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Abstract: Proton-conducting ceramics have gained significant attention in various applica-
tions. Yttrium-doped barium cerium zirconate (BaCexZry _xyYyOj3_5) is the state-of-the-art
proton-conducting electrolyte but poses a major challenge because of its high sintering tem-
perature. Sintering aids have been found to substantially reduce the sintering temperature
of BaCexZry _x_yYyOs_s. This work evaluates, for the first time, the impact of NiO and ZnO
addition in three different loadings (1, 3, 5 mol%), via wet mechanical mixing, on the sinter-
ing and electrical properties of a low cerium-containing composition, BaCe 2Zr7Y(.103-5
(BCZY). The sintering temperature remarkably dropped from 1600 °C (for pure BCZY) to
1350 °C (for NiOBCZY and ZnOBCZY) while achieving > 95% densification. In general,
ZnO gave higher densification than NiO, the highest being 99% for 5 mol% ZnOBCZY.
Dilatometric studies revealed that ZnOBCZY attained complete shrinkage at temperatures
lower than NiOBCZY. Up to 650 °C, ZnO showed higher conductivity compared to NiO
for the same loading, mostly due to a higher extent of Zn incorporation inside the BCZY
lattice as seen from the BCZY peak shift to a lower Bragg’s angle in X-ray diffractograms,
and the bigger grain sizes of ZnO samples compared to NiO captured in scanning electron
microscopy. At any temperature, the variation in conductivity as a function of sintering aid
concentration followed the orders 1 mol% > 3 mol% > 5 mol% (for ZnO) and 1 mol% < 3
mol%~5 mol% (for NiO). This difference in conductivity trends has been attributed to the
fact that Zn fully dissolves into the BCZY matrix, unlike NiO which mostly accumulates
at the grain boundaries. At 600 °C, 1 mol% ZnOBCZY showed the highest conductivity
of 5.02 mS/cm, which is, by far, higher than what has been reported in the literature for a
Ce/Zr molar ratio <1. This makes ZnO a better sintering aid than NiO (in the range of 1
to 5 mol% addition) in terms of higher densification at a sintering temperature as low as
1350 °C, and higher conductivity.

Keywords: perovskite ceramics; densification; proton-conducting electrolyte; electrochemi-
cal impedance spectra; activation energy

1. Introduction

Proton-conducting ceramics have drawn attention since Iwahara et al. [1] discovered
in 1981 that doped strontium cerate sintered between 1300 and 1450 °C was an almost
pure protonic conductor in a hydrogen-containing atmosphere. The advantage of proton-
conducting electrolytes is their intermediate temperature operation (400 to 700 °C) which
broadens the choice of materials that can be used as electrodes, and also the scope of
application of proton-conducting electrolyte systems.

So far, barium- and strontium-based perovskites have been studied in-depth and
shown promise as proton-conducting electrolytes. Barium cerates (BaCeOj3) exhibit high
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protonic conductivity, but they are not stable at low temperatures and are prone to reaction
with steam and CO,. On the other hand, barium zirconates (BaZrOs) are chemically stable,
but exhibit lower protonic conductivity, and require very high sintering temperatures
(above 1600 °C) and a long sintering duration for sufficient densification to prevent gas
crossover. To strike a balance, BaZr; —xCexO3_ s-based ceramics have been studied in-
depth, and have shown promise in terms of conductivity and stability, but the sintering
temperature is still around 1550 °C. Further research revealed that doping BaZr;_CexO3_5
with aliovalent rare earth elements like Y, Sm, Gd and Dy brings down the sintering
temperature to 1500 °C. An amount of 10-20 mol% Y-doped BaZr;_CexO3_s (commonly
BCZY) has shown the highest conductivity in dry air (2.5 x 1072 Scm™~!) and wet air
(2.1 x 1073 Scm™1) atmospheres at 600 °C [2-4] that makes it the most widely used proton-
conducting electrolyte [5,6], although proton conductivity depends on dominant charge
carriers under different conditions. However, 1500 °C is still a considerably high sintering
temperature [7-9] that promotes metal evaporation from the electrode(s) and inter-diffusion
into the electrolyte.

Sintering aids, which are mostly oxides of transition metals, have been found useful in
enhancing the sinterability of BCZY by reducing the sintering temperature and enlarging
the grain size. The metal cation partially replaces the B-site cation in the BCZY lattice, intro-
ducing oxygen vacancies and electron-hole pairs to compensate for charge neutrality [10].
This, in turn, alters the proton conductivity of BCZY. Another concept [11] states that the
sintering aids melt at the grain boundaries of the parent perovskite and aid grain growth
to attain higher densification at lower temperatures, a process typically known as liquid
phase sintering (LPS). Such structural distortions in the grain boundary region can alter
the proton mobility or protonic defect concentration, thus affecting proton conductivity
currents [10].

In the literature, different sintering aids like NiO, CuO, ZnO, Fe;O3 and CoO have
been reported, the most common ones being NiO and ZnO [10-15]. In general, wet chem-
istry techniques like the sol-gel method, wet impregnation using metal nitrate solution,
the Pechini method, etc., have been used to ensure (1) sintering aid cation incorporation
into BCZY lattice and (2) bigger grain size with lesser grain boundaries to minimize grain
boundary resistance to proton transport. For example, 4 mol% Ni incorporation via sol-
gel method rendered a conductivity of 6.3 mS/cm at 600 °C (in 3% humidified Hy) for
BaZrg1Ce.66Nip.04 Y0203-_5 [16], which was higher than the parent perovskite or when
NiO was added using mechanical mixing. Nasani et al. [17] obtained conductivities of
1.11 mS/cm and 0.91 mS/cm at 500 °C with 1 wt% NiO added BaCe( 3Zry55Y(0.1503_5 and
1 wt% ZnO added BaCey3Zry55Y0.1503_5, respectively, all in 3% humidified Hj. In this
case, NiO and ZnO were added via the citrate—nitrate combustion method. However, in
certain instances mechanical mixing has outperformed wet synthesis. Tao and Irvine [14] re-
ported 97% densification at 1325 °C with 1 wt% ZnO added to BaCe 5721y 3Y0.16Z10,0403_5
via ball-milling and that a total conductivity of 3.14 mS/cm was obtained at 400 °C and
over 10 mS/cm above 600 °C in 5% humidified Hy. Viechineski et al. [18] synthesized
BaCe(,Zrp7Y0103_5 by the Pechini method and added 4 wt% ZnO to it via ball-milling
followed by sintering at 1500°C for 4 h to achieve 8.64 mS/cm at 600°C in humid N,. Wang
et al. [19] added 4 mol% ZnO to BaCe(5Zrp3Y02029 and reported higher conductivity
with mechanical mixing (13.5 mS/cm at 600 °C in 5% humidified Hj) than wet synthesis
(11.2 mS/cm at 600 °C in 5% humidified H,) using zinc nitrate in ethanol. In another work,
2 wt% of ZnO addition to BaCe( 35721y 5Y(.1503_5 (BCZY) by sol-gel method exhibited the
lowest sintering temperature of 1100 °C, but the overall conductivity was halved (8 mS/cm
for BCZY sintered at 1600 °C versus 4.02 mS/cm for BCZY-ZnO sintered at 1100 °C) at
700 °C in humidified H; [13]. Thus, it cannot be conclusively said that sintering aid ad-
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dition by wet chemistry techniques renders higher conductivity than mechanical mixing,
especially when such techniques are costly, complicated and time-consuming. However, it
can be concluded that wet synthesis guarantees better sintering aid dispersion compared
to dry mixing. Recently, Matsuda et al. [20] adopted a wet mechanical mixing technique
(using ethanol solvent) to add 0.1 to 3 wt% ZnO to BaCegZr(1Y(103_5 and achieved
13 mS/cm at 600°C (3.0% H»O, 19.4% Hj, and 77.6% Nj). This work evaluates a further
modified wet mechanical mixing where the sintering aid is ball-milled with the BCZY
powder, but in the presence of a binder and solvent to ensure uniform mixing.

