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New Understanding and Improvement in Sintering Behavior
of Cerium-Rich Perovskite-Type Protonic Electrolytes

Zehua Wang, Zhixin Luo, Hengyue Xu, Tianjiu Zhu, Daqin Guan, Zezhou Lin,
Ting-Shan Chan, Yu-Cheng Huang, Zhiwei Hu, San Ping Jiang, and Zongping Shao*

Protonic ceramic cells show great promises for electrochemical energy
conversion and storage, while one of the key challenges lies in fabricating
dense electrolytes. Generally, the poor sinterability of most protonic ceramic
electrolytes, such as BaZr,;Ce,;Y,;Yby 055, is attributed to the Ba
evaporation at high temperatures. In a systematic and comparative study of
BaCeO; and BaZrO;, the results demonstrated that Ba tends to segregate to
grain boundaries rather than evaporate. Additionally, thermal reduction of
Ce** to Ce** promotes the displacement of Ce to the Ba-site or the exsolution
of CeO, phase, leading to an abnormal lattice shrinkage of perovskite phase
and hindering the electrolyte densification. Contrary to previous beliefs that
Ba deficiency inhibits the electrolyte sintering, the findings indicate that it
surprisingly promotes the sintering of BaZrO; perovskites, while excess Ba
negatively affects its sintering behavior due to the accumulation of Ba species
at grain boundaries. As to BaCeO;, excess Ba improves electrolyte sintering
by suppressing the Ce exsolution at high temperatures. Meanwhile,
Co-doping Zr and Ce in the B-site of protonic perovskite can optimize the
sintering characteristic. These findings offer new insights into sintering of
protonic perovskites and provide guidance for the development of new

conversion and storage devices have at-
tracted considerable attention over the past
few decades, stemmed from their ability to
effectively bridge the gap between renew-
able energies and existing, well-established
energy infrastructures.!!: Among them,
solid oxide fuel cells (SOFCs) and electrol-
ysis cells (SOECs) hold particular promise
due to their high reaction kinetics, fuel
flexibility, high round-trip efficiency, and
cost-effectiveness in terms of materials.[?]
However, the commercialization of con-
ventional SOFCs and SOECs, which rely
on oxygen-ion conducting electrolytes, still
faces substantial challenges owing to the
high operation temperature, such as perfor-
mance degradation, high operational costs,
and low reliability.’] Consequently, signifi-
cant efforts have been dedicated to improv-
ing cell durability and simplifying manage-
ment systems by reducing the operating
temperatures to intermediate ranges (400—

protonic devices.

1. Introduction

In light of the urgent need to achieve carbon neutrality and pro-
mote sustainable societal development, electrochemical energy

600 °C).[l Considering the greater proton

mobility compares to that of oxygen-ions,

protonic ceramic cells (PCCs) hold a greater

promise for lower temperature operation.>! Therefore, there has

been an increasing interest in PCCs for electrochemical energy
conversion and storage in recent times.

For both oxygen-ion and proton-conducting electrolytes-based

cells, a prerequisite is that the electrolytes should be fabricated
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into dense membranes to avoid direct physical contact between
the fuel gas and oxidant (O,), thereby maximizing the cell
thermodynamic efficiency and providing sufficient mechanical
strength. Currently, most of the protonic perovskite electrolytes
were developed by doping the parent oxides of BaCeO, (BCO)
and BaZrO; (BZO). In particular, the formation of solid solu-
tion between BCO and BZO delivers an effective trade-off be-
tween chemical stability and ionic conductivity.®! Owing to their
high refractoriness, the sintering temperature of BZO-based
electrolytes usually exceeds 1400 °C. However, segregated parti-
cles and pores were still detected on the electrolyte surface af-
ter sintering at 1700 °C, which has been attributed to the Ba
volatilization at high temperatures.””] Therefore, strategies to im-
prove the sinterability of these materials have focused on mitigat-
ing the Ba loss by controlling the chemical stoichiometry of Ba
and adjusting the sintering atmosphere.l®] Interestingly, recent
studies also reported that Ba deficiency can facilitate the densifi-
cation of Ba-based perovskites, which is ascribed to the enhanced
diffusion rate of A-site cations.!®>°! These findings suggest that
factors other than Ba evaporation may also influence the sinter-
ing behavior of protonic perovskites.

Due to their different coordination environments with respect
to oxygen-ion in the perovskite lattice, specific size requirements
exist for both A-site and B-site cations. Typically, A-site cations
are alkaline earth elements such as Ba, and lanthanum elements,
while B-site cations are mainly selected from transition metal el-
ements. Notably, certain cations, like Y>* and Dy?**, can be doped
into both A and B-site of perovskite lattice.l'”! In recent obser-
vations, we have noted a dynamic displacement of Y** between
A and B-site at elevated temperatures, which has an adverse ef-
fect on the sintering of BaZr, ; Ce, ;Y ; Yby 1055 (BZCYYD), a rep-
resentative protonic conducting perovskite electrolyte.l'%! Con-
sidering that the Y>* doping level is merely 10% and the ma-
jority of cations at the B-site are Ce**, the thermal redox of
Ce**/Ce** at elevated temperatures would also determine the
sinterability of BZCYYD electrolyte. Specifically, Ce adopts a 4+
oxidation state and is doped into the B-site of perovskite lat-
tice, as Ce** (0.87 A, CN = 6) has been conventionally believed
to be too small for the A-site.'!] However, when Ce*" is ther-
mally reduced to Ce** (1.34 A, CN = 12) at the sintering tem-
perature of protonic perovskites, i.e., 1200-1600 °C, the mis-
matched ionic radius would promote the partial replacement of
Ce into the A-site.['?] It suggests the dynamic Ce displacement be-
tween A and B-site during high-temperature sintering has an im-
pact on the sintering of Ce-rich perovskites. Indeed, amorphous
Ba-rich layers at grain boundaries in sintered BCO polycrys-
tals have been recently observed by an atomic-column-resolved
imaging technique,['*l meanwhile, a certain amount of intermix-
ing Ce was found to occupy the A-site at the bulk.'*'*] How-
ever, there is no further supporting evidence regarding the ex-
act role of dynamic Ce redox in sintering of cerium-rich protonic
perovskites.

