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Abstract

The new compositions of BaCe,, sZr, ;Y ;5. Yb Zn, ,sO; s perovskite electrolytes (x = 0.1 and 0.15) were pre-
pared by solid state synthesis and final sintering at 1500 °C. The obtained ceramics were investigated using
X-ray diffraction, scanning electron microscopy, thermo-gravimetric analysis and impedance spectroscopy.
The refinement of XRD data confirmed cubic crystal structure with Pm3m space group for both samples. SEM
morphology showed larger and compacted grains which enables obtaining of high density and high protonic
conductivity. The relative densities of the samples were about 99% of the theoretical density after sintering
at 1500 °C. The protonic conductivities at 650 °C were 2.8x10* Sjem and 4.2x1073 Sfem for x = 0.1 and 0.15,
respectively. The obtained results showed that higher Yb-content increases the ionic conductivity and both
of these perovskites are promising electrolyte for intermediate temperature solid oxide fuel cells to get high
efficiency, long-term stability and relatively low cost energy system.

Keywords: perovskite, proton conductor, electrolyte material, impedance spectroscopy

I. Introduction are incompatible with low or IT operation. At relatively
low operating temperatures, with a low activation en-
ergy and higher efficiency, lots of perovskite type oxides
have shown high proton conductivity in H, and H,O-
containing atmospheres [15-17].

Getting the best proton conducting electrolyte mate-
rial with high chemical stability is a great challenge.
Synthesis of a highly dense ceramic proton conduct-
ing electrolyte material at low sintering temperature is
another major challenge as well. Meanwhile, BaCeO,
based materials exhibit mixed ionic conduction (MIC)
[18,19] and yttrium doped BaCeO, shows good sin-
tering behaviour and high proton conductivity [20,21].
However, most of them are unstable in CO, and steam
atmosphere, destroying the perovskite structure [8,22].
On the contrary, doped barium zirconates (BaZrO,)
show a poor sinterability and low proton conductiv-
ity, but high chemical stability in CO, and H, atmo-
spheres [8,20,23]. An apparent optimized material could
be obtained by combining these two doped materials.
It was reported that the partial substitution of Ce**

Solid oxide fuel cell (SOFC) is one of the most ef-
ficient electrical energy conversion devices among the
existing energy technologies [1]. Because of the high
energy conversion efficiency (up to 60%), fuel flexibil-
ity and low pollutant emission, it becomes to be a great
chance as renewable and sustainable energy system for
future generation [2-6]. However, further development
of protonic solid oxide fuel cells operating at intermedi-
ate temperature (IT, 400-700 °C) is still important tech-
nological challenge [7-11].

It has been proved that IT-SOFCs are cost effec-
tive over conventional high temperature solid oxide
fuel cells (HT-SOFC), as IT-SOFC can be manufac-
tured more economically using less expensive stack in-
terconnect materials [12—14]. On the other hand, oxy-
gen ion conduction requires high temperature, which
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cations by Zr** cations showed better chemical stabil-
ity as an electrolyte material [24,25]. Furthermore, dop-
ing yttrium in barium cerates and barium zirconates
showed a high conductivity and a good chemical sta-
bility [26,27]. In the solid state synthesis > 10mol%
of barium excess led to a higher conductivity [28].
Introducing small amount of Zn>* in B-site into the
perovskite structure allows an improvement in relative
density, stability and conductivity with a reduction of
high sintering temperature [16,29]. It was reported [17]
that BaCe ;,Zr, ,5 .Y ,Zn,, ,sO; proton conducting elec-
trolyte has high density and acts as a high conductive
electrolyte in the intermediate temperature range.

The electronegativity of the dopant elements has a
strong effect on the binding energies of the dopant-
hydroxyl pairs. In this case, Yb appears to be a
good dopant material [30]. Y+ R = 09 A) and
Yo't RV = 0.861&) are proved to be favourable
dopants in barium cerates and zirconates [31,32]. Thus,
BaZr, ,Ce,,Y,,Yb,,0; s electrolyte material exhib-
ited the highest ionic conductivity and excellent sulphur
and coking tolerance in intermediate temperature range
in wet O, [33]. Using the same electrolyte material Liu
et al. [34] showed its high peak power density.

In the current study, two new proton conducting
perovskites BaCe, sZr, ;Y 5., Yb,Zn, ,sO; ; were pre-
pared by Yb and Zn co-doping at B-site. High density
coupled with high conductivity will make these materi-
als very useful for IT-SOFCs applications.