It is also to be noted that, in the examples cited above, synthesis technique is not the
only distinguishing factor, but there are other variables, like sintering aid concentration,
sintering temperature as well as sintering duration, that play a pivotal role in determining
the overall conductivity of NiO or ZnO added to BCZY. A plethora of literature is available
on individual sintering aids, and how their concentration affects BCZY conductivity, but
only limited research is available on the comparison of NiOBCZY and ZnOBCZY synthe-
sized by identical processing conditions. Moreover, there was a general notion that ZnO is
an excellent sintering aid in terms of densification, but not as great as NiO when it comes
to conductivity [11]. Only recently, Tao et al. [14] and a few others have reported that ZnO
improves perovskite conductivity, but only when added in small quantities. This work
aims to study the effects of NiO and ZnO on the structural and electrical properties of
BCZY when added in equal concentration under identical processing conditions.

In this study, 1, 3 and 5 mol% NiO and ZnO were added to BaCeZr 7Y 103_5 using
a wet mechanical mixing process, and their influence on the phase structure, morphology,
sinterability and conductivity of BCZY have been systematically evaluated. Since Zn and
Ni are hardly soluble in BCZY [20,21], the sintering aid concentration was intentionally
kept low (1-5 mol%) to avoid accumulation at grain boundaries, leading to any unwanted
electron conduction across the electrolyte, as has been previously reported with higher
concentrations [21,22]. A further comparison has also been made between pure BZCY and
the sintering-aid-modified BCZY in terms of sinterability and conductivity.

2. Experimental Details
2.1. Fabrication of Electrolyte Discs/Bars

Electrolyte discs were prepared for density and conductivity measurements. At first,
nickel oxide (NiO) powder (Fuel Cell Materials) and barium cerium yttrium zirconate
(BaCe2Zr97Y0103_5) powder (Fuel Cell Materials) were mixed in appropriate ratio to
achieve 1, 3 and 5 mol% NiO loading. Next, 2 wt% alcohol soluble binder (CERDEC) was
added to the mixture followed by the addition of enough ethanol to completely submerge
the powder. This mixture was ball milled (Across International Planetary Ball Mill) at
350 rpm for a total span of 2 h to ensure uniform mixing. The well-mixed slurry was kept
at 30 °C overnight for solvent evaporation, followed by crushing in a mortar and pestle,
and sieving to obtain a fine powder. The same procedure was repeated to synthesize 1, 3
and 5 mol% ZnO added to BCZY powders. Next, standard discs were then pressed in a
uniaxial press (MTI Corporation, Richmond, CA, USA) at 8 bars of pressure, followed by
further pressing in an isostatic press (Avure Technologies, Inc., Middletown, OH, USA) at
170 MPa. These discs were then sintered at 1350 °C in static air for 2 h. They were placed
on and surrounded by BCZY powder to compensate for barium oxide (BaO) evaporation.
As-prepared sintered discs were 20 mm in diameter and 1.55 mm thick. For shrinkage
studies, bars were fabricated using the same method, their final dimensions being 42.1 mm
x 4.3 mm X 3.0 mm. Structural properties of BCZY powder before and after milling have
been provided in Supplementary Sections S1 and S2.



Ceramics 2025, 8, 78

40f23

2.2. Conductivity Measurement

As-prepared NiOBCZY and ZnOBCZY discs were coated on either side with Ag paste
spanning over an area of ~0.78 cm?, followed by drying in an oven at 80 °C and sintering
in a binder burn-off furnace (Tetlow, Melbourne, Australia) at 825 °C in static air for 2 h.
Next, the samples were mounted on a fixture and snugly placed between two Pt mesh
pieces connected to Pt wires for current collection. The fixture was inserted into a tubular
furnace. A K-type thermocouple was positioned very close to the cell to accurately monitor
actual cell temperature and the actual cell temperature varied within £3 °C of furnace
set temperature at all times. Conductivity tests were done in the temperature range of
350 to 700 °C while purging 5% humidified Hy/N; (5:95 v/v) mixture into the furnace
at 38.5 mL/min under isothermal conditions for 30 min. The electrochemical impedance
spectra were recorded (in the frequency range of 1 MHz to 100 mHz with an amplitude of
10 mV) using Versastat (Princeton Applied Research, Oak Ridge, TN, USA) under open
circuit voltage (OCV) using four probes to avoid wire losses.

2.3. Archimedes’ Density Measurement

Density measurements were carried out following ASTM standard C830. First, samples
were heated to 110 °C to remove any surface-bound moisture and then weighed (dry
weight, D). Next, samples were fully immersed in boiling water for 2 h. After the boiling
period, samples were cooled down to room temperature while still completely covered with
water. Samples were suspended in an in-house loop or halter of AWG Gage 22 (0.643-mm)
aluminum wire hung from one arm of a weighing balance and immersed into a beaker of
water. The balance was previously tared with the wire in place and immersed in water
to the same depth as is used when the specimens are in place. This gives the suspended
weight (S) of the samples. Next, samples were blotted lightly with a moistened cotton
cloth to remove all drops of water from the surface and determine the saturated weight
(W). Care must be taken to avoid excessive blotting that would otherwise induce error by
withdrawing water from the pores of the sample. The bulk density (p, g - cm~3) can be
determined using the formula:

p= s M

2.4. Dilatometer Shrinkage Studies

Dilatometry of pure BCZY, 1, 3 and 5 mol% NiO added BCZY bars, and 1, 3 and
5 mol% ZnO added BCZY bars were recorded under static air in the temperature range
of 45 °C to 1550 °C at a heating rate of 2 °C/min using DIL 402 Expedis Classic Netzsch
(Waldkraiburg, Germany). Green bars were cut into identical lengths of 25 mm and the
total shrinkage, and the shrinkage rates were measured along the axial direction under a
static force of 0.2 N.

