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Abstract 

BaCe0.65Zr0.2Y0.15O3-δ (BCZ20Y15) has raised great interest due to its good protonic 

conductivity and chemical stability. However, the sintering of the material is considerably 

challenged by its refractory nature. In the current work, almost fully densified single-phase 

BCZ20Y15 with grain sizes exceeding 10 µm was successfully fabricated by sintering at 

1500 °C by using calcinated powders consisting of naturally separated perovskite phases and 

0.5 wt.% NiO. The role of NiO as sintering aid was elucidated by Inductively Coupled 

Plasma Optical Emission Spectroscopy (ICP-OES) and Atom Probe Tomography (APT) 

methods, concerning global and local material composition. Furthermore, the mechanism 
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leading to the promoted densification and grain growth is elucidated based on current 

experimental results and a comprehensive review of the literature. 

 

Keywords: proton conductor; perovskite; NiO additive; sintering; densification; grain growth 

1. Introduction 

BaCeO3-based materials have raised considerable interest due to their high protonic conductivity [1-

6], in particular when doped with 15% Y [7, 8]. Additional doping with more than 20% Zr enhances the 

chemical tolerance against atmospheres containing CO2, H2O, and/or H2S [9-13]. Hence, Y and Zr co-

doped BaCeO3 compounds, e.g. BaCe0.65Zr0.2Y0.15O3-δ (BCZ20Y15), have been developed and 

proved to be promising candidates for applications as membranes for hydrogen separation 

and electrolytes for intermediate-temperature solid oxide fuel cells [14-17]. In particular, 

BCZ20Y15 shows remarkably high H2 permeance when combined with Gd-doped CeO2 

forming a dual-phase composite [17]. 

However, the Zr-doped BaCeO3 compounds possess poor sinterability and high GB (grain 

boundary) resistance [18], which severely impeded their applications. The use of high 

sintering temperatures (1700 °C) and long annealing times (24 h + 6 h) can lead to full 

densification [19], but lead also to BaO vaporization, which impairs the performance 

(conductivity and stability) of the obtained material [14, 20, 21]. Thus, the processing 

challenges necessitate the use of sintering additives [18, 22]. A widely studied sintering aid is 

NiO [18, 23-28], which permits a decrease in the densification temperature to ~ 1400 °C [28, 

29]. NiO also contributes to enhanced grain growth. For instance, a grain size up to 10 µm 

has successfully been obtained for BaZr0.5Ce0.3Y0.2O3-δ with 1 wt.% NiO addition at 1600 °C 

[30]. Such a large grain size significantly reduces the number of grain boundaries, and hence, 

improves the conductivity [30-32]. Nevertheless, a temperature of 1600 °C is still rather high, 
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thus, the sample has to be covered completely with powder precursors to prevent or 

compensate for BaO loss [33]. Further reduction of the temperature to 1550 °C can eliminate 

the need to use a BaO-protective powder cover, but cannot realize a comparable grain size 

exceeding 10 µm [18, 30], even for a sintering time of more than 20 h [31]. Furthermore, the 

evolution of the local chemistry within grains and the nanosized grain boundaries (regarding 

the width) following the large grain growth has not been well understood, which necessitates 

the utilization of high-resolution characterization methods, such as Atom Probe Tomography 

(APT). 

In the current work, BCZ20Y15 with high density and grain sizes exceeding 10 µm was 

successfully synthesized by a solid state reaction at a temperature of 1500 °C. A low amount 

of NiO was used as a sintering aid (0.5 wt.%), and thus secondary phases were avoided after 

sintering. The chemical composition and distribution within the obtained large grains and in 

the vincintiy of the nanosized grain boundaries wrer characterized by APT, providing new 

insights into the mechanism that promotes densification and grain growth. 

2. Experimental 

BCZ20Y15 samples were prepared by a solid state reaction method (SSR). BaCO3 (99%, Sigma 

Aldrich), CeO2 (99.9%, Sigma Aldrich), ZrO2 (99%, Sigma Aldrich) and Y2O3 (99%, Sigma Aldrich) 

were used as starting materials. Precursor powders were mixed (shaker mixer TURBULA T2, Willy A. 