II. Experimental

Solid state reaction method was used for the
preparation of two different compositions of
BaCe;sZr,3Y5,.Yb,Zn,,sO,;  abbreviated  as
BCZYYbZn10 (for x = 0.1) and BCZYbZn15 (for x =
0.15). Stoichiometric amount of BaCO,, ZrO,, CeO,,
Zn0O, Y,0; and Yb,0; were mixed by ball milling
with acetone and zirconia balls for 24h. The binary
metal oxide precursors were not dried or annealed prior
mixing. The finely ground dried powders were fired at
1000°C for 8h with a heating rate of 5°C/min then
cooled down to room temperature (RT). Hydraulic
press was utilized to make 13mm diameter pellets
under pressure of 202-269MPa (3—4t) and sintered
at 1200°C for 10h, cooled down to RT then again
pelleted and sintered at 1400°C in air for 10h with
5 °C/min as heating and cooling rate. The final sintering
temperature was 1500 °C in air for 10 h with the same
heating rate.

The phase characterization was examined by X-ray
powder diffraction using Shimadzu-7000 diffractometer
(CuKay, A = 1.5406 A) in the 26 range from 10° to 80°.
The data were collected with a count time of 60 s/step
and a 0.01° step size. The FullProf software was used
to refine the obtained data by the Rietveld method [34].
The surface morphology characteristics of the prepared
electrolytes were examined by scanning electron micro-
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scope (SEM, JEOL JSM-7610F).

The mass change of the samples was examined by
NETZSCH thermo-gravimetric analyser. The samples
were introduced to hydration furnace in 0.4 Py,. The
hydration steps for the samples were at 800, 600, 400,
200 and 150 °C with residence time of 2, 2, 48, 2 and
55h, respectively. The samples were heated at 800 °C
for 2h with heating rate 200 °C/h, cooled by 10°C/h
to 600 °C for 2h and cooled again to 400 °C for 48 h.
The samples were heated at 200 °C/h until 200 °C and
cooled at 10 °C/h to 150 °C. Nitrogen flowed constantly
in the TGA at 20 ml/min. The electrochemical proper-
ties were examined using electrochemical impedance
spectroscopy (EIS). A Solartron 1260 frequency re-
sponse analyser was connected to a ProboStat (NorECs,
Norway) conductivity cell to measure impedance in the
frequency range from 1 mHz to 6 MHz and the applied
sine wave amplitude 1 V rms. Sintered pellets of the as-
prepared materials (13 mm diameter and 0.5 cm? plat-
inum pasted electrodes) were used for the impedance
measurements. Impedance data were collected in cool-
ing cycle from 1000 to 150 °C with the steps of 50 °C
under dry and wet Ar atmosphere. In ’dry Ar’, gas
passed through two beds of P,O5 desiccant before en-
tering the conductivity cell whereas in 'wet Ar’, gas
flowed through water at 22 °C (p(H,O) = 0.026 atm).
At each temperature, sufficient time was allocated to en-
sure stability before impedance spectra was recorded.
The least squares refinement program Z-View (Scrib-
ner Associates Inc.) was used to fit the experimental
impedance data. The brick-layer model was employed
to represent the electrical response of the samples. Each
arc from the experimental data represented a parallel
combination of a resistance (R) and a constant-phase el-
ement (CPE). Due to the high impedance at low temper-
ature, e.g. T < 200 °C, the resistance could not be ex-
tracted reliably. No correction for sample porosity was
applied to the conductivity data.

IT1. Results and discussion

3.1. X-ray diffraction analysis

Figure 1 shows the XRD patterns of BCZYYbZn10
and BCZYbZnl5 samples sintered at 1500°C. The
XRD was carried out on as prepared samples. The main
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Figure 1. XRD patterns of BaCesZr,;Y 5., Yb,Zn, O, ;
(x = 0.1, 0.15) which can be indexed in the cubic symmetry
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Table 1. Rietveld refinement results of X-ray diffraction data for BaCe sZr,;Y, 5. Yb,Zn, sO;; (x = 0.1 and 0.15)

Sample parameters

BCZYYbZnl10 (x =0.1)

SBCZYYbZnl5 (x = 0.15)

phase 1
Space group phase 2
Iy

. phase 1

Cell parameter [A] phase 2

. 3 phase 1

Calculated density [g/cm?’] phase 2

Measured density [g/cm?]