2.5. XRD and SEM Characterization

For bulk phase analysis, all samples were ground in a boron carbide mortar and pestle
followed by loading into zero-background sample holders. A Bruker D8 Advance A25
X-ray Diffractometer (Billerica, MA, USA) operating under CuKa radiation (40 kV, 40 mA)
equipped with a Lynx Eye XE-T detector was employed to obtain the X-ray diffractogram.
All samples were scanned over the 20 range 5° to 90° with a step size of 0.02° and a count
time of 1.6 s per step, and were spun at 15 rpm during data collection. Crystalline phases
were identified using the ICDD-JCPDS powder diffraction database. Rietveld analyses were
performed on the data using the Bruker TOPAS™ (Version 7) program to determine phase
wt% and lattice parameter values. Background signal was described using a combination of
the Chebyshev polynomial linear interpolation function and 1/x function. Cell parameters,
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vertical sample displacement, peak full width at half maximum, scale factor and preferred
orientation were all refined. Error ranges were calculated on the basis of three estimated
standard deviations as calculated by TOPAS. Crystallite sizes were calculated using the
Scherrer equation:
KA

= Seosd 2)
where D is the mean size of the ordered (crystalline) domains, also referred to as crystallite
size, K is a dimensionless shape factor, typically 0.89, A is the X-ray wavelength in nm,
B is the line broadening at half the maximum intensity (FWHM) in radians, and 6 is the
Bragg’s angle.

The microstructure of fresh samples was imaged using a Merlin Benchtop scanning
electron microscope (SEM) from Zeiss, Oberkochen, Germany. Samples were mounted onto
stubs and coated with Ir for 30 sec. Next, they were subjected to imaging under secondary
electron diffraction (SED) mode under 20,000 x magnification.

3. Results and Discussion
3.1. Density Measurements and Shrinkage Studies

NiOBCZY and ZnOBCZY samples sintered at 1350 °C were subjected to Archimedes’
density measurement tests as described in Section 2.3. The as-obtained relative densities
(pre1) are shown in Figure 1. Both sintering aids in all three molar concentrations succeeded
in achieving higher densification compared to pure BCZY sintered at 1550 °C (pye; 88.5%)

for 2 h. Clearly, NiO and ZnO improved the sinterability of BCZY, giving p. > 90% at a
sintering temperature of just 1350 °C.
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Figure 1. Relative densities of pure BCZY sintered at 1550°C as well as 1, 3, 5 mol% NiOBCZY and 1,
3, 5 mol% ZnOBCZY sintered at 1350 °C.

As expected, p increased monotonically with sintering aid concentration. For exam-
ple, 1 mol% NiOBCZY had a p, value of 91.5% that increased to 96.5% upon increasing
NiO content to 5 mol%. As is widely reported in the literature, higher sintering aid con-
centration promotes grain growth, leading to attenuation of pores, and, finally, enhanced
densification. Figure 2 shows the dilatometer test results of NiOBCZY and ZnOBCZY.
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Figure 2. Dilatometer results of pure BCZY together with 1, 3, and 5 mol% NiOBCZY and ZnOBCZY
(A) sintering profile and (B) shrinkage rate as a function of temperature obtained by dilatometer in air.

To do this, green compact bars of 1, 3, and 5 mol% NiOBCZY and ZnOBCZY, together
with a pure BCZY bar as a control sample, were subjected to the shrinkage measurement
study. As illustrated in Figure 2A, pure BCZY only shrunk to 12% at 1550 °C while all the
other bars with sintering aids surpassed this value significantly. In addition to increasing the
densification, the sintering additives decreased the sintering temperature as is clearly visible
in Figure 2A,B. Complete densification could be realized at the temperature where the
inflection point of the plateau is almost formed in the derivative curves (Figure 2B), which
are 1385 °C,1350 °C, 1347 °C, 1327 °C, 1283 °C, and 1230 °C for 5 mol% NiOBCZY, 1 mol%
ZnOBCZY, 1 mol% NiOBCZY, 3 mol% NiOBCZY, 3 mol% ZnOBCZY, and 5 mol% ZnOBCZY,
respectively. Moreover, the densification degrees of the bars are in good agreement with the
Archimedes measurements. It is to be noted that BCZY showed slight shrinkage starting
at 150 °C and then major shrinkage around 1100 °C. In contrast, doped samples started
shrinking at ~900 °C onwards. Such different behavior of BCZY and doped BCZY can be
attributed to the presence of a sintering aid, since all samples were milled under identical
conditions with equal amounts of binder and pressed into bars using the same equipment
and die under identical pressure.

3.2. XRD and SEM Characterization Results

One objective was to see the different phases present in the NiOBCZY and ZnOBCZY
samples and check the redox stability of these materials. Thus, X-ray diffractograms have
been provided and discussed in-depth in this section for (1) fresh samples, (2) samples
tested in a reducing environment in the temperature range of 350 to 700 °C (denoted as
tested_reduced), and (3) samples tested in a reducing environment in the temperature range
of 350 to 700 °C followed by oxidation in static air at 800 °C (denoted as tested_reoxidized).

As-purchased BCZY powder, as well as pure BCZY sintered at 1350 °C, showed a
hexagonal BaCe(,Zrp7Y0103_5 (PDF 04-011-7317) phase (Figure 3A) along with little
witherite (BaCOj3, PDF 01-085-0720) that showed major reflection at 24° (Figure 3A inset).
Ba lost during sintering reacts with atmospheric O, forming BaO that then reacts with
atmospheric COy, resulting in the formation of BaCOj3 [23-25]. All three ZnOBCZY samples
exhibited cubic BaCe(Zry7Y(103_5 (PDF 04-011-7317) as the major phase with no addi-
tional diffraction peaks from ZnO (Figure 3B). According to the literature [26-28], Zn enters
the lattice structure, promotes solid solution, and favors the formation of a single-phase
BCZY. Very similar findings have been reported by Viechineski et al. [18] who synthesized
BaCe(1Zrp7Y(103_5 by Pechini method and added 4 wt% ZnO to it followed by sintering
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at 1500 °C for 4 h. In the present work, there was no change in the lattice structure or the
lattice parameter of the ZNOBCZY samples upon testing in a steam/Hj /N, environment.
However, only 5 mol% ZnOBCZY showed ~0.5 wt% Y,0O3 (PDF 04-002-5376) as an impurity
phase in both fresh and tested samples, which may be related to the loss of Ba during
sintering at elevated temperatures [18]. It is to be noted here that minor reflections observed
between 20-30°, 40-55° and 70-80° correspond to BCZY (PDF 04-011-7317). However, an
additional peak at around ~28.5° appeared from tungsten radiation. In XRD equipment, a
tungsten filament acts as the cathode. When heated, it emits electrons that are then acceler-
ated towards the copper anode; tungsten from the cathode slowly evaporates and deposits
in the copper anode over its lifetime and can create X-ray characteristics of tungsten upon
collision with electrons from the cathode. The peak splitting of BCZY, especially at a higher
Bragg’s angle, can be attributed to the presence of a trace amount of rhombohedral BCZY.
Similar peak splitting due to the co-existence of two phases has been previously reported
in the literature [29-31]. The lattice parameters and phase details of each ZnOBCZY fresh
and tested sample have been provided in Table 1.

Table 1. X-ray diffractogram characterization of different ZnOBCZY samples.