Bachofen GmbH, Nidderau, Germany) in ethanol according to the stoichiometry for 24 h and the 

resultant mixtures were dried at 80 °C. Then, the BCZ20Y15 mixtures were calcined at 1150 °C for 6 h 

[14] and 1300 °C for 5 h [33]. 0.5 wt. % NiO (99%, Sigma Aldrich) was then added to the calcined 

powders as a sintering aid [34], and the obtained powder mixture was ball-milled (Rollermill RM1, Zoz 

GmbH, Wenden, Germany. ZrO2 balls, 3.5 mm diameter, weight ratio powder : balls : 
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ethanol = 1 : 2 : 3) in ethanol for either 1 day or 7 days, respectively. Finally, the powder mixtures were 

dried and sieved through a 160 μm mesh. 

Particle size distribution (PSD) of the meshed powders was measured by laser diffraction 

spectrometry (Horiba LA950-V2, Horiba Europe GmbH, Germany) and the specific surface area was 

measured via BET-method [35] by nitrogen adsorption at a temperature of -196 °C (AREAmeter Ⅱ, 

Ströhlein Instruments, Germany). 

Bulk membranes were obtained by uniaxially pressing the powders into a disc shape under a 

pressure of ~ 20 MPa for 5 minutes, yielding green samples with diameters and thicknesses of ~ 27 mm 

and ~ 1 mm, respectively. The green samples were sintered at 1500 °C for 5 h in air [33, 34], and a 

constant heating/cooling rate of 5 K·min-1 was used. Sintering behavior was characterized by a 

dilatometer (DIL 402 C Dilatometer, Netzsch-Gerätebau GmbH, Germany). 

The crystal structure and phase purity of the sintered samples were characterized using an 

EMPYREAN (PANalytical) diffractometer with parafocusing Bragg-Brentano geometry, employing a 

Cu-LFF-tube (40 kV / 40 mA), a BBHD mirror (Bragg-BrentanoHD mirror, manufactured by Malvern 

Panalytical, Ltd., Malvern, UK), 0.04 rad Soller slits, and a PIXcel3D detector. X-ray diffraction (XRD) 

patterns were recorded at room temperature using a step scan procedure (0.4 s per step, 0.013 ° per step 

size) in the 2θ range of 5-90 °. The Rietveld refinement was conducted using the FullProf software 

package [36]. 

The microstructures and topographies of the samples were assessed by a Zeiss SUPRA 50VP field 

emission scanning electron microscope (SEM, Zeiss Microscopy GmbH, Oberkochen, Germany). The 

respective specimen for this test was first embedded in epoxy resin, ground sequentially using SiO2 

sandpaper with 400 and 2000 grit size and then polished using 6 µm, followed by a 1 µm, diamond 

suspension. The final polishing was conducted using 50 nm colloidal silica polishing suspension. The 

image analysis software Image J [37] was used to determine the grain sizes and porosity (estimated 
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porosity = (pore area)/(whole area)*100%. Different length-scales and different regions were analyzed 

to avoid bias from microstructure inhomogeneity.) from the backscattered scanning electron microscope 

(BSEM) micrograph. 

The chemical composition of the sintered sample was determined using the inductively-coupled 

plasma optical emission spectroscopy (ICP-OES) with a device of Thermo Fisher Scientific (Germany). 

Atom probe tomography (APT) specimens were prepared using a dual-beam focused-ion-

beam (FIB) system (FEI Helios Nanolab 600i) by the conventional lift-out technique [38]. To 

reduce Ga implantation, a 2 keV Ga beam was used for the final shaping of APT tips. APT 

analyses were performed using a reflectron-equipped local electrode atom probe tool (LEAP 

4000X HR, Cameca Instruments) in laser mode. Laser pulses of 355 nm wavelength, 12 ps 

pulse length, 30 pJ pulse energy and 200 kHz frequency were applied. The specimen base 

temperature was kept at 50 K and the ion detection rate was maintained at 0.01 ions per 

pulse. Data reconstruction and analysis were performed using Cameca IVAS 3.6.18 software 

package. Reconstruction parameters (evaporation field and image compression factor) were 

calibrated to match the specimen end radius and the length of the field-evaporated volume as 

measured by SEM before and after the APT run. 