Herein, through a systematic investigation based on the BCO
perovskite, we observed the exsolution of cerium oxide from the
perovskite lattice during high-temperature sintering, and the de-
gree was affected by the powder synthesis method and the A to
B cation stoichiometry. Such exsolution subsequently confirmed
to originate from the thermal reduction of Ce** to Ce**. Previ-
ously, the poor sinterability of protonic electrolytes was attributed
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to the Ba evaporation. However, we surprisingly found that Ba
deficiency actually promoted the densification and grain growth
of BZO, while excess Ba had negative effects. On the contrary,
in the case of BCO, Ba deficiency promoted the exsolution of
CeO,, while Ba excess suppressed such phenomena. The reason
for such different behaviors is explained based on the thermal
induced Ce exsolution (displacement) during the sintering. The
knowledges as obtained then guided the fabrication of anode sup-
ported thin film BZCYYD cell, which delivered favorable perfor-
mance. These findings provide new inspiration into the sintering
of protonic perovskite electrolytes, which would foster new strate-
gies for developing new electrolytes with improved sinterability
for PCCs.

2. Results and Discussion

2.1. Observation of BaO and CeO, Segregation

The Ba evaporation at high temperatures was regarded as a key
factor that influencing the sinterability of Ba-based perovskite
electrolytes. Several independent groups have reported that the
Ba loss was significant when the sintering temperature exceeds
1250 °C.7*1] Interestingly, at a temperature of 1500 °C, the par-
tial pressure of gaseous BaO is 107> atm. Han et al. investigated
that the partial pressure of gaseous BaO that decomposed from
BaZrO; is very low, showing ~10~% atm the same temperature.!*°!
These findings indicate that during the sintering process, the ac-
tual loss of Ba through vaporization is minimal. In fact, in order
to mitigate the potential Ba loss through evaporation, excess Ba
was applied during the sintering, and an enclosed environment
was created (through using a cover for the crucible). However,
no obvious improvement in sintering was obtained in our experi-
ments (Figures S4 and S5, Supporting Information). Meanwhile,
some literatures revealed that excess Ba could be detrimental
for the densification of BCO-BZO based perovskite electrolytes
(Table S1, Supporting Information),['”] which suggests that new
consideration unrelated to Ba evaporation should be explored.

Herein, we conducted a systematic and comparative inves-
tigation on the sintering of parent BZO and BCO at different
temperatures from 1400 to 1600 °C, both powders were syn-
thesized by solid-state reaction (SSR) method (Figures S1-S5,
Supporting Information). As shown in Figure S6 (Support-
ing Information), the XRD patterns of BZO after sintering
still showed a pure perovskite phase over the wide sintering
temperature range without the appearance of any secondary
phase. In the study of BCO series, a completely different phe-
nomenon was observed. The XRD pattern of BCO pellet sintered
at 1400 °C revealed a single-phase perovskite structure, while
these characteristic peaks slightly shifted to higher degree when
the sintering temperature increased to 1500 °C, indicating an
abnormal lattice shrinkage instead of the expected thermal
excitation-induced expansion at high temperatures.'®! It is im-
portant to highlight that some fluorite phase was also detected,
which can be indexed based on CeO,, suggesting the potential
exsolution of CeO, from parent lattice during sintering at high
temperatures.

For the BCO, it was found that the powder synthesis meth-
ods also had a big impact on the phase composition. The sol-gel
method (SG) has been widely used to prepare ultrafine perovskite
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powders at lower calcination temperatures.['’) However, synthe-
sized BCO-SG powders exhibited a higher CeO, impurity content
(Figure S1, Supporting Information), which can be attributed to
the incompletely decomposed carbonaceous species in precursor.
Specifically, reduced oxygen partial pressure caused by the com-
bustion of chelating agents in the precursor inhibits the decom-
position of BaCO;, thereby promoting the CeO, exsolution from
the perovskite lattice.

Interestingly, this CeO, phase was exclusively detected within
the interior of the BCO-SG powder, rather than on the top surface
where the loss of Ba is typically expected to be more significant
(Figure S2, Supporting Information). In contrast, BCO-SSR sam-
ple synthesized at 1100 °C had a pure BaCeO, perovskite struc-
ture. Additionally, the XRD results also revealed that increasing
O, partial pressure during the calcination process improved the
phase purity of BCO-SG sample (Figure S1, Supporting Informa-
tion), which is attributed to the elimination of carbonate species
that are derived from the incomplete combustion of organic ad-
ditives (Figure S3, Supporting Information). These findings sug-
gest that the exsolution of CeO, may not be determined solely by
the evaporation of Ba.