Sample Phases Lattice Structure Lattice Parameter (nm)
1 mol% ZnOBCZY BaCeOQZrO_yYO_lOz% cubic 0.4255
3 mol% ZnOBCZY BaCeOQZronQJOz.% cubic 0.4254
o 99.5% Baceo.zzl‘oyYo.lOz.% cubic 0.4253
5 mol% ZnOBCZY 0.5% Y505 cubic N/A
1 mol% ZnOBCZY .
tested._reduced * BaCe(2Zr0.7Y0.102.95 cubic 0.4255
3 mol% ZnOBCZY .
tested_reduced * BaCe(.2Zr0.7Y0.102.95 cubic 0.4254
5 mol% ZnOBCZY 99.6% Baceo.zzr0.7Y0.1OZ95 cubic 0.4253
tested_reduced * 0.4% Y503 cubic N/A
1 mol% ZnOBCZY .
tested_oxidized ** BaCe(2Zr0.7Y0.102.95 cubic 0.4254
3 mol% ZnOBCZY .
tested_oxidized ** BaCe(.2Zr07Y0.102.95 cubic 0.4253
5 mol% ZnOBCZY 99.6% Baceo.zzr0.7Y0.102,95 cubic 0.4252
tested_oxidized ** 0.4% Y,03 cubic N/A
. o 98% BaCey1Zrg7Y0 10595 hexagonal 0.6025, 1.4715
BCZY sintered at 1350 °C 2% BaCO3 orthorhombic N/A

* tested_reduced means samples tested in a reducing environment in the temperature range of 350 to 700 °C.
** tested_oxidized means samples first tested in a reducing environment in the temperature range of 350 to 700 °C
followed by oxidation in static air at 800 °C. N/ A stands for not available.

In contrast to ZnOBCZY that depicted no peaks for ZnO, a cubic bunsenite (NiO, PDF
01-090-8811) phase was detected for all 3 and 5 mol% NiOBCZY samples (Figure 3C inset).
As expected, NiO content was higher for 5 mol% loading compared to 3 mol%. There was
no change in the lattice structure or the lattice parameter of the samples upon testing in a
humidified H, /N, environment. Also, no changes were observed upon reoxidizing the
tested samples (Figure 3C). However, NiO content decreased upon testing samples in a
reducing environment and then again increased upon reoxidizing such reduced samples.
This can be attributed to the partial reduction of NiO into metallic Ni (Ni’) during testing
in a humidified H, /N, environment, and subsequent Ni’—NiO during reoxidation. The 3
and 5 mol% NiOBCZY samples showed trace amount of BaCOj3 as an impurity phase that,
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again, can be related to Ba loss [18,28]. The lattice parameters and phase details of each
fresh and tested NiOBCZY sample have been provided in Table 2.
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Figure 3. X-ray diffractograms of pure BCZY powder and BCZY sintered at 1350 °C (A) with inset
showing BaCOj3; phase, (B) 1, 3 and 5 mol% ZnOBCZY bars, all sintered at 1350 °C and (C) 1, 3
and 5 mol% NiOBCZY bars, all sintered at 1350 °C. Inset in (C) shows a zoomed-in view of 3 mol%
NiOBCZY in the 20 range of 35.0 to 45°. Here, tested_reduced means samples tested in a reducing
environment in the temperature range of 350 to 700 °C, and tested_oxidized means samples first
tested in a reducing environment in the temperature range of 350 to 700 °C followed by oxidation in
static air at 800 °C.
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Table 2. X-ray diffractogram characterization of different NIOBCZY samples.

Sample Phases Lattice Structure Lattice Parameter (nm)

1 mol% NiOBCZY BaCeO.ZZr0_7Y0_1OZ.95 cubic 0.4255
BaCe0.2Zr0_7Y0_1OZ95 cubic 0.4254
3 mol% NiOBCZY 0.9% NiO cubic N/A
0.3% BaCO3 orthorhombic N/A
99.5% BaCeo,ZZro,meOz,% cubic 0.4253
5 mol% NiOBCZY 1.6% NiO cubic N/A
0.5% BaCOs3 orthorhombic N/A

1 mol% NiOBCZY .
tested_reduced % BaCeOQZrono.lOz.% cubic 0.4255
o . BaCeo.zzroyYo,lOz.% cubic 0.4254
3 molty NDBC2Y 0.5% NiO cubic N/A
ested_reduce 0.2% BaCOs orthorhombic N/A
5 mol% NiOBCZY 99.6% BaCegQZI'-Q]YOJOQ_% cub¥c 0.4253
tested reduced * 1.3% NiO cubic N/A
ested_reduce 0.3% BaCO3 orthorhombic N/A

1 mol% NiOBCZY .
tested_oxidized % BaCeO,ZZro,meOz,% cubic 0.4255
3 mol% NiOBCZY BaCeo.zzoroy\_(o.lOz.% Cul‘t))}c 0.4253
tested_oxidized ** 0.6% NiO cvoie N/A
- 0.1% BaCO3 orthorhombic N/A
5 mol% NiOBCZY 99.6% BaCegzZr.o,yYo,l 02,95 cub}c 0.4252
tested oxidized ** 1.7% NiO cubic N/A
ested_oxidize 0.3% BaCOs orthorhombic N/A

. o 98% BaCey»Zry7Y0 10595 hexagonal 0.6025, 1.4715

BCZY sintered at 1350 °C 2% BaCO3 orthorhombic N/A

* tested_reduced means samples tested in a reducing environment in the temperature range of 350 to 700 °C.
** tested_oxidized means samples first tested in a reducing environment in the temperature range of 350 to 700 °C
followed by oxidation in static air at 800 °C. N/ A stands for not available.

As seen in Tables 1 and 2, the lattice parameter of BCZY was very consistent and
varied from 0.4253 to 0.4255 nm. More interestingly, for any particular mol% sintering aid
addition, the lattice parameter remained unaltered for fresh and tested_reduced samples.
For example, 3 mol% ZnOBCZY fresh and tested_reduced samples had lattice parameters
of 0.4254 nm (Table 1). Similarly, 3 mol% NiOBCZY fresh and tested_reduced samples
also had lattice parameters of 0.4254 nm (Table 2). The value corresponding to the fourth
decimal dropped slightly upon reoxidizing the tested_reduced samples. For example,
3 mol% ZnOBCZY tested_reduced and tested_reoxidized samples had lattice parameters
of 0.4254 and 0.4253 nm, respectively (Table 1). NiOBCZY samples also mirrored the same
trend. This can be attributed to negligible peak shift after one full redox cycle. It is to be
noted that peak indexes and lattice parameters for impurity phases like BaCO3; and Y,0;3,
present in very trace amounts, are probably not useful, as all of the major peaks are overlaps
from multiple peaks. For example, in the case of BaCOj5 (Figure 3A), the first witherite peak
at ~24° is due to both the (1 1 1) and (0 2 1) sets of planes, the small shoulder peak at ~27.7°
is due to the (0 0 2) set of planes, and the next major peak at ~34.2° is due to an overlap of
the (200),(112),(022)and (1 3 0) sets of planes. Thus, these two peaks have not been
indexed in Figure 3 and their lattice parameters have not been provided in either Table 1 or
Table 2.