Relative density [% TD]  (phase 1)
. . phase 1

Unit cell volume [A®] phase 2

No. of fitted parameters
Ry - factor [%]
R, [%]
Ryp [%]

Pm3m Pm3m
Ia-3 Ia—3
1.99 1.57

4.282(1) 4.3028(7)
10.465(6) 10.403(3)

6.325 6.389
4.567 4.648
6.309 6.314
99.74 98.83

78.564 79.664

1146.271 1125.924
22 22
11.7 13.2
23.9 23.3
33.9 32.8

phases can be indexed in cubic symmetry in the Pm3m
space group. There were few very small intensity ex-
tra peaks for both samples which was refined in cubic
symmetry in the /a—3 space group for Yb,O; as sec-
ondary phase. Table 1 shows the unit cell parameters,
space group, bulk and theoretical densities and refine-
ment factors.

Figures 2a and 2c¢ show the Rietveld refinements of
BCZYYbZn10 and BCZYYbZn15 in the cubic symme-
try and Figs 2b and 2d show the 3D schematic diagrams
of BCZYYbZn10 and BCZYYbZnl15 cubic structure
drawn by using Diamond software. In this composi-
tion, Ba was A-site component and Ce, Zr, Y, Yb and
Zn (with ionic radius of 0.87 A, 0.72A, 0.9 A, 0.868 A
and 0.74 A, respectively) were B-site components. As
shown in Table 1, the unit cell parameters increase
with the increase of Yb content in place of Y. It is
difficult to know from XRD data if Yb** will substi-
tute only Y>* and not Ce** or Zr**. Due to the sim-
ilar ionic radius and valence state of Yb’* and Y’
and our doping strategy, it is more likely that Yb**
will replace only Y*. The ionic radii of Yb*" and
Ce’* are also very close to each other and smaller than
Y3*. Since the unit cell volume is increasing with Yb-
doping, it might be possible that some of the Ce*", Zr**
or Zn** was replaced by Yb>*. Bond valence calcula-
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tion from the observed bond lengths follows the Veg-
ard’s law, confirming the solid solution formation with
Yb** and Y3* statistically distributed in the lattice [36].
For BaCe, sZr; ;Y ;s..Yb Zn, 15O, s sample with x = 0,
XRD showed orthorhombic perovskite structure similar
to that of BaCe ;,Zr, ,5,Y,Zn;, 15O, (x = 0.05,0.1, 0.15,
0.2 and 0.25) [17] and BaCe ;Zr, ;Y osZn, 1505 [37].

3.2. Microstructural analysis

Scanning electron microscopy (SEM) experiments
were carried out to observe the surface microstructure
(Figs. 3a and 3b) and the cross-section (Figs. 3c and
3d) of BCZYYbZn10 and BCZYbZn15 ceramics. The
surfaces of the samples were free of cracks. Figure 3b
shows some small grain which might be the unreacted
Y,0;. The main phases were well-grown with the mix-
ture of smaller and larger grains, connected to each
other. These images show non porous high density fea-
ture as required for electrolyte materials. Table 1 shows
the calculated density from Rietveld refinement and
measured sintered density using Archimedes’ method of
BCZYYbZn10 and BCZYbZn15 ceramics. The relative
densities were more than 98% TD and the grain sizes
were approximately 1-2 and 2—5 um for BCZYYbZn10
and BCZYYbZnl5, respectively. The larger grain size
offers less grain boundary resistance which is good in
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Figure 2. Rietveld refinement profile of: a) BCZYYbZn10 and ¢) BCZYYbZn15 and structure of cubic Pm3m phase for:
b) BCZYYbZn10 and d) BCZYYbZn15

182



A. Afif et al. / Processing and Application of Ceramics 12 [2] (2018) 180-188

X 10,000 WD 10.5mm 10:07

017

1
101

Figure 3. SEM images of BaCe;Zr;Y 5., YDb,Zn,(sO; ; where a) x = 0.1 and b) x = 0.15 for surface view;
¢) x = 0.1 and d) x = 0.15 for cross-sectional view

terms of ionic conduction. It can be noticed that the in-
creasing amount of Yb in replacement of Y leads to the
increase in grain size. Similar density and microstruc-
ture was observed for BaCe sZr; ;Y 5., Yb,Zn; ;505 4
sample with x = 0 [17].