To further demonstrate whether the CeO, exsolution from
BCO at elevated temperatures is primarily determined by the
A-site deficiency from Ba evaporation during the sintering, the
stoichiometric BCO powders were recalcined at various temper-
atures and subjected for comprehensive analysis, in which the
physical information was collected by the synchrotron radiation
facility with an energy of 17.501 keV. In the powder diffraction
patterns, detailed information indicates that the segregation of
CeO, secondary phases occurred only at temperatures >1400 °C
(Figure 1a; Figure S7, Supporting Information), which is in ac-
cordance with the appearance of thermal reduction of Ce* to
Ce3+.[2] Apparently, the BCO powder recalcined at 1600 °C ex-
hibited several new diffraction peaks associate with CeO,, while
crystalline Ba-species were not detected, in good agreement with
the previous results.?!l To get information about the cation ratio
in the various samples, they were subjected for inductively cou-
pled plasma optical emission spectroscopy (ICP-OES) analysis.
According to the results in Figure 1D, recalcined BCO powders
still kept a stoichiometric ratio of Ba/Ce even after calcinating at
1600 °C, suggesting that BaO was actually not lost, instead it re-
tained within the sample. In addition, we also compared the mo-
lar ratio of Ce/Ba in classic BaZr,,Ce,,Y,;YDb,;0;5 (BZCYYDb-
4411) perovskite to further confirm our findings. Specifically, the
BZCYYDb-4411 powders were stored in a lid-covered Al,O, cru-
cible and recalcined at 1600 °C for 10 h. The consistent Ce/Ba
ratio equal to the theoretical value of 0.4 in both interior and
exterior of the BZCYYb-4411 powder was observed, which indi-
cates that the Ba evaporation in BZCYYDb-4411 at 1600 °C was
also negligible. It has been reported that excess Ba would ag-
gregate at grain boundaries during sintering, consequently de-
teriorating the chemical stability and conductivity,'*] which was
confirmed in this study on the basis of high-resolution trans-
mission electron microscopy (HR-TEM) and time-of-flight sec-
ondary ion mass spectrometry (TOF-SIMS) analyses. As shown
in Figure 1c, the HR-TEM images of the BCO powder recalcined
at 1600 °C exhibited an amorphous layer covering the particle sur-
face, which was further decorated with several nanoparticles with
alattice distance of 3.13 A, corresponding to the segregated CeO,
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nanoparticles (Figure 1c). In comparison, BCO powder recal-
cined at 1400 °C presented a pure phase with the lattice distance
of 3.11 A, in consistence with the (211) diffraction plane of BCO
as shown in Figure 1d. The scanning electron microscopy (SEM)
image displayed several grain boundaries on the surface of layer-
by-layer polished BCO pellet (Figure 1le). Note that higher signal
of both Ba and O elements (Figure 1f-h) represents the aggre-
gation of BaO species at grain boundaries. Apparently, stronger
Ba signal surrounded the segregated Ce-rich particles, suggest-
ing that the aggregation of Ba at grain boundaries was caused
by the exsolution of Ce from lattice rather than thermodynamic
evaporation. Figure S8 (Supporting Information) displays the X-
ray photoelectron spectroscopy (XPS) spectra of O 1s and Ce 3d
for CeO, calcined in O, or N, atmosphere at 1000 °C and then
quenched to room temperature at the same atmosphere, the large
amount of oxygen vacancies and Ce** species in N,-treated CeO,
confirms that Ce** can be easily reduced to Ce** at high tempera-
ture and low oxygen partial pressure (Tables S2 and S3, Support-
ing Information).

Considering the above experimental findings, we assume that
the thermal reduction of Ce** to Ce** occurs during the high-
temperature sintering (>1400 °C), which promotes the partial
displacement of Ce from B-site to A-site with the oxidation state
of Ce3* and partial Ce is exsolved to form CeO, second phase.
In addition, this mismatched occupation leads to the exsolution
of Ba species from their original site, resulting in the formation
of amorphous phases at grain boundaries. However, the reduced
Ce** could also be partially re-oxidized to Ce** at low tempera-
tures, which is too small to stay at the A-site, thereby further seg-
regating the existence of CeO, clusters on surface to maintain the
stoichiometry across all the sites in perovskites.

2.2. Detrimental Effect of Thermal Reduction of Ce** on
Electrolyte Sintering

To investigate the effect of Ce*+ thermal reduction on the sinter-
ing behavior of protonic perovskites, BCO was selected and in-
vestigated. Figures 2 and S9 (Supporting Information) exhibit the
surface and cross-sectional SEM images of BCO pellets sintered
at 1200-1600 °C, in which precursors were obtained via conven-
tional SSR methods. As shown in Figure S9 (Supporting Infor-
mation), BCO pellet sintered at 1200 °C presented a porous mor-
phology, several micropores and connected channels were uni-
formly distributed within the pellet bulk and on the surface. In
comparison, the higher sintering temperature of 1400 °C signif-
icantly improved the densification of BCO, the pellet showed a
dense and clean surface, while trace amount of isolated pores
was remained in the pellet interior (Figure 2a; Figure S9, Sup-
porting Information), suggesting that the densification process
was undergoing. However, further increasing the temperature
brought negative effects on the sintering performance of BCO.
For example, BCO pellet sintered at 1500 °C has a rough sur-
face, showing that several nanoparticles were distributed along
with grain boundaries (Figure 2b). The linear EDS scan spectrum
and mapping images (Figure S10, Supporting Information) con-
firmed that these particles are segregated CeO,, in good agree-
ment with the XRD patterns shown in Figure S6 (Supporting In-
formation). Obviously, the peeling off of segregated CeO, left a
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Figure 1. Observation of BaO and CeO, segregation in BCO samples calcined at elevated temperatures. a) Powder diffraction patterns with an X-ray
energy of 17.501 keV of BCO powders recalcined at a temperature range of 1350-1600 °C in air. b) The comparison of Ba and Ce content in recalcined
BCO and BZCYYb-4411 powders, all data was obtained by ICP-OES analysis. HR-TEM images of BCO powders recalcined at c) 1600 °C and d) 1400 °C.
e) Surface SEM images of polished BCO pellets, which was calcined at 1600 °C for 5 h. The variated TOF-SIMS total intensity data of corresponding f)

Ba, g) Ce, and h) O element at the polished surface.

pore at the original location (Figure S10, Supporting Informa-
tion), proving that excess cation exsolution from lattice deterio-
rates the sinterability of perovskites. Meanwhile, it is clear that
more pores on surface and in bulk region existed in BCO pel-
lets sintered at 1600 °C. Previous studies suggest that the sin-
terability of Ba-based electrolytes could be intimately affected
by the ionic radius of dopant elements, assuming that dopants
with larger ionic radii than Ce** and Zr** are not conducive to
the sintering.['®?2] A comparison of sintering properties for BZ-
CYYDb and BZCY is shown in Figures S11 and S12 (Supporting