Ceramics 2025, 8, 78

10 of 23

It is to be noted that crystallite sizes of BCZY calculated from the Scherrer equation
were greater than 200 nm and have thus been excluded from Tables 1 and 2. This is because
the Scherrer equation is generally not considered valid for calculating crystallite sizes
significantly larger than 100 to 200 nm [32]. Its accuracy decreases significantly when
dealing with larger crystallites due to the diminishing effect of diffraction peak broadening
with increasing crystallite size.

For all samples, crystallite sizes as determined using Scherrer equation (Equation (2))
were >0.2 um. This is similar to the grain size of samples containing 1 mol% sintering
aid (as seen from SEM images discussed later); however, with increasing sintering aid
concentration, the average grain sizes monotonically exceeded 0.2 um. This is because
crystallite and grain sizes are affected by nucleation and growth kinetics during sintering.
Upon increasing the sintering temperature, smaller grains merge into larger ones, thus
each big grain now comprises more than one single crystal leading to an average grain size
larger than the average crystallite size.

It is to be noted in Tables 1 and 2 that all samples having sintering aid showed a cubic
BCZY phase, whereas pure BCZY sintered at the same temperature (1350 °C) showed a
hexagonal BCZY phase. As seen in Figure 4, both ZnO- (Figure 4A) and NiO- (Figure 4B)
added samples reflected a peak shift of the most prominent BCZY reflection from 29.7°
to a higher Bragg’s angle, indicating lattice contraction. This slight peak shift can be the
reason for the systematic decrease in the lattice parameter of BCZY from 0.4255 nm (with
1 mol% ZnO) to 0.4253 nm (with 5 mol% ZnO). Similarly, the lattice parameter dropped
from 0.4254 nm for 1 mol% NiO to 0.4252 nm for 5 mol% NiO. It has been observed [15]
that divalent ions like Ni** and Zn?* partially replace tetravalent ions like Ce** and Zr**
in BCZY lattice. Since the ionic radii of Ni** (0.069 nm) and Zn?* (0.074 nm) are less
than that of Ce** (0.097 nm) and Zr** (0.079 nm), any B-site substitution leads to a slight
lattice contraction. Such contraction might be the reason for the BCZY phase transition
from hexagonal (in the absence of any sintering aid) to cubic (in the presence of sintering
aid). Replacement of Ce*" and Zr** by Zn?* or Ni?" can also be a reason for the peak
split of sintering aid-added BCZY samples observed in Figure 4. Similar findings have
been reported by others [16,33,34] as well. The substitution of Zr** with Zn?*/Ni?* would
introduce oxygen vacancies to maintain charge neutrality, which should also contribute to
lattice contraction. In fact, such oxygen vacancy generation is a possible reason for enhanced
proton hopping, resulting in a higher ionic conductivity envisaged in this work as well
as by others [13,16,33,34]. It is possible that there is a mixed phase having BaCeZrYO3_s
along with BaCeMYOs;_;s or BaMZrYO;_5 or BaCeZrMYO;_ s, where M is Ni- or Zn-based
on the added sintering aid. However, further verification through characterizations like
XPS or Raman spectroscopy is needed for any conclusive remarks on this observed peak
split.

Figure 5 shows the SEM images of BCZY and the sintering aid-added BCZY at a
magnification of 20,000. While pure BCZY sintered at 1350 °C showed a highly porous
structure with under-developed grains (Figure 5A), that sintered at 1550 °C was densified
(Figure 5B), albeit featuring the presence of few sporadic pores, with grains ranging in size
from 0.1 to 0.3 pm. As expected, addition of NiO (Figure 5C-E) and ZnO (Figure 5F-H)
sintering aids rendered a highly dense structure at just 1350 °C with grain sizes almost
double that of pure BCZY sintered at 1350 °C. Although 1 mol% NiOBCZY reflected some
sporadic pinholes, all other NiO and ZnO compositions showed fully dense morphology.
Interestingly, the grain size monotonically increased with increasing sintering aid content
for both NiO and ZnO. In general, ZnO showed bigger grain size compared to NiO for 3
and 5 mol% concentrations. For example, for 5 mol% concentration, grain size varied from
0.2 to 0.8 pum for ZnO, whereas it varied from 0.1 to 0.4 um for NiO.
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Figure 4. X-ray diffractograms in the 20 range of 29.5 to 30.0°, showing BCZY peak shift for (A) 1,3
and 5 mol% ZnOBCZY sintered at 1350 °C and (B) 1, 3 and 5 mol% ZnOBCZY sintered at 1350 °C.

EDS mapping (Figure 51,]) of 5 mol% ZnOBCZY showed an uneven distribution of
Y03 as uniformly sized spheres (~ 10 pm diameter) on the sample surface. This is in good
agreement with XRD results that depicted trace amounts of Y,O3 for 5 mol% ZnO. In a
recent work on BaCeq ¢Zr»(Y,Gd)p203_5 with 4 mol% of Zn, Zamudio-Garcia et al. [35]
have shown for the very first time the presence of impurity phase BaGd,;ZnOs5 with an
orthorhombic symmetry. This phase was confirmed through HAADF-STEM/EDS and
XRD and has a lattice parameter very similar to Y,Os3. Thus, purely based on XRD, it is
difficult to assign phases, especially for similar lattice parameters. However, in the current
work, the SEM-EDS maps clearly confirm the presence of Y,0O3.

While it is hard to establish the sintering mechanism of NiO- and ZnO-added BCZY
without in situ characterization like in situ high-temperature XRD, we surmise that there
are two possible ways of explaining the enhanced sinterability of BCZY in the presence
of a sintering aid. The first possibility is the commonly accepted theory based on liquid
phase melting [20,36-38] Eutectic mixtures of BaO and ZnO melt around 1100°C, whereas
mixtures of BaO and NiO melt around 1080°C. Their liquid phase reacts with excess
Y component in the perovskite forming BaY,MOs (M = Ni or Zn), and this complex
liquid phase enhances the densification of the doped perovskite. The phase is unstable
at temperatures exceeding 1200 °C and is thus not detected in XRD [20,36-38]. This
explanation aligns well with our dilatometer studies (Figure 2A) that reflect how NiO-
and ZnO-added samples start shrinking between 900 and 1000 °C, whereas pure BCZY
starts shrinking only around 1200 °C. The second possibility could be volatilization of ZnO
and enhancing sinterability via vapor-phase transport. This could also be the reason for
detecting no ZnO in XRD. However, volatilization is affected by various parameters like
temperature, gas environment, and vaporization thermodynamics of different mixed-oxide
systems. While volatilization of ZnO in ZnAl,04-2Al,03 [39] and ZnO-5n0O, [40] systems
has been reported, there is no literature available on ZnO-BCZY- or NiO-BCZY-based
systems.
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Figure 5. SEM images captured at 20,000 magnification for pure BCZY sintered at (A) 1350 °C and
(B) 1550 °C; SEM images captured at 20,000 magnification for (C) 1 mol% NiOBCZY, (D) 3 mol%
NiOBCZY, (E) 5 mol% NiOBCZY, (F) 1 mol% ZnOBCZY, (G) 3 mol% ZnOBCZY and (H) 5 mol%
ZnOBCZY, all sintered at 1350 °C; (I,J) EDS maps of the 5 mol% ZnOBCZY sample.
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3.3. Conductivity Studies