3. Results and discussion  

3.1 Powder pre-treatment  

After calcination at 1150 °C for 6 h, the mixed powders still contain at least 4 phases, including raw 

materials of CeO2 and BaCO3, as indicated by the XRD investigation in the supplementary Fig. S1. 

When the calcination temperature increases to 1300 °C, the powder mixtures are free of any kind of raw 

powders, but contain more than one perovskite phase (Fig. 1 (a)). These phases share overlapped peak 

positions, which cannot be precisely separated and quantified (Fig. 1(b)). Nevertheless, the upper and 

lower bounds of the compositions can be qualitatively (according to the peak positions) identified as 
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BaCe0.8Y0.2O3-δ (ICSD: 92261) and BaZr0.885Y0.115O3-δ (ICSD: 8383), respectively. The BaCe0.8Y0.2O3-δ 

phase possesses the highest intensities, and thus, represents the major phase, while BaZr0.885Y0.115O3-δ is 

the minor phase with the lowest intensity. Intermediate phases are also presented, and their peak 

positions are between the ones of the major and the minor phase, but closer to the ones of the major 

phase. This indicates that the intermediate phases are also Ce and Y-rich perovskites and likely possess a 

small amount of Zr. 

Although single-phase powders can be synthesized by additional calcination step(s) at the same or a 

high temperature [1, 13, 19, 28, 39-42], the multiple-phase powders obtained here by the one-step 

calcination were not thermally treated further but directly used for sintering after NiO addition and ball 

milling. There are two reasons behind this: firstly, the use of a sintering temperature (1500 °C) that is 

higher than the calcination temperature will eventually ensure the forming of single-phase composition, 

so it is not necessary to pre-synthesize single-phase powder precursors via the multiple calcination steps; 

secondly, and more importantly, it is anticipated that the significant amount of Ce-rich and Zr-free 

perovskites in the powder precursors is a benefit for fast grain growth during sintering [3, 39, 43-47], 

which will be discussed later in detail in section 3.4. 

    

Figure 1. XRD patterns of the mixed powders after 1300 °C / 5 h calcination. (b) represents the magnified 2θ angle range in (a) 

covering the peak with the highest intensity. The legends in (a) also apply to (b). 

3.2 Sintering with NiO  
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0.5 wt.% NiO as a sintering aid was added into the calcined powders before ball-milling to benefit 

material preparation. Further ball-milling was carried out to reduce the particle size and primary grain 

size, thus benefiting sintering [48-50]. Comparing the  results after 1 day and 7 days of ball-milling, only 

a negligible difference could be observed regarding the particle size distributions (supplementary Fig. 

S2). However, the specific surface area of the powder after one week of ball-milling is ~ 4 m2/g, which 

is significantly higher than the one (~ 1 m2/g) after 24 h ball-milling. The higher specific surface area 

indicates a smaller primary particle size, implying a reduced necessary elemental diffusion distance and 

enhanced driving force during sintering, which will benefit the formation of single-phase BCZ20Y15 

during sintering. 

The uniaxially cold-pressed powders were then sintered at 1500 °C for 5 h, thus single-phase 

BCZ20Y15 was obtained, as verified by XRD (Fig. 2(a)). The Rietveld analysis yields the best 

calculation result (χ2=2.21, Rwp=8.64) when the BaCe0.65Zr0.2Y0.15O3-δ (ICSD: 181962) with a space 

group of I2/m is used as the reference. This indicates that a single perovskite structure was obtained.  

When NiO is used as a sintering aid, an emerging phase-BaY2NiO5 and residual NiO have been 

reported to exist in the sintered materials [18, 42, 50, 51], which is suggested to reduce the conductivity 

[28]. However, peaks related to potential phases in addition to the perovskites were not observed in the 

current XRD patterns, as shown in Fig. 1 as well as Fig. S3, indicating the secondary phase was  

eliminated successfully in this work.  