Adv. Funct. Mater. 2024, 34, 2402716 2402716 (4 0f13)

Information), in which the BZCY pellet sintered at 1600 °C ex-
hibited porous morphology along with segregated Y-rich clusters
while the BZCYYD pellet was highly densified. This is a good in-
dication of the improved sinterability by substituting Y** with a
smaller cation such as Yb**. Interestingly, as shown in Figure
S13 (Supporting Information), densified BZCYYb and BCO pel-
lets became porous after heat-treating at 800 °C in a reduced at-
mosphere (10% H, /Ar). In contrast, the morphology of the BZO
pellet remained unchanged. Since the Ce** can be thermally re-
duced at elevated temperatures, larger Ce** would accelerate its

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. The sinterability of BCO and its comparison with other electrolyte materials. SEM images of the surface of a—c) BCO pellets, d—f) BZO
pellets, and g—i) SCO pellets sintered at 1400-1600 °C, respectively. Relativity density of j) sintered BCO and SCO, k) BZO and SZO pellets at different
temperatures. |) The surface SEM-EDX images of BCO pellet sintered at 1500 °C.
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Figure 3. Structural characterization of BCO and SCO materials. a) O 1s and b) Ce 3d core-level XPS spectra of BCO and SCO, which were calcined at
1100 °C and quenched to room temperature. The XRD pattern of c¢) BCO and d) SCO pellets sintered at various temperatures.

dynamic displacement from original sites, which analogous to
the movement of Y** in BZCY and BZCYYb. Consequently, the
reduction of Ce plays an important role in undermining the den-
sification of Ce-based perovskite electrolytes at high tempera-
tures.

To gain an in-depth understanding of the influence of the Ce
valence state change on the electrolyte sinterability, BZO and Sr-
based perovskites, specifically SrCeO, (SCO) and SrZrO, (SZO),
were also prepared using the SSR method. The SEM images of
pellets sintered at 1400-1600 °C are presented in Figure 2. As an-
ticipated, SCO pellets exhibited a similar sintering performance
with BCO, showing porous surface after the sintering at 1500 °C
(Figure 2g-i). The XRD result reveals that the formation of CeO,
particles in SCO pellets started at 1400 °C (Figure S6b,c, Sup-

Adv. Funct. Mater. 2024, 34, 2402716 2402716 (6 0f13)

porting Information), which is below the decomposition tem-
perature for BCO, that is #1500 °C. Due to the smaller ionic
radius of Sr** (1.44 A) compared with Ba** (1.61 A),**] the re-
duced Ce** in SCO is more prone to migrate from B-site to A-
site and exsolve as Ce0,.I""%] The much smaller tolerance fac-
tor of 0.885 for SCO than that of 0.938 for BCO implies more
serve distortion in SCO, which leads to drastic variation in the lat-
tice structure and results in poor sinterability. The XPS spectra of
quenched BCO and SCO are shown in Figure 3a,b, in which three
peaks in O 1s spectrum can be assigned to lattice oxygen species
(O, 592.3 eV), hydroxyl groups associate with lattice defects
on surface (Oy, ~#531.4 eV) and adsorbed H,O molecular (Oy,
~532.4 eV).l*] Tt has been seen that the content of Oy, species
in SCO is significantly lower compared to BCO, while a higher
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number of Ce?* concentration was observed, which implies that
some portion of reduced Ce** indeed migrated and occupied into
the A-site as oxygen vacancies were consumed.[?®! In the case of
BZO, higher sintering temperature certainly enhanced its densi-
fication and grain growth (Figure 2d—f). The XRD results indicate
that both BZO and SZO have superior thermal stability even if
the sintering temperature exceeded 1600 °C (Figure 6d—f, Sup-
porting Information). It is well known that the oxidation state of
Zr cation in oxides is considered as constant as Zr*+.[26] Thus, the
dynamic displacement of Zr** from B to A-site is negligible as its
ionic radius is too small for the A-site in comparison with Ba2*
or Sr?*.

The volume shrinkage and relative density of BCO, BZO, SCO
and SZO pellets after the sintering at the temperature range of
1200-1600 °C are shown in Figure 2jk; Figure S14 and Table S6
(Supporting Information). The BCO pellet sintered between 1200
and 1400 °C demonstrated a sharply increased volume shrink-
age rate from 17.6% to 43.6% and the increased relative density
from 72.5% to 89.3%, respectively. However, the relative density
of BCO was kept at x91% when the sintering temperature further
increased to 1600 °C. Similarly, the relative density of SCO pel-
lets enhanced to 87.5% after sintering at 1400 °C, while steadily
varied at ~#88% after sintering at 1500 and 1600 °C. This result
strongly indicates that sintering temperature >1500 °C is not nec-
essary for the densification of BCO electrolyte. In comparison,
the BZO and SZO exhibited an increased sinterability with the
enhanced sintering temperature, and the relative density of BZO
and SZO reached 95.4% and 95.0% after sintering at 1600 °C,
respectively.