Figure 6 shows the Nyquist representation of impedance results of the six different
samples. As seen from Figure 6A-F, 1 and 5 mol% NiO added samples showed three
distinct arcs, whereas 3 mol% NiO (Figure 6B) and all ZnO samples (Figure 7A-C) depicted
two clear arcs. According to the literature [38,41,42], the first semicircle at higher frequency
is due to bulk grain resistance, the second semicircle at mid-frequency represents grain
boundary resistance, and the third low-frequency semicircle can be attributed to electrode
polarization. At elevated temperatures, the arcs related to bulk grain and the grain bound-
ary are merged together into one semicircle, indicating a decrease in grain resistance [43].
Thus, the higher-frequency intercept at the x-axis provided the values of ohmic resistance
(Ronm) that were used to calculate the total conductivity of the samples. As expected, Ropm
gradually decreased with temperature for all NiOBCZY and ZnOBCZY samples since ionic
conductivity increases with temperature [20,44,45]. At any particular temperature, Ropm
increased with increasing sintering aid content. As seen from the SEM images (Figure 5),
the grain sizes became bigger with higher sintering aid content. Although bigger grains
reduce the number of grain boundaries and thus the grain boundary resistance [16], they
increase the bulk grain resistance since the ions (protons in this case) now have to travel a
longer path across the grain itself. This can lead to a higher Ry, as envisaged here. It is
also observed that the low-frequency semicircle shrank in size with temperature, indicating
Ag electrode activation. Such activation encompasses (1) improved mass transfer processes
like gas diffusion and adsorption/desorption, as well as (2) improved charge transfer
processes at the gas—ion—electron triple phase boundary (TPB). However, trends depicted
by electrode polarization are not a major concern for studies involving the determination
of ionic conductivities of ceramic electrolyte materials.

Recent studies reported that proton-conducting solid oxide cells possess large
impedances (~10° Hz) due to slow proton transfer at the electrolyte-electrode-gas triple
phase boundary (TPB) [46—49]. Thus, it is possible that R, encompasses some resistive
contribution from the TPB in addition to the total resistance of the electrolyte. However,
it is assumed that such ohmic contribution from TPB would be similar for all ZnOBCZY
and NiOBCZY samples, thus giving a correct representation of the comparison of their
conductivities. Absolute values of total, bulk and grain boundary conductivities can be
determined using equivalent circuit fitting.

For comparison, the conductivities of all samples, along with BCZY sintered at 1350 °C,
have been shown in Figure 8A. Clearly, both sintering aids significantly improved the
proton conductivity of BCZY. In fact, above 500 °C, the increase was more than an order
of magnitude. During the sintering [15], the metal oxide (MO) decomposition and bulk
diffusion of metal into BCZY perovskites cause a commensurate increase in the bulk oxygen
vacancy concentration as follows [50]:

MO — My, + V5 + O}, 3)

The higher oxygen vacancy concentration could further promote bulk diffusion and
enhance sintering.
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Figure 6. Electrochemical impedance recorded with (A) 1 mol% NiOBCZY, (B) 3 mol% NiOBCZY
and (C) 5 mol% NiOBCZY between 400 and 650 °C. Electrochemical impedance recorded with 1, 3
and 5 mol% NiOBCZY at (D,E) 700 °C and (F) 350 °C. For all tests, the fuel environment was 5%
humidified Hy /N> (5:95 v/v) at 38.5 mL/min.
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Figure 7. Electrochemical impedance recorded with 1, 3 and 5 mol% NiOBCZY at (A) 700 °C,
(B) between 400 and 650 °C and (C) 350 °C. Inset in (B) shows zoomed-in view of the spectra in the
high frequency range. Inset in (C) shows zoomed-in view of the spectra in the high frequency range.
For all tests, the fuel environment was 5% humidified H, /N5 (5:95 v/v) at 38.5 mL/min.

3.3.1. Analysis of ZnOBCZY Conductivity Trends

Out of the three ZnO concentrations, 1 mol% ZnO has shown the highest conductivity
of 5.02 mS/cm at 600 °C, although the highest density had been obtained with 5 mol%
ZnO. 1t is to be noted that 5 mol% ZnO showed the presence of secondary phase Y,03
and the accumulation of such phases at the ends of grain boundaries caused increased
grain boundary resistances. So far, the highest reported conductivity at 600 °C is 7.4
mS/cm, but with higher cerium content (70 mol%) in the electrolyte. According to the
literature, proton activation energy increases with a decrease in Ce content due to the
difference in the electronegativity of Zr** and Ce** ions occupying the perovskite B-site
and higher repulsive interactions between Zr and H than Ce and H. Another reason could
be that, in a reducing atmosphere, Ce** gets reduced to Ce®*, creating oxygen vacancies
that contribute some oxide ion conductivity, especially under wet conditions. In fact, some
research studies [43,51,52] have clearly indicated that a higher Ce/Zr ratio gives higher
conductivity, but a much lower proton transference number. The highest conductivity
reported so far with Ce/Zr ratio <1 is 4.02 mS/cm at 700 °C with 2 wt% ZnO (sintered at
1100 °C) (6) and 4.80 mS/cm at 600 °C with 4 mol% NiO (sintered at 1400 °C) [37]. We
have achieved 5.02 mS/cm at 600 °C with just 20 mol% cerium content and 1 mol% ZnO
addition.



Ceramics 2025, 8, 78

16 of 23

13 @1 mol% ZnOBCZY
12 A ® A @3 mol% ZnOBCZY
11 - ©5 mol% ZnOBCZY
A1 mol% NiOBCZY
10 { o A3 mol% NiOBCZY
9 | A5 mol% NiOBCZY
PY ®BCZY 1350
a8 A
g 61. ’
- °
5 4 x .
4 - )
3{ 4+ 12 ¢
A 2 s ()
- A °
2 r i
11,
0 [ ® l. [ ] .I [
1.0 1.2 1.4 1.6 1.8
1000/T (K1)
3.0
B @1 mol% ZnOBCZY
2.5 ®3 mol% ZnOBCZY
! ®5 mol% ZnOBCZY
2.0 A1 mol% NiOBCZY
A3 mol% NiOBCZY
1.5 i A5 mol% NiOBCZY
=10
_U
4 0.5
(Iv)
e 0.0
<05
50
-1.0
-1.5
-2.0
1.0 1.2 1.2 1.3 1.4 1.5 1.6 1.7

1000/T (K1)

Figure 8. (A) Ionic conductivity calculated for pure BCZY, 1, 3, 5 mol% NiOBCZY and 1, 3, 5 mol%
ZnOBCZY in the temperature range of 700 to 350 °C in % humidified Hy /Ny (5:95 v/v). (B) Arrhenius
plots for 1, 3, 5 mol% NiOBCZY and 1, 3, 5 mol% ZnOBCZY calculated based on total conductivity.