The microstructure of the sintered sample shows significantly large grain sizes of ~ 13 µm and lower 

porosity (< 1 %), as shown in Fig. 2(b). For protonic conducting material, the impedance at grain 

boundaries is usually several orders higher than the bulk conductivity [52]. Larger grain sizes and thus 

fewer grain boundaries will benefit the proton conduction [32]. Besides, also lower porosity indicates a 

larger effective area for proton conduction. Because of its microstructural characteristics, the material 

obtained here exhibits significant advantages for its application as a proton conducting membrane.  
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Figure 2.  Rietveld refined XRD pattern (a) and SEM microstructure (b) of the sample sintered at 1500 °C for 5 h (with 0.5 

wt.% NiO as sintering aid). The different contrasts in (b) indicate different crystal orientations. The black dots in (b) are pores. 

3.3 Global and local chemistry 

The ICP-OES characterized elements concentration (Table 1) reveals that the overall actual 

stoichiometry of the sintered material is Ba0.98Ce0.67Zr0.19Y0.14O3-δ, which is close to the targeted one –

BaCe0.65Zr0.2Y0.15O3-δ. This indicates no substantial loss of Ba at the sintering temperature of 1500 °C. 

Besides that, the Ni content confirms that the addition of NiO is indeed ~ 0.5 wt.%. 
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Table 1. Elemental concentration of BCZ20Y15 characterized by ICP-OES. 
 BCZ20Y15 

Probe Ba Ce Zr Y Ni 
Content [wt.%] 46.6 ± 1.6 32.4 ± 1.1 5.9 ± 0.2 4.3 ± 0.1 0.45 ± 0.01 

 

A complementary APT investigation was performed to elucidate the local chemistry of the grain bulk 

and boundary at a nanoscale. The GB within the pre-sharpened APT specimen is marked by the arrows 

in Fig. 3 (a). The 3D reconstructions of the cation distributions are displayed in Fig. 3 (b-f)). At the GB, 

Y, Zr, and Ni are slightly enriched, while Ba is depleted. Ce shows a little degree of inhomogeneity 

across the GB. As quantitive information, the elemental relative concentration profiles across the GB 

were extracted from APT data and plotted in Fig. 3 (g, h). The substantial amount of Ni is detected 

within the grain bulk (see Fig. 3(h)), which indicates that Ni is doped into the perovskite crystal 

structure. Despite obvious variations of the cationic concentrations at the grain boundary, the observed 

elemental ratio does not correspond to any known side phases including the BaY2NiO5 phase, which has 

been reported as a potential secondary phase [28, 30, 51]. This suggests the absence of BaY2NiO5 as a 

second phase within the GB. However, it should be noted that although the absolute concentration 

values in the profiles are not accurate due to partially unresolved peak overlaps in the mass spectrum as 

well as certain APT artifacts, the relative bulk-to-grain boundary concentrational variations remain 

entirely correct. 

The GB accumulation of Y has been also reported for BaZrO3 doped with 6% [53] and 10% Y [54], 

while the GB depletion of Ba has been only reported for 6% Sc-doped BaZrO3 [53] but not for the Y-

doped one [53, 54]. For the BaZrO3-based materials, Y as a dopant replaces Zr forming the negatively 

charged [Y𝑍𝑍′ 𝑟𝑟] [55], the accumulation of which at the GB contributes to an improvement of the 

conductivity by reducing the space charge potential (or the width of the space charge layer) caused by 

the positively charged GB core [53, 55, 56]. Analogously, for BaCeO3-based materials, [Y𝐶𝐶′ 𝑒𝑒] tends to 

form when Y is introduced as a dopant. Hence, the GB accumulation of Y observed in our materials can 

benefit the conductivity. Besides, Ba depletion at the GB can also be an advantage for the conductivity, 
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considering that Ba vacancies are likely negatively charged [53], which however needs further 

investigation in future studies. 

 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) 
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Figure 3. APT analysis of a BCZ20Y15 specimen. (a) SEM of the pre-sharped APT specimen. The arrows mark the GB. (b) 

APT elemental maps for Ni, (c) Ba, (d) Ce, (e) Zr and (f) Y. (g) Elemental concentration profiles across the GB of the position 

marked in (b), and in particular zoomed-in (h) the Ni concentration profile and (i) Zr and Y profiles. 