The solid-state sintering at high temperatures involves the
mass transport below the material melting point, which is typ-
ically driven by the surface chemical potential. The grain growth,
or called densification, primarily determined by the atom dif-
fusion from grain boundaries to the neck surface between two
connected particles, which decreases the total surface area of
compacted powders. At the initial stage, the ions should have
sufficient mobility to trigger sintering. To improve the ion mo-
bility, several strategies such as introducing vacancies and low-
melting liquid phase have been documented as effective means
to reduce the sintering temperature of densified perovskite
electrolytes.!?2] However, the surface diffusion near a pore only
contributes to the changes in particle shape (coarsening) while
leaving pores intact.[”®! Generally, the densification of solid mate-
rials is driven by the grain boundary diffusion, accompanied by
the vanishment of particle interfaces.[?®?] Owing to the lattice
distortion occurred by the Ce reduction, Ce species have a po-
tential to diffuse to particle surface and destabilize the perovskite
lattice (illustrated in Figure 4a), rather than incorporate the grain
growth, therefore inhibiting the densification of BaCeO;-based
electrolytes. Density functional theory (DFT) calculations indi-
cate that Ce in BaCeO, exhibits a lower surface segregation en-
ergy than Zr in BaZrO, (Figure 4c), which suggests that Ce is
more likely to segregate from the lattice to the surface. As shown
in Figure 4d, the energy barrier for the Ce mismatched occupa-
tion at A-site in BaCeO, was calculated to be 2.90 eV, lower than
that on the Zr displacement in BaZrO; (7.12 eV), consisting with
the experimental results, which further supports an adverse ef-
fect of Ce reduction on the electrolyte sinterability. Furthermore,
the electronic structure of BCO and BZO was calculated to gain
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insights into the thermal reduction behavior of Ce in perovskite
materials. Figure 4e,f exhibits the electronic work function of
BCO and BZO, respectively, which represents the minimum en-
ergy required for an electron to escape from the material lattice
to a point outside material surface. The lower energy demand
of 3.936 eV in BCO compared to 4.523 eV in BZO suggests the
faster electron transfer in BCO.[*) Additionally, the electrostatic
potential distribution of BCO and BZO was assessed by calculat-
ing their electrostatic potential maps (Figure 4g,h), where yellow
and blue regions represent the positive and negative electrostatic
potential, respectively.[*!] Notably, in the case of BCO, the Ce-sites
displayed a more positive electrostatic potential compared to the
Zr-sites in BZO, indicating that Ce is more favorable for attract-
ing negatively charged species such as electron.>!]

2.3. Improving the Sinterability of Ba-Based Electrolytes

Given the positive effect of controlling the Ba content on the elec-
trolyte sintering, we further conducted a comparative study on
the sinterability of BCO and BZO with a 5% Ba variation. Con-
sidering that the reduced Ce** can potentially migrate to the A-
site, deliberately introducing excess Ba has a potential to inhibit
this mismatched occupation. Specifically, Ba-rich, stoichiomet-
ric, and Ba-deficient BCO and BZO powders were sintered at
1100 °C for 10 h, followed by quenching to room temperature
to keep their high-temperature lattice structure. To ascertain the
impact of Ba content on suppressing the Ce migration, we exam-
ined the Ce valence state change in three quenched BCO sam-
ples using Ce L,-edge X-ray absorption spectroscopy (XAS), as
shown in Figure 5e. Note that both Ba deficient and stoichiomet-
ric BCO powders exhibited a shoulder-peak at #5725 eV, which
can be ascribed as the transition from Ce 2p core level to Ce 4f5d,
indicating the presence of Ce*" in the quenched samples.3?! In
the case of Ba-rich BCO sample, a slight peak at #5737 eV was as-
signed to the transition of Ce 2p to Ce 4{°5d final state, which rep-
resents the Ce** oxidation state.l3}] Meanwhile, the minor spec-
trum weight shift of Ba-deficient BCO toward lower energies also
indicates the decrease in valence state of Ce. In comparison, the
enhancement of Ce valence in Ba-rich BCO was also confirmed
according to the spectrum weight shift proceed to higher ener-
gies. Therefore, we demonstrated that introducing excess Ba has
a benefit in inhibiting Ce reduction during the high-temperature
calcination. In addition to the valence state variation of Ce, the
XRD results (Figure 5c; Figure S17, Supporting Information) of
quenched BCO samples reveal that both Ba deficient and stoi-
chiometric powders had slight peak shifts toward to lower degree.
The expansion of their cell volume indicates the minor reduc-
tion of Ce** at the B-site during the calcination. In stoichiometric
BCO, the orthorhombic BCO phase with lattice parameters of a =
8.8288, b =6.1987, and c = 6.2153 A and cell volume of 340.1464
A3 was calculated based on the Rietveld XRD refinement (Figure
S18 and Table S7, Supporting Information), while Ba, ,;CeO, and
Ba, 4sCeO, possessed cell volume of 339.8870 and 340.2506 A?,
respectively. Obviously, insufficient Ba also promoted the segre-
gation of Ce from lattice, showing 2.35 wt% of CeO, phase in the
Ba-deficient BCO composites (Figure S18d, Supporting Informa-
tion). As demonstrated in XPS spectra of O 1s and Ce 3d core lev-
els of Ba-deficient and Ba-rich BCO (Figure 5d; Figure S19 and
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Figure 4. DFT calculations of Ce and Zr displacement behavior in Ba-based perovskites. a) The schematic illustration represents the dynamic displace-
ment of reduced Ce from the B-site to the A-site and the resulting segregation of CeO, and Ba species from the perovskite lattice. b) Diagram of the
B-site cation exsolution from lattice, in which red, blue, green, and yellow ball represents the Ce, Zr, Ba, and O atom, respectively. c) The calculated segre-
gation energy of Ce from BaCeO; and Zr from BaZrOjs, respectively. d) The energy barrier of Ce and Zr occupation at the A-site (Ba). The work functions
of ) BaCeOj; and f) BaZrOy;, respectively. The calculated electron-density isosurface of g) BaCeO; and h) BaZrOs, respectively. The electron-density

isosurface was plotted at 0.001 e bohr=3. The color bar represents the scale of electrostatic potential.

