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Acceptor-substituted Ba(Zr,Ce)Osz proton conducting oxides have attracted significant attention due to their
excellent proton conductivity at intermediate temperatures (400-600 °C). A high Zr/Ce ratio is crucial for
maintaining stability in humid or other harsh atmospheres. Herein, a systematic study was conducted on the
phase composition, microstructure, and the resulting hydration ability and electrochemical performance of
high Zr/Ce ratio Ba(Zr,Ce)Os solid solutions with different Y substitution levels (10 at% to 30 at%). In this
substitution range, no apparent secondary phase can be found from XRD, leading to a continuous increase in
hydration content. A Y-rich phase was observed in SEM for compositions with high levels of Y substitution.
The impact of Y on proton conduction was examined using EIS, with particular attention on elucidating the
effects of varying amounts of Y on bulk proton conduction. The increase of proton conductivity was primarily
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due to the increased charge carrier (proton) concentration caused by Y substitution. Different concentrations
of Y have little effect on proton mobility, indicating a compromise between different mechanisms such as the
DOI: 10.1039/d4cp04384g Y trapping effect and the nano-percolation effect. Grain boundary proton conduction was discussed

combining the TEM-EDS results to explain the space charge layer effect. Mechanical properties and thermo-
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Introduction

Proton-conducting ceramics have become highly attractive mate-
rials as potential candidates for use in a variety of energy conver-
sion and storage devices, including protonic ceramic fuel and
electrolysis cells, co-conversion of CO, and H, and electrochemi-
cal pumps for H, compression, due to their promising levels of
proton conductivity at relatively intermediate temperatures (400—-
600 °C)."” Despite intensive research on multitude proton-
conducting ceramic materials, acceptor-substituted BaZrO; and
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chemical stability were also considered to pave the way for real applications.

BaCeO; (e.g., doped with Y,03) remain amongst the most promis-
ing candidates.® While acceptor-substituted BaCeO; displays
high proton conductivity, its practical application is hindered by
its low chemical stability in H,O, CO,, and other similar
atmospheres.® On the other hand, acceptor-substituted BaZrO;
exhibits excellent chemical stability, but its high grain boundary
resistance along with the high sintering temperature restricts its
large-scale application. Preparing Ba(Zr,Ce)Oj; solid solutions with
the appropriate Zr/Ce ratio at the B-site in the perovskite crystal
structure is a compromise strategy. For example, Kim et al.’
reported that a 20 mol% substitution of Ce can effectively reduce
the grain boundary resistance of Y-substituted BaZrO; and achieve
relatively good total conductivity. Additionally, Zhong et al.'® and
Fabbri et al' suggested that with a Ce content lower than
20 mol%, the material exhibited good stability in H,O and CO,
environments. In the studies of Haile'® and Liu*® et al, it is
claimed that when the Ce content is above 40%, or even 70%, the
material can maintain high-temperature stability in CO, and H,O
environments.

Acceptor substitution is another crucial factor directly
related to hydration properties and proton conductivity."* The
substitution of Zr or Ce with acceptor elements creates oxygen
vacancies, which will be hydrated in a humid atmosphere to
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form proton defects that act as charge carriers. Protons can hop
from one oxygen site to a neighbouring one to achieve electrical
conduction according to the Grotthuss mechanism.***® In this
process, the proton concentration and the ability of protons to
migrate within the host material influence the final proton
conductivity. These two aspects are directly affected by the type
and concentration of the acceptor elements. Yttrium is currently
the most popular among various trivalent acceptor elements.
Compared to many trivalent lanthanide elements, Y substitutes
very little at the A-site of the perovskite structure ABOj; in
Ba(Zr,Ce)O;,"” allowing Y substitution to achieve the theoretical
oxygen vacancy concentration and reach nearly the theoretical
saturation hydration concentration in a humid atmosphere.
Additionally, the hydration enthalpy and entropy determine
the hydration capability of Ba(Zr,Ce)Oj; at different temperatures.
Kreuer et al.’s'® research shows that BaZrO; doped with varying
amounts of Y has almost constant hydration enthalpy and
entropy, allowing Y-doped Ba(Zr,Ce)O; to maintain a certain
proton concentration even at relatively high temperatures, which
is important in high-temperature electrochemical device appli-
cations. In their work, they also show that Y has the highest
proton mobility compared to other dopants such as Gd, Sc and
In. Although Sc substitution exhibits similar hydration capability
to Y substitution, it has the lowest proton mobility. Because of
the excellent hydration capability and high proton mobility
demonstrated by Y substitution, almost all reports indicate that
Y is one of the best acceptor elements regarding the proton
conductivity among the other trivalent elements."**° Han et al.'”
compared 14 dopants in the BaZrO; system, including Sc, Y, In,
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, and Yb, and concluded
that only materials substituted with Tm and Ho exhibited
conductivities comparable to the one with Y.