3.3. Thermogravimetric analysis (TGA)

To investigate the hydration behaviour through mass
loss/gain, thermogravimetric analysis of the samples
was performed in the temperature range 20-1000 °C.
The TG-DSC curves, presented in Figs. 4a and 4b
for x = 0.1 and 0.15, respectively, show similar be-
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haviour under nitrogen flow. Figure 5 shows the com-
parison of BCZYYbZn10 and BCZYYbZn15. The mass
change was monitored with increasing temperature.
During heating, the mass gain started at low temperature
(around 30 °C) and got high at 100 °C which is related
to the water uptake from surroundings. Above 100 °C,
a very small mass loss was observed but sustained up
to 400 °C after which it starts to fall drastically. In the
intermediate temperature range (i.e. 100600 °C), ap-
proximately 60% of theoretically possible protonic de-
fects [OH*] were filled in the intermediate temperature
range, which is similar to the result of Ahmed et al.
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Figure 4. TG/DSC curves of: a) BCZYYbZn10 and b) BCZYbZn15 samples
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Table 2. TGA results (mass change Am, calculated oxygen occupancy . calculated oxygen occupancy from chemical
composition §.~t) for BCZYYbZn10 and BCZYYbZn15 samples

Sample

Temperature

Am [% TG] O¢ Ot

BCZYYbZn10
BCZYYbZnl5

400-700
400-700

2.875
2.875

0.138
0.241

2973
2.958

0. = (W,, x Am)/ (Wo2 x 100), where W,, = molar weight of dry compound, Wo, is atomic weight of O,

100.3 —— — —————— ‘
BaCey 5Zr) 3Y0,05YP0,1ZM0,0503-5
BaCey 5Zrg 5Ybyg 15Z0,0505.5

100.2

o
©
T

Mass loss [%]
3
:

998 ‘ ‘ L ‘

0 200 400 600 800 1000

Temperature [°C]

Figure 5. Mass change comparison between BCZYYbZn10
and BCZYbZn15

[30]. All solid oxide proton conductors supposed to hold
hydrogen in the intermediate temperature range where
H* can conduct following Grotthuss mechanism. For
example, similar result was found for the composition
BaCe, sZr,;Y ) 5., Yb,Zn, ,sO; s with x = 0 [38]. The
observed maximum mass loss was about 0.28% for x =
0.1 and 0.40% for x = 0.15.

-75000

Since hydrogen makes O—H bonds with oxygen, it
needs oxygen vacancy. This can be created by replace-
ment of Ce* and Zr** with Zn?*, Y** and YbB?* at the
B-site which creates and facilitates the protonic conduc-
tion. Table 2 shows that the calculated oxygen occu-
pancy values from TGA are close to the calculated val-
ues from chemical composition. From neutron diffrac-
tion experiments the location of protons can be observed
in the structure [39,40].

3.4. Conductivity

To study the proton conducting behaviour of the sam-
ples at the intermediate temperature range, EIS was
applied in wet Ar and dry Ar at temperature 400—
700 °C. Figures 6 and 7 show the impedance spectra for
BCZYYbZn ceramics in wet Ar and dry Ar atmosphere,
respectively. The presence of bulk and grain boundary
resistance is recognised as two semicercles in the fre-
quency range 6 MHz-1 mHz. Resistances were calcu-
lated by fitting the impedance pattern with equivalent
circuit shown in figures and ionic conductivity of the
materials was calculated by the following formula:

B L
" p R-A

(M

(o
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BCZYYbZ_x-0.1_Wet-Ar_ at 550
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BCZYYbZ_x-0.1_Wet-Ar_ at 650
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Figure 6. Impedance spectra of: a) BCZYYbZn10 and b) BCZYbZn15 under wet argon at 400, 500, 600 and 700 °C
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Figure 7. Impedance spectra of: a) BCZYYbZn10 and b) BCZYbZn15 under dry argon at 400, 500, 600 and 700 °C

where o is electrical conductivity, p is resistivity, L is
length, R is resistance and A is cross-sectional area. To
determine the activation energy, the Arrhenius equation
was applied:

2

where o7 is pre-exponential factor, £, is activation en-
ergy, k is Boltzmann constant and 7 is absolute tem-
perature. The ions follow the lowest energy path to fill
up the defects and jump from one octahedral site to an-
other. The energy required to make the jump is called
activation energy (E,).