Table S8, Supporting Information), partial A-site deficiency en-
hanced the amount of Oy, (57.2%) and Ce** percentage (13.5%)
in BCO. As suggested above, the reduction of Ce** generates ad-
ditional defects if the Ce3* still keeps at the B-site, which can be
illustrated as follow:

2Cef +0% = 2Cel, +V, + 20, 1)

In an attempt to maintain the stoichiometric structure in an
A-site-deficient perovskite, the introduced oxygen vacancies fur-
ther destabilize the lattice structure, thereby facilitating the ex-
solution of B-site species.[** By contrast, Ba-rich BCO shows a

Adv. Funct. Mater. 2024, 34, 2402716 2402716 (8 of 13)

single-phase structure, all characteristic peaks are located at the
theoretical position. The XPS results delivery a declined content
of both Oy, (17.3%) and Ce3* (7.6%) in Ba-rich BCO, proving that
the displacement of Ce species is also determined by the non-
stoichiometry of perovskites. Specifically, excess Ba can react with
reduced or segregated Ce species to reestablish perovskite lattice,
thus improving the sinterability of BCO based electrolytes. Inter-
estingly, the XRD pattern of BZO-based samples exhibits a con-
trary phenomenon. All characteristic peaks of perovskite phase in
BZO samples with different Ba content are located at the theoreti-
cal position without peak shift (Figure 5¢; Figure S17, Supporting
Information), in good agreement with the truth that Zr** is diffi-
cult to be reduced. In Ba-rich and stoichiometric BZO samples,
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Figure 5. Improved sinterability of BCO and BZO electrolyte materials by adjusting Ba content. SEM images of the surface of a) Ba-rich BCO pellet
sintered at 1450 °C and b) Ba-deficient BZO pellet sintered at 1600 °C. c) The XRD pattern of various BCO and BZO powders, which were calcined at
1100 °C and quenched to room temperature. d) O Ts core level XPS spectra and e) Ce L;-edge XAS spectra of quenched stoichiometric, Ba-deficient,
and Ba-rich BCO powders. f) The measured relative density of BCO pellets with different Ba content.

several small peaks corresponding to the BaCO, were observed,
which may derive from the unreacted precursor.

To evaluate the effect of controlling the Ba content on the sin-
terability of BCO and BZO, the surface morphology of several sin-
tered pellets was investigated by SEM analysis (Figures S20 and
S21, Supporting Information). It is clear that the Ba-rich BCO
(Figure 5a) and the Ba-deficient BZO (Figure 5b) pellets have im-
proved densification and grain growth in comparison with other
samples. Notably, the Ba-rich BCO pellet exhibited a clean and
dense surface with the largest grain size of #20 pum, while several
pores can be easily found in the Ba-deficient and stoichiometric
BCO pellets (Figure S20, Supporting Information). The relative
density of Ba-rich, stoichiometric, and Ba-deficient BCO sintered
at 1450 °C are 95.8%, 90.1%, and 79.2%, respectively (Figure 5f),
confirming that suppressing Ce** displacement has a positive ef-
fect on the electrolyte sintering. Surprisingly, excess Ba content
limited the densification of BZO pellets as the Ba-rich sample had

Adv. Funct. Mater. 2024, 34, 2402716 2402716 (9 of 13)

the lowest relative density of 87.5% than that of the Ba-deficient
and stoichiometric BZO (Figure S22, Supporting Information).
In comparison, the Ba-deficient BZO had the largest grains of
about 5-10 pm and highest relative density of 98.2% (Figure S21,
Supporting Information) although small amount of segregated
secondary phase of ZrO, was observed (Figure S21g—i, Support-
ing Information), which is similar with the reported results that
partial A-site deficiency facilitates the densification of Ba-based
perovskites by enhancing the A-site cation diffusion rate.[?]
Consequently, we confirm that controlling the Ba content is a
facile way for fabricating dense electrolyte. For composite elec-
trolytes possess more Ce content, it is necessary to suppress the
displacement of Ce** by adding more Ba species in precursor.
On the contrary, Zr-rich electrolytes require slight Ba deficiency
to promote sintering.

In addition to the cation stoichiometry, we revealed that
the electrolyte sintering was also determined by the precursor
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synthesis method. Specifically, BCO-based electrolytes have
worse sinterability when precursors synthesized by SG method
is conducted, which can be attributed to the incompletely de-
composed carbonaceous species in precursor and the low pack-
ing density of compressed pellets.!*] (Figures S1-S5, Supporting
Information).

2.4. Cell Performance

Based on above analysis, we choose conventional BZCYYb as
electrolytes to prepare single cell and investigate the influence of
sinterability on performance output. An ideal PCC should have
thin and dense electrolyte to achieve high proton conductivity and
prevent fuel penetration. Figure 6a,b shows cross-sectional SEM
images of anode-supported single cells, in which electrolytes
were fabricated by sintering BZCYYb precursors synthesized via
SSR method (BZCYYDb-SSR) and SG method (BZCYYDb-SG), re-
spectively. It should be noted that the BZCYYDb-SSR electrolyte
had better sinterability than that of the BZCYYD-SG electrolyte,
showing higher OCV of 1.04, 1.06, 1.08, and 1.09 V at 600, 550,
500, and 450 °C, respectively (Figure 6¢). In comparison, the in-
ferior OCV of 1.01 V at 600 °C in BZCYYb-SG-based single cell
is attributed to the intrinsic pores and cracks within electrolyte,
which inevitably results in gas leakage during cell operation. Ad-
ditionally, the BZCYYDb-SSR-based cell also delivered enhanced
peak power densities (PPDs) of 712.5 and 176.3 mW cm™ at
600 and 450 °C respectively, while the BZCYYb-SG-based cell has
much lower PPDs of 365.9 and 101.8 mW cm 2 measured at the
same operation temperatures (Figure 6d; Figure S23a, Support-
ing Information). In order to avoid the influence of external fac-
tors such as electrode composition and electrolyte thickness, the
preparation of both cells was carefully controlled under the same
conditions. According to the electrochemical impedance spec-
troscopy (EIS) results (Figure 6e,f), BZCYYb-SSR cell showed re-
duced ohmic resistance (Ry,,,) of 0.19 Q cm? at 600 °C than that
0f 0.39 Q cm? in BZCYYD-SG cell, which should be ascribed as
the eliminated structural defects and inhibited cation segregation
(Figure 6a,b; Figure S26, Supporting Information). Note that two
cells showed similar activation energies calculated by fitting Ry .,
at different temperatures (Figure 6g), which indicates the same
proton conduction mechanism in two electrolytes. Meanwhile,
two specific cells with different electrolytes have similar charge
transfer resistance (Ry), as shown in Figure 6¢,d and Figure S23b
(Supporting Information). The distribution of relaxation times
(DRT) analysis shows that peaks representing different polariza-
tion processes in both cathode and anode had similar peak posi-
tions and intensities (Figure 6h; Figure S23¢,d, Supporting Infor-
mation), suggesting a high comparability of the cell fabrication.
Therefore, it reveals that the inferior performance of BZCYYb-
SG cells is mainly attributed to the high ohmic resistance (R,,,)
derived from the poor densification.