3.4 Mechanism for promoting densification and grain growth 

Several studies of the synthesis of doped barium zirconate/cerate materials already exist in the 

literature. One of the most widely used synthesis routines is the solid state reaction method, where 

BaCO3 or BaSO4, CeO2, Y2O3, and/or ZrO2 are used as the raw materials. The solid state reaction 

method is more environmentally friendly and cost-effective than the wet chemistry method [30, 31]. 

Besides, it is also very feasible and promising for scale-up.  

In a conventional solid state reaction (CSSR) process, the raw materials are calcined to completely 

remove raw materials and form the desired single-phase solid solution. In addition, a sintering aid will 

be added, if necessary, into the calcined powders before compacting and sintering. By contrast, in an 

(i) 
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“unconventional” solid state reaction method, i.e. the so-called solid state reactive sintering (SSRS), the 

calcination step is excluded and the ball-milled powder mixture of raw materials and sintering aid, e.g. 

NiO, is directly compacted for sintering [18, 26, 30, 31, 47, 51, 57].  

The BCZ20Y15 in this work was prepared following the CSSR procedure, but the calcination step 

was “incomplete” since heterogeneous perovskites are present within the calcine. The sintering process 

of BCZ20Y15 involves complex phase evolution steps that can be analogous to those taking place 

during the SSRS process. Therefore, densification and grain growth behaviors observed here are 

compared with the reported ones from CSSR and SSRS. 

3.4.1 Comparison with conventional solid state reaction (CSSR) 

Table 2 displays a series of doped barium zirconate/cerate materials obtained by CSSR. Without 

sintering aid, Y-doped BaCeO3 (Zr-free) materials generally possess much better sinterability (higher 

density and larger grain sizes at lower sintering temperatures) than Zr-doped BaCeO3 materials. 

Furthermore, the grain growth is increased in the case of additional Y content for both Y-doped BaCeO3 

and Zr-doped BaCeO3 materials. Besides, introducing Zr as a second dopant into the Y-doped BaCeO3 

significantly decreases the sinterability, which is closely correlated to the reduced Ce and Y 

concentrations. Therefore, the significant amount Zr-free and Y-rich Ba(Ce, Y)O3 (likely 

BaCe0.8Y0.2O3- δ) as observed in our calcine (see Fig. 1) is a big advantage for densification due to its 

high intrinsic sinterability.  

When NiO is added as a sintering aid, the sinterabilities of all Zr-containing materials are improved. 

The sinterability of BCZ20Y15 calcine with 0.5 wt.% NiO in this work appears to be superior 

to other Zr-containing Ba(Ce, Y)O3. An even better sinterability can be expected for the Zr-free 

Ba(Ce, Y)O3 with NiO addition due to its high intrinsic sinterability, although there is currently, to the 

best of our knowledge, no available data as direct support.  
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Currently, there are two theories to explain the role of NiO during sintering. One theory 

assumes that Ni is accommodated on the B-site of the parent perovskite [47, 58], i.e. doped 

into the crystal structure, which creates point defects and improves the diffusion leading to an 

enhanced sinterability [28, 59, 60]. The other one is a liquid phase sintering theory [18, 61]. 

NiO induces phase reactions at ~800 °C yielding a new phase product of BaNiOx, followed by another 

reaction at ~900 °C, obtaining then BaY2NiO5 [31]. The perovskite as a reactant with NiO is 

expected to experience an increase in cation vacancies due to the loss of Ba and Y [51]. The 

emerging BaNiOx phase exists in a narrow temperature range between 800-850 °C [31], 

whereas, BaY2NiO5 remains in a broad temperature range between 900-1500 °C [30, 31]. 

BaY2NiO5 melts at 1450-1500 °C [31], and wets the solid grains, creating a capillary force 

that pulls the grains together. Thus, mass diffusion is facilitated in this liquid vessel, leading 

to grain coarsening at lower temperatures and for shorter sintering times [62]. 