3.3.2. Analysis of NiOBCZY Conductivity Trends

The conductivity trend of NiOBCZY samples can be explained in light of the size
of grains, number of grain boundaries, and presence of NiO at the grain boundaries. In-
creasing NiO concentration from 1 to 3 mol% tripled the grain size, thus decreasing the
number of grain boundaries. This is expected to improve grain boundary conductivity with
a commensurate increase in total conductivity [16]. However, with a further increase in
NiO concentration from 3 to 5 mol%, the grain size increased marginally, (Figure 5), and ad-
ditional NiO accumulated at the grain boundaries, as can be seen from XRD (Table 2), that
might have led to the slight dip in total conductivity compared to 3 mol% NiO. Previous re-
search [15,53] has also shown that excess sintering accumulation at grain boundaries causes
a decline in conductivity. For example, Lee et al. [15] fabricated BaCeq¢Zrp2Y0203-s
(BCZY) electrolyte using 1, 3 and 5 wt% NiO sintering aid (co-sintered with anode at
1500 °C for 10 h) and obtained power densities (800 °C in 3% humidified hydrogen) of
~75 mW/cm?2, ~110 mW /cm? and 65 mW/cm? with 1, 3 and 5 wt% NiO addition, re-
spectively. The drop in performance from 3 to 5 wt% was attributed to lower electrolyte
conductivity resulting from NiO aggregation at grain boundaries.
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3.3.3. Comparison of NiOBCZY and ZnOBCZY Conductivity Trends

In the present study, up to 650 °C, the conductivity of ZnOBCZY samples followed
the general trend 1 mol% > 3 mol% > 5 mol%. In contrast, NiOBCZY samples followed the
trend 1 mol% < 3 mol% > 5 mol%. This anomaly can be explained in light of XRD phase
analysis and SEM-assisted microstructural analysis. As already mentioned before, XRD of
ZnOBCZY samples showed no ZnO phase but a slight yet gradual peak shift of BCZY to a
higher Bragg’s angle (Figure 4), indicating complete Zn incorporation into the BCZY lattice.
A higher ZnO concentration means more Zn incorporation into the BCZY lattice, which,
according to some previous works [17,54,55], leads to a greater extent of oxygen vacancy
formation and, hence, enhanced proton trapping. This reduces the bulk conductivity, with
gradually increasing ZnO concentration that gets manifested as an overall lower total
conductivity, as well. NiOBCZY samples also showed a slight BCZY peak shift; however,
unlike ZnO, NiO was detected as a secondary phase in 3 and 5 mol% NiOBCZY samples,
indicating its presence at the grain boundaries. That ZnO completely dissolved into lattice
unlike NiO is also evident from the grain sizes, as captured in SEM. Grain sizes were
0.1, 0.3 and 0.4 um for 1, 3 and 5 mol% NiO, respectively. While 1 mol% ZnO also had a
grain size of ~0.1 um, 3 and 5 mol% had grain sizes of 0.4 and 0.8 um, respectively. It is
generally believed that sintering aid dissolution into the perovskite lattice results in more
developed grains compared to when the sintering aid is present at the grain boundaries.
For example, Wang et al. [16] used 4 mol% NiO as a dopant for BaZrj1Cep7Y¢203_s and
the synthesis was done via internal addition (sol-gel method, denoted as BCZNY) and
external addition (mechanical mixing, denoted as BCZYNi). BCZNY showed evidence of Ni
dissolution into the BCZY lattice in XRD and, interestingly, its grains were more developed
(~10 pm) than BCZYNi (3 um). The crux is that, in this work, while all Zn dissolves into
the lattice (for 1 to 5 mol% addition), Ni goes inside the lattice as well as accumulating at
the grain boundaries. Thus, in the case of ZnO, there is only one phenomenon happening
(dissolution into lattice with a commensurate increase in proton trapping), whereas for
NiO two phenomena are happening (dissolution into the lattice as well as accumulation at
the grain boundaries). A second important thing is the activation energies associated with
proton hopping. According to a recent DFT study (26), a proton is unable to migrate until
it has passed two energy barriers: energy needed for the proton to hop from one oxygen
vacancy to another and energy needed for the proton to spin. The first energy barrier is
highly affected by the BCZY microstructure (grain size, number of grain boundaries and
presence of pinholes).

It is also noteworthy that ZnO has shown higher conductivity compared to NiO for
equal mol% concentration. From morphological interpretation, one reason could be a
bigger grain size of ZnO (for 3 and 5 mol%) compared to NiO (Figure 5C-H), leading
to lesser grain boundary resistance and improved overall conductivity [28]. For 1 mol%
loading, the grain sizes were similar for both NiO and ZnO; however, NiO contained
some pinholes. Such pinholes and closed pores have been previously reported to increase
bulk resistivity [16,17]. Another possibility from phase analysis could be the complete Zn
incorporation inside the BCZY lattice, as seen from XRD (Figure 3B), leaving no traces of
any Zn-containing secondary phases at the grain boundaries. According to the literature,
the absence of secondary oxide phases improves proton conductivity. Nonetheless, it is still
ambiguous as to how such negligibly small amounts of sintering aid can affect the electrical
properties of BCZY. At 700 °C, however, 1 and 3 mol% NiO outperformed ZnO, possibly
due to higher contribution from hole conduction for NiO [41]. Table 3 shows a comparison
of electrolyte conductivity achieved in this work with the other relevant literature.
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Table 3. Comparison of electrolyte conductivity achieved in this work with the other relevant
literature.

Electrolyte Composition

Sintering Aid/Incorporation
Method

Sintering Temperature (°C),

Duration (h) Total Conductivity (mS/cm)

1 wt% NiO, citrate-nitrate

BaCe3Zr055Y0.1503-5 [17] combustion method 1400, 8 0.91 (500 °C)
BaCeo3Zr0 55 Y1503 [17] 1 Wctz;zl)r;(s){ig:rﬂeet‘;‘ggate 1400, 8 1.11(500 °C)
BaZrg1Cey66NigoaY0203_5 [16] 4 mol% NiO, sol-gel method 1400, 5 6.30 (600 °C)
BaCe5Zr93Y0.16Zn00403_5 [14] 1 wt% ZnO, ball-milling 1325, 10 10 (600 °C)
BaCey»rZrg7Y0103_5 [18] 4 wt% ZnO, ball-milling 1500, 4 8.64 (600 °C)
BaCarsZmavoaOao 19y e O egnation NA 112 600°0)
BaCe(35Zr95Y01503_5 [13] 2 wt% ZnO, sol-gel method 1100, 4 4.02 (700 °C)
BaCeg7Zrp1Y0203_5 [10] 2 mol % Nig 5Feq 5, ball-milling 1400, 5 3.80 (600 °C)
BaCe(5Zr93Y0.16Zn00403_5 [56] 2 wt% ZnO, sol-gel method 1200, 5 2.73 (700 °C)
BaCey5Zr93Y02029 [19] 4 mol% ZnO, solid state reaction 1300, 10 13.50 (600 °C)
BaZrsCea Y0205 s [49] f:gg*o); ;‘;ﬁgti‘é E:ar?t?cl;r 1400, 12 3.00 (600 °C)
BaCe¢Zrg2Y0203_5 [15] 3 wt% NiO, ball-milling 1500, 10 1.4 (600 °C)
BaCeq56Zrg2Nig 04 Y0203_5 [57] 4 mol% NiO, combustion method 1300, NA 11.00 (650 °C)
o e
BaCeggZrp1Y0103_5 [20] 0.1 wt% ZnO, ball-milling 1400, 6 13.00 (600 °C)
This work 1 mol% ZnO, wet ball-milling 1350, 2 5.02 (600 °C)
This work 3 mol% NiO, wet ball-milling 1350, 2 4.08 (600 °C)
This work 1 mol% ZnO, wet ball-milling 1350, 2 11.78 (700 °C)
This work 3 mol% NiO, wet ball-milling 1350, 2 12.76 (700 °C)

Figure 8B shows the Arrhenius plots of the bulk conductivities of the ZnOBCZY and
NiOBCZY samples. For all samples, points up to 600 °C could be fitted with a perfectly
straight line with a regression value (R?) > 0.99. However, beyond 600 °C the trend was
non-linear. This is in good compliance with the literature and can be explained in light of
partial conductivities.