Yb content has significant effect on impedance. It
can be observed from the comparison of impedance
curves in Figs. 6 and 7 that conductivity under wet ar-
gon is higher compared with the one under dry argon at
700 °C. The existence of water molecules flowing in wet
argon conditions improves conductivity by ions trans-
port mechanism [18]. The equivalent circuit has been
given for two semicircles in Figs. 6 and 7, where R1
and R2 are the resistances and CPE1 and CPE? are the
constant phase elements for bulk and grain boundaries
respectively. For the non-ideal Debye-like behaviour in
ceramic materials, CPE is introduced mainly instead
of ideal capacitor to explain phenomena on the grain
boundary areas on one side, and phenomena relating to
inhomogeneity, diffusion processes or stress that occurs
in the sample, on the other side. The capacitance was in
the range of 10~!'-1078 F for high frequency part semi-
circle and 10~7-107° F for intermediate frequency part,
corresponding to the grain-boundary and electrode re-
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sponse, respectively (the range is 6 MHz to 6 kHz for
bulk and 6kHz to 0.01 Hz for grain boundary in the
impedance spectra [41,42]). From the fitting results of
the impedance spectra the conductivity has been calcu-
lated using equations 1, 3 and 4:

Riotal = Xc1 + X2

1-n 1
XC = RT X Q;

3)
“4)

where CPE1-T (= Q), CPE1-P (=n)

At higher temperatures, conductivity is higher than
that at lower temperature for all compositions following
Arrhenius relation (Eq. 2). Figure 8 shows the Arrhenius
plot of the bulk and total conductivity of BCZYYbZn
pellets under wet and dry Ar at temperature 400700 °C.
Conductivity increases with increasing the amount of
Yb in oxides, especially at the range of 500-700 °C.
Both bulk and total conductivity are increasing along
with the concentration of Yb** dopant complying with
earlier studies [43,44].

Doping with smaller ionic radius Yb*>* into Y>* in-
fluences the changes in crystal unit cell parameters, mi-
croscopy features, conducting activity and also thermal
behaviour. Both samples showed significant increase
in conductivity in wet conditions compared to dry Ar
because of moisture enhancement. Activation energies
were 0.507(3) and 0.678(8)eV for BCZYYbZn10 and
0.436(6) and 0.607(4)eV for BCZYYbZn15 in wet and
dry conditions, respectively. These are in agreement
with the reported values for BaZr,Ce Y, Yb O,
compositions and similar Arrhenius plots are reported
under 2% H, atmosphere [45]. Activation energies were
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Figure 8. Arrhenius plots for the sample (a) BCZYYbZn10 and (b) BCZYbZn1S in dry and wet Ar at 400-700 °C

lower in wet Ar conditions than dry Ar, because of the
[OH™] ions in wet conditions. Yttrium is block d-atom
and ytterbium is block f-atom. The addition of the ytter-
bium into the composition leads to high lattice volume,
which leads to the lower activation energy. This lower
activation energy leads to the higher ionic conductivity.

It is evident that, for the sample BCZYbZn15 in wet
argon conditions, the total conductivity is significantly
higher than for the sample BCZYYbZn10. At 650°C
the total conductivities were 4.06x 10~ S/cm and 4.16 X
1073 S/cm for BCZYbZn15 and 2.17 x 107 S/cm and
2.83 x 107* S/cm for BCZYYbZn10 in dry and wet Ar,
respectively. Liu et al. [45] reported the total conductiv-
ity of 0.67 x 107> S/cm for BaZr, ;Cey55Y .. YD, 055
with x = 0.2 at 700 °C, which is close to the value ob-
tained in this study for BCZYbZn15 (4.16 x 1073 S/cm
at 650 °C).

IV. Conclusions

Highly dense and high proton conducting
BaCe, sZry;Y 5., Yb.Zn;sO; 5 (x = 0.1 and 0.15)
electrolytes were successfully synthesized and char-
acterized. The Rietveld analysis of XRD data showed
a cubic perovskite structure (Pm3m). The unit cell
parameter increases with Yb-doping. SEM morpho-
logical images showed a high density (~99% TD) and
non-porous materials which is important for electrolyte
application. Yb-doping increases the grain size. TGA
analysis showed a significant proton uptake at the
intermediate temperature range. In terms of conductiv-
ity enhancement, the addition of Zn>* and Yb>" has
positive effect. For BCZYbZn15, the total conductivity
was 4.16 x 1073 S/cm at 650°C in wet Ar conditions
which is higher than the conductivity of BCZYYbZn10
in the same conditions. For the ceramics with x = 0.15
Yb, the activation energies in the wet and dry conditions
were 0.51 and 0.68 eV, respectively.
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