectroscopy
has been extensively utilised to check the suitability of oxide
ion conductors for major electrochemical devices such as

30

DTA (nV) (<Endo)

I 1 1 I L I 1
200 300 400 500 600 700 800 900 1000
Temperature (°C)

Fig. 7 Representative DTA curves of SZC-0, SZC-10 and SZC-20
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Table 5 CTE and total

conductivity of SrZr;_,Cu, O3 (0< Sample label CTE (x 10°°°C™") o(Sem™)

x<0.20)

200-600 °C 200 °C 400 °C 600 °C

SZC-0 12.68 - 5.02x107 229x%10°
SZC-5 14.37 - 435x10° 847 x107°
SZC-10 14.11 9.81 %1077 126x107° 1.06 x 107*
SZC-15 11.85 1.72x107° 779 x 107 2.63% 107
SZC-20 11.57 201 %107 1.50x 1074 1.66 x 107

SOFCs [54, 55]. The conductivity of the SrZr;_,Cu,O3 (0 <x
< 0.20) is calculated from the Nyquist plots. Generally, a
Nyquist plot has three semicircles at different frequencies.
The semicircle at the high-frequency region corresponds to
the grain while the one at the intermediate frequency region
corresponds to the grain boundary. In some cases, a third
semicircle is also observed, which corresponds to the elec-
trode contribution [56]. As the temperature increases, the con-
tribution of the grains and grain boundaries keeps on
changing, which results in the change of the shape of the
semicircles. The point of intersection of the semicircle with
the x-axis taken as the resistance. The conductivity (o) of the
samples is then calculated using the following formula:

o=— (10)

where L is the thickness and A is the surface area of the plat-
inum sputtered pellets. R is the total resistance, i.e. resistance
of the grains as well as grain boundaries of the sample.
Figure 9 shows the representative Nyquist plot of SZC-10
along with the corresponding equivalent circuit. The equiva-
lent circuit consists of series-connected parallel R-C circuit.
Due to the presence of depressed semicircles, the constant
phase element (CPE) is taken instead of the capacitor. The
capacitance of the two semicircles is of the order of 107'°

0.008
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9 0.005 4 $zc-10
3 $ZC-15
0.004 SEC20 —
0.003 1
00024
0.001

) ) )
200 300 400 500 600
Temperature (°C)

Fig. 8 Thermal expansion curves of SrZr; ,Cu,O; (0 < x < 0.20)
measured in the temperature range of 200-600 °C

and 107® F, respectively. Since the capacitance of the second
semicircle is two orders higher than the first, it corresponds to
the grain boundary while the first corresponds to the grain
contribution. Depressed semicircles observed in the samples
might be due to varied reasons such as the polycrystalline
nature of the samples, surface defects, multiple relaxations,
inhomogeneity and dispersion of electrodes [57]. It is ob-
served that the resistance of all the samples decreases consid-
erably with an increase in temperature as well as the dopant
concentration. An increase in the temperature gives rise to
increased thermal motion of the ions, thereby resulting in
higher conductivity. An increase in the CuO concentration
enhances the conductivity of the samples due to the electron
transfer between the ions of different oxidation states (Fig.
10). Since copper has multiple valence states, it gets randomly
distributed in the system. To maintain the overall neutrality of
the system, the lower valence dopant also creates oxygen va-
cancies providing adequate sites for ionic (protonic) conduc-
tion. Zr**, on the other hand, does not contribute much to the
conduction phenomena because of the absence of multiple
valence states. Therefore, doping of CuO into the system gives
rise to the electrical conduction [22]. Table 5 lists the conduc-
tivity values of SrZr;_,Cu,O3 (0 < x < 0.20). The

-60
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> =304 | R2 | R3
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Fig. 9 Representative Nyquist plot of SZC-10 along with equivalent
circuit measured at 350 °C
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2.4x10* 4 Table 6  Activation energies of SrZr; ,Cu,O; (0 <x <0.20)
—0—250°C
—a—350°C /i \ Samples Activation energy (eV) Temperature range (°C)
1.8x10% 1 :::::g:g:g ;/ Ny SzC-0 1.24 350-450
= / 0.89 450-600
E . SZC-5 0.93 250-450
@ 1.2x10° 0.71 450-600
© SZC-10 0.27 200-300
0.60 300-600
6.0x10° 1 S7C-15 0.19 200-300
0.37 300-600
- SZC-20 0.33 200-400

0 5 10 15 20
xin SrZr,,Cu,0; (Mmol%)

Fig. 10 Variation in the conductivity of SrZr; ,Cu,O; (0 <x <0.20) with
Cu concentration at different temperatures

conductivities of low dopant concentration, i.e. SZC-0 and
SZC-5 are of the order of 10° S cm™" at 600 °C while of
the conductivities of the highly doped samples, i.e. SZC-10,
SZ(C-15 and SZC-20 are of the order of 10~* S cm ™" at 600 °C.
These conductivity values are higher than that of the Fe-doped
SrZrO;, as reported by Misra et al. [22].

As seen in the SEM micrographs, the grain size of the
samples decreases with the increase in the CuO concentration.
It increases the number of grain boundaries per unit cross-
sectional area. Role of grain boundaries become vital in the
low-temperature region than in the high-temperature region. It
is in accordance with the results that with an increase in the
concentration of the dopant, the grain size decreases while the
total conductivity increases. Generally, in perovskite mate-
rials, oxygen is released at elevated temperatures, thereby in-
creasing the number of randomly distributed oxygen vacan-
cies. Large amounts of oxygen release lead to oxygen vacancy
ordering and reduction of the transition metals, which de-
creases the total conductivity of the system. It results in the
decomposition of perovskite oxides into sub-oxides and pure
metals [58, 59]. It might be the case with the decreasing con-
ductivity in SZC-20 at 550 °C.

The activation energy of the samples is calculated using the
following Arrhenius equation [60, 61]:

Ed
ocT=A eXp - (11)
where A is a constant, 7'is the temperature, E, is the activation
energy and & is the Boltzmann constant. The slope of In T
versus 1000 T~! of the Arrhenius plot gives the activation
energy of the system (Fig. 11). The different slopes in the
Arrhenius plot attribute to the change in the charge carriers
with the rise in temperature. From the decreasing values of £,
given in Table 6, fast mixed electronic and ionic (protonic)

@ Springer

conduction with increasing dopant concentration is observed
for the samples.

Conclusion

Copper-doped SrZrO; having orthorhombic structure is syn-
thesised using the solid-state reaction method. Copper doping
increases the density of the samples while decreasing the grain
size. The charge difference between Cu and Zr leads to the
creation of vacancies in the system, which affects the proper-
ties of the doped samples. The CTE of all the samples is
between 11 and 14 x 107° °C™! in the temperature range of
200-600 °C which is in the required range for SOFCs. The
conductivity of the samples is three orders higher than the
undoped sample ~ 10 S cm™' at 600 °C. The activation
energy suggests mixed electronic and ionic (protonic) conduc-
tion by the Cu-doped SrZrO;. The thermal expansion and

T(°C)

600 550 500 450 400 350 300 250 200
1

24

-10 T T T T T
1.0 1.2 14 16 18 2.0 2.2

1000/T (K")
Fig. 11 Arrhenius plot of StZr; ,Cu,O;5 (0 <x < 0.20)
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electrical conductivity of SrZr;_,Cu,O5 (0 <x <0.20) make it
suitable for use as cathode materials in SOFCs.
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