3. Conclusion

In summary, we demonstrated a strong correlation between the
thermal reduction of Ce** and the densification of BCO-based
electrolytes. For the proof-of-concept study, we first compared the
sinterability of Ba or Sr-based perovskites, revealing that the poor
sinterability of conventional electrolytes is not related to the Ba
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evaporation while mainly caused by the nature of B-site cations.
The results implied that the dynamic displacement of Ce** to the
A-site not only leads to the exsolution of amorphous Ba-species
at grain boundaries, but also deteriorates the densification of per-
ovskites. As the thermal reduction of Ce** during high temper-
ature sintering may be inevitable, deliberately introducing addi-
tional Ba source can significantly inhibit the Ce** misplaced oc-
cupation, which is a facile way for fabricating densified BCO elec-
trolytes. Meanwhile, for materials contain a large amount of Zr, it
is necessary to introduce the A-site deficiency. Therefore, control-
ling the Ba content is a compromise trade-off for preparing densi-
fied proton-conducting electrolytes. In addition, we revealed that
the precursor synthesis method also influences the densification
of BCO and BZO based electrolytes, showing that the fabricated
single cell utilizing BZCYYDb-SSR electrolyte possesses better sin-
terability and cell performances, which provides a new insight for
developing high-performance PCCs.

4. Experimental Section

Materials Fabrication: BCO, BZO, SCO, SZO, and BZCYYb-SSR ma-
terials were synthesized using the conventional SSR method to prevent
the influence of carbonate introduced by SG method on sintering, which
is discussed in Supporting Information. For a typical preparation of BCO,
stoichiometric amounts of BaCO; and CeO, powders were mixed with iso-
propanol and ball milled for 10 h with an yttria stabilized zirconia milling
media. After drying the mixture at 80 °C for 12 h, the collected powder was
calcined at 1100 °C for 10 h in the muffle furnace with ambient air, named
as BCO. To control particle sizes of the final samples, all calcined powders
were hand milled with a mortar and pestle and processed with a stainless
sieve (160 mesh). In addition, BaCog 4Feq4Zrg1Yq 1035 (BCFZY) cath-
ode, BCO-SG, BZO-SG, SCO-SG, SZO-SG, and BZCYYb-SG powders were
synthesized through the SG method. Specifically, stoichiometric metal ni-
trates were dissolved into deionized water and heated at %125 °C, followed
by dissolving ethylenediaminetetraacetic acid and citric acid (molar ratio
to total cations of 1 and 2, respectively) with continuous stirring. A proper
amount of ammonia water was added to adjust the solution pH to ~7. Af-
ter removing the majority of solution, sticky gel was transferred to a muf-
fle furnace and calcined at 250 °C for 5 h, which was further calcined at
1000 °C for 5 h to obtain fine powders. In order to completely remove
gaseous products, comparative samples were calcined in a tube furnace
with a constant O, flow of 500 SCCM.

The as-obtained BCO, BZO, SCO, and SZO precursors were pressed
into pellets to investigate their sintering properties. Generally, synthesized
powders were mixed with a certain amount of PVA solution to enhance the
mechanical strength of pressed green pellets. After that, 0.5 g powders
were pressed into 15 mm diameter pellets with a pressure of 8 MPa, fol-
lowed by calcining at the temperature range of 1200-1500 °C for 5 h. The
volume and diameter shrinkage rate of all pellets were calculated by com-
paring the change of measured thickness and diameter before and after
sintering process. In addition, the relative density of as-obtained pellets
was measured by Archimedes method.

Materials Characterizations: The physical information of all synthe-
sized samples was collected via powder XRD (D8 advance diffractometer,
Bruker) with Cu-Ka source at 40 kV and 40 mA and powder diffraction uti-
lizing synchrotron radiation with a beamline energy of 17.501 keV. The XPS
analysis was performed on the ESCALAB 250Xi (Thermo Fisher Scientific).
The Ce L;-edge XAS data of quenched BCO samples were collected at the
TLS 16A beamline, NSRRC, Taiwan. The surface and cross-section features
of obtained pellets were performed through the SEM analysis (Clara, Tes-
can). Chemical compositions of powder samples were determined by the
ICP-OES with Avio 550 Max (PerkinElmer). To investigate the Ba aggre-
gation in sintered pellets, the TOF-SIMS technique was selected (LYRA3,
Tescan). The attenuated total reflection Fourier transform infrared spec-
tra were obtained from the Nicolet 510 spectrometer. To investigate the

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85U80 | SUOLULLOD BAeR1D B(eol|dde au Aq pauseoh afe SIMe YO 88N JO S3|n1 10} A%eiq1T 8UIIUO A8|IM UO (SUOTIPUOD-PUB-SLLBILI0D™ A8 |IMA.d 1BUI|UO//SANY) SUORIPUOD pUe SWIB | 81 88S *[7202/2T/80] U0 AiqI78uluo AB1IM ‘INOH ON NH ALISYIAINN DINHOILATOd ONOM ONOH AQ 9T2207202 WiPe/200T OT/I0p/L00 A8 |1mAleq 1pu1juo//Sdny Woij papeojumod ‘SE ‘¥20z ‘8Z0£9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