Total conductivity (0y,) is the sum of proton (0p,), oxygen vacancy (0y,) and hole
(0y,) conductivities (Equation (4)) that depend on the concentration of charge and mobility
(u) of the charge carrier (Equation (5)).

(4)

Ototal = OH+ + OVo + 0p

ENA

Ttotal = (#nll] + [=2lpvo[Vo] + p [H']) 52

where p; is the mobility of the charge carrier i, e is the electron charge, N is Avogadro’s
number, and Vy, is the molar volume of BCZY. In reducing atmospheres, o, dominates;
however, oy, and ¢;, dominate at higher temperatures, irrespective of oxygen partial
pressure [41,58]. In a detailed study, Lim et al. [58] showed that above 700 °C the major
charge carriers shift from protons to holes and/or oxygen vacancies, resulting in a spike

(5)

in total conductivity. Similar findings have been reported by Lybye et al. [59] while
investigating the ionic conductivity of doped LaScOj3. This explains the sudden rise in
total conductivity (by ~ a factor of 2) above 650 °C envisaged in this work. However, the
exact reason for such transition from o, to o, is still unclear. In general, two mechanisms
have been proposed for water/steam uptake in proton-conducting ceramics. According to
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the first one (M1) [60], steam is dissolved onto an oxygen vacancy to create two protons
(Equation (6)). The second mechanism (M2) [61] states that steam incorporation takes place
with the simultaneous consumption of two holes, leading to the formation of two protons
(Equation (7)).

HyO(g) + Vo =2H' + O (6)

H,O(g) +2h = 2H" + 0.50, 7)

Although the number of protons generated are the same for both mechanisms, the
number of holes is suppressed in the latter (M2), resulting in the domination of op,
(Equation (5)) [43]. It is possible that the steam uptake mechanism switches from M2 to M1
at and above 700 °C, marking the transition from protonic to hole conductivity dominance.
In fact, Lybye et al. [59] have reported that at higher temperatures steam gets absorbed by
oxygen vacancies, resulting in low op,. They also mentioned that variation of protonic
defect concentrations with temperature caused bending of the Arrhenius curves, as has
been observed in this work. Thus, based on the literature, it can be concluded that the
change in slope of Arrhenius plots above 600 °C is due to variation in proton concentration
and possible transition from protonic to hole conductivity. For the linear part of the plots
(up to 600 °C), 1 mol% ZnO gave the lowest activation energy of 0.33 eV followed by
5 mol% (0.36 eV) and 3 mol% (0.37 eV). These values were lower than NiO, which followed
the order 1 mol% (0.41 eV) < 3 mol% (0.42 eV) < 5 mol% (0.43 eV).

4. Conclusions

Yttrium-doped barium cerium zirconate (BaCexZr; _x—yYyO3_5) has been one of the
most widely reported proton-conducting electrolytes for intermediate-temperature solid
oxide fuel cell or electrolysis operation. The major challenge of this material is its high
sintering temperature (>1500 °C) that limits the choice of electrode materials, especially
under co-sintering scenarios.

This work evaluates the effect of NiO and ZnO addition in three different loadings (1,
3, 5 mol%) on the sintering and electrical properties of BaCey2Zry7Y(103_5. This BCZY
composition with a Ce/Zr molar ratio <1 was selected intentionally to avoid any chances
of hole conduction, as is reported in the literature. Sintering aids were added using a
wet ball-milling technique to achieve more uniform distribution than dry milling, but at a
faster pace and with lesser complexity than other wet chemistry techniques like the sol-gel
method, Pechini method, citrate-nitrate combustion method or wet impregnation methods.

The sintering temperature dropped from 1600 °C (for pure BCZY) to 1350 °C upon
sintering aid addition while achieving >95% densification. In general, ZnO showed higher
densification than NiO for equal loading, the highest being 99% for 5 mol% ZnO load-
ing. Such higher densification for ZnO can be attributed to ZnOBCZY samples attaining
complete shrinkage at temperatures lower than NiOBCZY. Up to 650 °C in 5% humidified
Hjy/Nj (5:95 v/v), ZnO showed higher conductivity compared to NiO for equal loading.
This has been related to a higher extent of Zn incorporation inside the BCZY lattice, as seen
from the X-ray diffractogram.

At 600 °C, 1 mol% ZnOBCZY showed the highest conductivity of 5.02 mS/cm, which
is, in fact, higher than what has been reported so far in the literature for a Ce/Zr molar
ratio <1. At 700 °C, however, 3 mol% NiO outperformed ZnO and exhibited a conductivity
of 12.76 mS/cm, possibly due to higher hole conduction. The Arrhenius plots for all
samples showed linear and non-linear trends up to and beyond 600 °C, respectively.
This indicates a shift from purely proton-dominated to a mixed (proton + oxide ion +
hole) conduction, possibly due to a transition in the steam uptake and proton conduction
mechanism [58,59,62,63]. Oxide ion conduction at higher temperatures can be attributed
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to in situ Ce** —Ce®" conversion accompanied by oxygen vacancy generation in partially
reducing atmospheres. Nonetheless, in this work, for the linear part of the Arrhenius plots
(up to 600 °C), ZnO showed lower activation energy than NiO, with the lowest being
0.33 eV for 1 mol% ZnO.

Based on the above findings, it can be concluded that ZnO is a better option than NiO
in terms of both densification (guarantees no gas-crossover) and conductivity (guarantees
higher cell performance) in the intermediate temperature range of 400 to 600 °C, with
1 mol% ZnO looking to be the most promising candidate. However, further research is in
progress to investigate the effect of sintering duration on the grain growth and thus the
conductivities of NIOBCZY and ZnOBCZY. Moreover, further work based on varying the
steam partial pressures in a concentration cell is needed to accurately determine protonic
conductivity for a better understanding of the ion transport mechanism in both NiOBCZY
and ZnOBCZY synthesized under identical conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ceramics8020078 /s1, Figure S1: SEM image of BCZY powder
before and after 2 h ball-milling at 350 rpm; Figure S2: Incremental volume percentage as a function
of particle diameter of BCZY powder before and after 2 h ball-milling at 350 rpm.
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