The liquid phase sintering theory is well supported by the observation of BaY2NiO5 

residue for the materials sintered below 1600 °C (see Table 2), except BaCe0.35Zr0.5Y0.15O3-δ 

and our BCZ20Y15. For the materials sintered at 1600 °C, the BaY2NiO5 residue appears to 

be absent, since BaY2NiO5 likely decomposes itself at ~1600 °C [30, 31, 63].  

Interestingly, for materials sintered at 1500 °C, BaY2NiO5 is found for BaCe0.5Zr0.3Y0.2O3-δ 

with 1 wt.% NiO addition [30], but not for our BCZ20Y15 with 0.5 wt.% NiO addition. 

Similarly, Tong et al. [26] also observed BaY2NiO5 in BaZr0.8Y0.2O3- δ samples sintered with 1 

wt.% and 2 wt.% NiO at 1500 °C, but not in the one with 0.5 wt.% NiO. Knight et al. [64] 

applied a fast quenching step as well as a slowly cooling step from 1500 °C for the 

BaZr0.8Y0.2O3- δ samples sintered with 0.1-0.8 wt.% NiO content, and detected a BaY2NiO5 

phase for all quenched samples but not for the slow cooled ones. This indicates that, when the 

NiO addition is less than 1 wt.%, BaY2NiO5 still forms in the sintering process but disappears 
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later (likely dissolves into the perovskite crystal structure as maybe assumed from the APT 

results in Fig. 3) during slow cooling from 1500 °C.  

However, for BaCe0.7Zr0.2Y0.1O3-δ with 0.5 wt.% NiO sintered at 1400 °C, BaY2NiO5 is still 

present although no quenching step was applied [28]. Since the sintering temperature of 

1400 °C is ~50 K lower than the melting temperature of BaY2NiO5, BaY2NiO5 likely exists in 

a mixed state of solid and liquid. The liquid fraction can easily dissolve into the surrounding 

perovskite particles due to the good contact, while the solid fraction cannot dissolve fast 

enough and remains after cooling. But it is not clear, for BaCe0.35Zr0.5Y0.15O3-δ with 4 mol.% NiO 

sintered at 1400 °C, why NiO is residual instead of BaY2NiO5. 

Nevertheless, BaY2NiO5 is expected to form from the phase reactions between our 

BCZ20Y15 calcine and NiO, and it melts at the final sintering temperature (1500 °C), but 

disappears after cooling. The occurrence of the phase reactions is indicated by the decreased 

initial shrinking temperature after NiO addition, as shown in Table 2. The BCZ20Y15 calcine 

with 0.5 wt.% in this work starts to shrink at ~800 °C (see Table 2 and Figure 4), which is 

almost identical to the phase reaction temperature [31]. Whereas, the initial shrinking 

temperature is only reduced to ~1000 °C for BaCe0.7Zr0.1Y0.2O3-δ [28] and 

BaCe0.35Zr0.5Y0.15O3-δ by NiO addition, which can be attributed to the low sinterability of the 

material itself due to Zr incorporation as well as sluggish and hysteretic phase reactions, 

possibly caused by the Zr-stabilized perovskite structure. Presumably in low-temperature ranges 

(< 1000 °C), the reaction in the current BCZ20Y15 calcine mainly initiates between NiO and the 

Ba(Ce, Y)O3 (which possesses no Zr, and hence high intrinsic sinterability) phase component, which 

promotes the shrinkage. Despite the low reactivity with NiO below 1000 °C, the particles of other Zr-

rich Ba(Zr, Y)O3 phase components are likely to be compacted together by the surrounding particles of 

the Ba(Ce, Y)O3 phase component. Above a certain temperature, the different perovskite phases are 
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expected to be merged as one perovskite phase, and the role of NiO in this process will be discussed in 

the next section in comparison with SSRS.  

Table 2. Ba(Ce, Y, Zr)O3 synthesized by conventional solid state reaction (CSSR). 
Material NiO 

addition 
Initial shrinking 
temperature 

Final sintering 
conditions 

Density 
[%] 

Grain size 
[µm] 

Secondary 
phase(s) 

Ref. 