MATERIALS

www.advancedsciencenews.com

€)Y BZCYYb-SSR

BZCYYb-SSR —=— 600°C
(C) e —e— 550°C 800 o~
—a— 500 °C ¥

1.0 ...//\\. —e— 450°C g

= K 600
> 0.84 " E
(o) [ >
g o6 L400 2
s 3
0.4 =
200 2
0.21 o

0.0

T T T v T T 0
0 500 1000 1500 2000 2500 3000 3500
Current density (mA cm2)

BZCYYb-SSR —+—450°C
(e) 1.0 —a— 500 °C|
05 " M.
Ng _K
0.0- " y
€ oo 1.0 2.0 3.0
N i ——550°C
—=—600°C
0.1
0.0 K\
0.0 0.2 0.4 0.6 0.8
Z' (Q cm?)
Temperature (°C)
600 550 500 450 400
Q) ..
e
[3)
<}
14
]
<
—e—BZCYYb-SSR, Ea=0.24eV
0.14 —=—BZCYYb-SG, Ea=0.22eV
11 12 13 14 15
1000/T (k)

www.afm-journal.de

BZCYYb-SG 500
(d) 1.2 B _
L400 &
o
&5 =
& 300 £
> z
] 7]
s F200 §
5]
L100 3
o
i . y . 0
0 200 400 600 800
Current density (mA cm™)
(f) 1.51BZCYYb-SG —+—450°C
—a—500°C
1.0
&
_ 054 s WVN\“\
5 ((
& 00 3 5
g oo 1.0 2.0 3.0 4.0
N ool —+550°C
—=—600°C
0.1
0.0 : "
0.2 0.4 0.6 0.8 1.0
Z' (Q cm?)
0.4
(h ) ——BZCYYb-SSR 500 °C
——BZCYYb-SG 500 °C
0.34
5
c 021
E
o
0.1-
0.0-
106 105 10* 10° 10% 10' 10° 107!

f(Hz)

Figure 6. Enhanced electrochemical performance of BZCYYb single cells associated with improved electrolyte sinterability. Cross-sectional SEM images
of BZCYYb-based single cells with a) BZCYYb-SSR and b) BZCYYb-SG as the electrolyte. I-V and I-P curves and EIS data of c,e) BZCYYb-SSR and d,f)
BZCYYb-SG single cells measured at the temperature range of 450-600 °C, respectively. The comparison of g) aera specific resistance (ASR) of Ryp,,

and f) DRT analysis of two typical single cells tested at 500 °C.

carbonate content of as-prepared powder samples, the temperature pro-
grammed decomposition technique was combined with a mass spectrom-
eter (ChemBET-3000, Quantachrome Instruments and ThermoStar GSD
301, Pfeiffer Vacuum). Typically, 50 mg powder sample was added into a
U-type quartz tube, which was fed with pure argon with the gas flow rate
of 20 SCCM. The temperature was increased from room temperature to

Adv. Funct. Mater. 2024, 34, 2402716 2402716 (11 0f13)

~1000 °C with the ramping rate of 15 °C min~', and the exhaust gas was
collected and analyzed by a MS instrument.

DFT Calculations: All DFT calculations for periodic material
systems were performed using the Vienna Ab initio simulation
package (VASP), employing the projector-augmented wave (PAW)
method.[**] The exchange—correlation function was handled using the
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generalized gradient approximation (GGA) formulated by the Perdew—
Burke—Ernzerhof (PBE).3’! The van der Waals (vdW) interactions were
described using the DFT-D3 method in Grimme's scheme.l®] For a
better description of Ce electrons, the effective U value was set to 4.5 eV.
The interaction between the atomic core and electrons was described
using the projector augmented wave method. A plane-wave basis set
energy cutoff of 500 eV was ultilized.[3] The Brillouin zone was sampled
with a 3 X 3 X 1 grid centered at the gamma (I') point for geometry
relaxation. To ensure negligible lateral interaction of adsorbates, all
slabbed models had a vacuum spacing of ~15 A.[*0] The bottom layers,
comprising approximately half of the structure, were kept frozen at the
lattice position.[*1l All structures with dynamic magnetic moment were
fully relaxed were fully relaxed without any restriction until their total
energies converged to <1 x 1076 eV,[#2] and the average residual forces
were <0.02 eV A~1.[43] Transition states were searched for using the
climbing image nudged-elastic-band (CI-NEB) method, with convergence
t00.05 eV A~ and <2 x 1075 eV.

Fuel Cell Fabrication and Electrochemical Measurements: BZCYYb sin-
gle cells were fabricated by spray coating and co-sintering method
based on anode-supported pellets. Typically, for the fabrication of anode,
BZCYYb-SSR raw material, NiO powder and starch in a weight ratio of 6:4:1
were homogeneously mixed with ethanol and dried at 80 °C for 12 h. Sub-
sequently, collected powders were further mixed with PVA binder and then
pressed into pellets. Lately, these green pellets were calcined at 450 °C and
cooled down to room temperature to remove PVA binder, which was fol-
lowed by spraying electrolyte slurry (a mixture of electrolyte powder, glyc-
erol, ethylene glycol and ethanol) on pellet surface. The prepared anode-
supported half cells were sintered at 1450 °C for 5 h to achieve sufficient
electrolyte densification. The BCFZY cathode with ~0.45 cm? area was
sprayed onto the electrolyte side, and co-sintered at 1000 °C for 2 h.

Each single cell was heated up to 800 °C with a ramping rate of 5 °C
min~! and maintained for several hours to sufficiently reduce NiO com-
ponent in anode. All electrochemical test of single cells were conducted at
a temperature range of 450-600 °C. At the same time, dry H, was passed
into the anode at a constant flow rate of 200 mL min~! while the cathode
was exposed to the ambient air. The EIS data was collected under OCV
conditions with a frequency range of 10°~10~" Hz and an a.c. amplitude
of 10 mV.
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