BaZr0.95Y0.05O3- δ - - 1800 °C for 20 h > 95 0.67 - [43, 65] 
BaZr0.9Y0.1O3- δ - - 1800 °C for 20 h > 95 1.4 - [43] 
 1 wt.% - 1600 °C for 10 h 96.5 1-4 - [66] 
BaZr0.85Y0.15O3- δ - - 1800 °C for 20 h > 95 2.7 - [43] 
BaZr0.8Y0.2O3- δ - - 1600 °C for 10 h ~100 1.4 - [67] 
 - - 1500 °C for 24 h 97 0.7 - [68] 
BaCe0.9Y0.1O3-δ - - 1600 °C for 24 h 97.5 8-12 - [69] 
 - - 1550 °C or 10 h - 2.8 - [70] 
BaCe0.8Y0.2O3-δ - - 1550 °C or 10 h - 4.5 - [70] 
BaCe0.7Zr0.1Y0.2O3-δ - 1150 1400 °C for 6 h 79.5 0.9 - [28] 
 0.5 wt.% 1000 1400 °C for 6 h 98.7 3.6 BaY2NiO5 [28] 
BaCe0.6Zr0.3Y0.1O3-δ - - 1700 °C for 6 h 90-95 0.5-5 - [39] 
BaCe0.5Zr0.3Y0.2O3-δ - - 1600 °C for 10 h > 95 1.5 - [30] 
 1 wt.% - 1600 °C for 10 h > 95 5 - [30] 
 1 wt.% - 1500 °C for 10 h > 97 3 BaY2NiO5 [30] 
BaCe0.35Zr0.5Y0.15O3-δ - 1150 1700 °C for 10 h > 95 3-5 - [42] 
 4 mol.% 1000 1400 °C for 6 h > 95 3-5 NiO [42] 
BaCe0.65Zr0.2Y0.15O3-δ 0.5 wt.% 800 1500 °C for 5h > 99 13 - This work 

 

 

Figure 4. Sintering behaviour of the BCZ20Y15 calcine (with 0.5 wt.% NiO addition). 

3.4.2 Comparison with solid state reactive sintering (SSRS) 
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Table 3 lists several Ba(Ce, Y, Zr)O3 materials synthesized by SSRS with 1 wt.% NiO at 

sintering temperatures of 1500 °C or 1400 °C. The highest sinterability is observed for the 

BaCe0.8Y0.2O3-δ with 1 wt. % NiO addition, which coincides with our conclusions from CSSR 

that the Zr-free Ba(Ce, Y)O3 composition will gain the largest promotion on sinterability by 

NiO addition. Besides, comparable sinterabilities are indicated for the Zr and Y co-doped 

BaCeO3 during SSRS and CSSR with NiO addition, while better sinterability is shown for the 

BCZ20Y15 calcine with NiO addition in the current work. Besides, a BaY2NiO5 residue is 

generally found for the Ba(Ce, Y, Zr)O3 materials with 20 %Y, while for the Ba(Ce, Y, Zr)O3 

materials with Y less than 20%, BaY2NiO5 will not be residue and it is probably dissolved 

into perovskites. This reflects that the Y content, in addition to the NiO content as discussed 

in the previous section, also affects the presence of any BaY2NiO5 residue. 

 

 

Table 3. Ba(Ce, Y, Zr)O3 synthesized by solid state reactive sintering (SSRS) with 1 wt.% NiO. 
Material Sintering Densit

y [%] 
Grain size 
[µm] 

Secondary 
phase(s) 

Ref. 

BaZr0.9Y0.1O3- δ 1500 °C for 4 h 98 1.3 Negligible [57] 
BaZr0.8Y0.2O3- δ 1500 °C for 24 h 95 5 BaY2NiO5 [26] 
BaCe0.8Y0.2O3-δ 1400 °C for 12 h 98 > 10 BaY2NiO5 [51] 
BaCe0.5Zr0.3Y0.2O3-δ 1500 °C for 10 h > 97 ≥3 BaY2NiO5 [30] 
BaCe0.4Zr0.5Y0.1O3-δ 1500 °C for 4 h 98.2 3.3 Negligible [57] 
Ba1.015Zr0.664Ce0.20Y0.136O3-δ 1500 °C for 8 h >95 2-3 No [18] 

 

During the SSRS process, raw materials disappear gradually and emerging phases 

including BaNiOx, BaY2NiO5, and Ba(Ce, Y, Zr)O3 perovskites appear successively above 

800 °C [18, 31]. The powder mixtures can approach a sintering stage that is analogous to the 

one in this work, where heterogenous perovskites with NiO are present. For instance, during 

the SSRS process of Ba1.015Zr0.664Ce0.20Y0.136O3-δ with 0.5 wt. % NiO, a nearly undoped 
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BaZrO3 phase and a Zr-free Ba(Ce, Y)O3 phase form simultaneously at ~1000 °C [18], and 

merge into one single perovskite phase above 1400 °C. Further increasing the NiO content to 

2 wt.% is reported to decrease the formation temperature of the single perovskite phase by 50 

K [18], which highlights the NiO contribution regarding uniforming perovskite phases. For 

comparison, the calcined powders in this work contain a similar phase component, i.e., the Zr-

free Ba(Ce, Y)O3 phase, but also a different one, i.e. the Y-doped BaZrO3 instead of the undoped 

BaZrO3 phase. A temperature below 1400 °C can be expected for the formation of a single perovskite 

phase in the calcined powders (with 0.5 wt. % NiO) in this work, since the crystal structure 

discrepancy between the Zr-free Ba(Ce, Y)O3 and the Y-doped BaZrO3 is smaller than the one 

between the Zr-free Ba(Ce, Y)O3 and the undoped BaZrO3. Besides, this reduction is also 

contributed by the phase reactions between the Zr-free Ba(Ce, Y)O3 and NiO starting at 

~800 °C. The phase reactions possibly stimulate and/or promote complex 

cation/anion/defects diffusion between particles of different perovskites to construct a new 

stable perovskite structure in two ways: 1) increasing concentrations of cation vacancies in 

the Zr-free Ba(Ce, Y)O3, and 2) initiating a shrinkage and reduction of the particle distance. 

According to all discussions above, sinterability is verified to be superior for our 

BCZ20Y15 calcine after adding 0.5 wt.% NiO in comparison to literature data. The 

superiority is attributed to the NiO addition as well as the presence of the Zr-free Ba(Ce, 

Y)O3 phase as the major component in the BCZ20Y15 calcine. The Zr-free Ba(Ce, Y)O3 

phase possesses high sinterability. It likely reacts with NiO and initiates sintering of the 

BCZ20Y15 calcine at a temperature as low as 800 °C. It will merge with the minor Zr-rich 

Ba(Zr, Y)O3 phase components forming a single-phase perovskite at a temperature lower than 

1400 °C due to NiO. At the final sintering temperature of 1500 °C, the phase reaction 

product-BaY2NiO5 melts and significantly promotes densification and grain growth. The 

amount of BaY2NiO5 is low due to the low NiO addition (0.5 wt. %) so the BaY2NiO5 likely 
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dissolves completely into the perovskite crystal structure, instead of being a residue after 

sintering. 

4. Conclusions 

In the current work, a superior microstructure (density of > 99 % and average grain size of 

~13 µm) is obtained for the proton conducting ceramic BCZ20Y15 at a sintering temperature 

of 1500 °C. Although 0.5 wt.% NiO is added as a sintering aid and the calcined powders 

possess heterogenous perovskite phases, no secondary phase impurities in addition to 

BCZ20Y15 perovskite are found according to XRD, SEM, and APT investigations. The 

superior sinterability is attributed to the NiO addition as well as the presence of a very 

sinterable phase (likely BaCe0.8Y0.2O3-δ) as the major component in the calcined powders. NiO 

starts to promote the sintering behavior of the calcine at a low temperature possibly by 

reacting with the abundant BaCe0.8Y0.2O3-δ  phase in the calcine. The phase reaction product 

(likely BaY2NiO5) melts and significantly promotes the densification and grain growth during 

the final sintering stage at 1500 °C. However, the BaY2NiO5 is not residual after sintering but 

likely dissolves into the perovskite crystal structure. Accumulation of Y and depletion of Ba 

at a grain boundary as shown by APT might contribute to the reduction of the space charge 

potential and an enhancement of the conductivity.  
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