As aforementioned, the Zr/Ce ratio in Ba(Zr,Ce)O; greatly
influences its conductivity and stability. More than that, the
crystal structure will transit from the more symmetrical cubic
perovskite structure with high Zr content to structures with higher
distortion such as pseudo cubic or orthorhombic perovskites with
high Ce content.*”** Acceptors may exhibit different behaviours
under different chemical environments and crystal structure
backgrounds influenced by the Zr/Ce ratio. Therefore, it is of
great interest to investigate the effect of Y substitution on the
hydration capability and proton mobility in high Zr/Ce ratio
Ba(Zr,Ce)0;, especially considering the importance of such mate-
rials for multiple applications where high stability and durability
are essentially required. Due to the high refractory properties
resulting from the high Zr content, a sintering aid should
be added to reduce the sintering temperature. After screening
16 elements, Nikodemski et al.** found that NiO, CuO and CoO
sintering aids have led to the best sintering effects. Currently, NiO
is the most popular sintering aid, and it is also the primary
component in the fuel electrode for fuel and electrolysis cells,
making it a good choice of sintering additives. The work of Uda>*
et al. shows that adding 2 wt% NiO negatively affects hydration,
which drastically reduces proton conductivity. However, Huang
et al.>>*® showed that adding 0.5 wt% of NiO had good sintering
aid effects without significantly affecting conductivity.
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In this work, 20 mol% of Ce was introduced into the lattice
of BaZrO; to maintain certain stability, and also counteract
with the low grain boundary conductivity. And 0.5 wt% of NiO
was applied as a sintering aid. The substituent Y,0; varies
within the range of 10-30 mol%, in order to study the influence
of Y on phase formation, microstructure, and electrical perfor-
mance. The proton conductivity contributed by bulk and grain
boundary is discussed separately to explore the effect of Y. In
addition, mechanical performance and thermal-chemical sta-
bility are also taken into consideration to evaluate the suit-
ability of this material for electrochemical devices.

Experimental section

Sample preparation

BaZr, g_,Ce,,Y,O5_s5, where x = 0.10, 0.15, 0.20, 0.25, 0.30,
denoted as BZCY-Y10, BZCY-Y15, BZCY-Y20, BZCY-Y25,
BZCY-Y30, respectively, were prepared using a conventional
solid-state reaction method combined with high temperature
sintering. The raw powders BaCOj;, ZrO,, CeO,, and Y,0;
(Sigma-Aldrich, purity grade of 99%) were weighed according
to the stoichiometry and mixed in ethanol in a tumbler mixer
for 24 h, followed by drying in a drying cabinet at 80 °C for 24 h.
The mass ratio of powder, milling balls and ethanol is 1:2:3.
The powders were collected and calcined at 1300 °C for 10 h. The
pre-calcined powders were collected and 0.5 wt% of NiO powder
was added, and then the milling and drying processes were
repeated. Finally, the powders were sieved using a 100 um mesh
sieve to get the final powder. For the preparation of pellets, the
powders were filled in a 13 mm die and uniaxially pressed at
4 kN, and then pressed by cold isostatic pressing at 3000 MPa for
2 min. Then the pellets were embedded in sacrificial powder,
placed in an Al,O; crucible, and then sintered in air at 1500 °C
for 10 h with 5 K min~" heating rate and natural cooling rate.

Material characterization

To examine the phase composition of the sintered samples,
sintered ceramics were ground into powders and analyzed using
Bruker D4 Endeavour (Cu-Ko-radiation). The 20 range for the XRD
patterns used for Rietveld refinement was 10-120°. GSAS
software®” was used for XRD result refinement. The refined unit
cell volume was used for calculating the theoretical density, and
the relative density of the sintered ceramics was calculated based
on the actual density measured by the Archimedes method under
n-propanol. The surface microstructure and element distribution
of polished samples were observed using a scanning electron
microscope (SEM, ZEISS ULTRA 55, Carl Zeiss NTS GmbH,
Germany) equipped with energy dispersive spectroscopy (EDS,
Oxford Instruments, UK). The analysis of grain size is achieved
through the linear intercept method. Multiple intercept lines are
drawn on SEM images, and the number of grains intersected by
each line is counted to determine the average grain size along that
line. Finally, the grain sizes along each intercept line are statisti-
cally summarized to obtain the overall average grain size. Samples
for scanning transmission electron microscopy (STEM) were

This journal is © the Owner Societies 2025
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prepared using a conventional dimpling route to achieve a large
area of electron transparent materials, facilitating the search for
suitable grain boundaries for high resolution analysis. Bulk
samples were first metallographically ground and polished to a
thickness of 100 um, followed by dimple grinding to a minimal
thickness of 10 to 15 pm using a dimple grinder (Gatan Inc., USA).
Afterwards the final hole was milled and thinned using an Ar ion
milling device (PIPS II, Gatan Inc., USA) with a final Ar energy of
500 eV. STEM imaging and spectroscopy were done using a probe
Cs-corrected Hitachi HF5000 microscope (Hitachi High-
Technologies, Japan) at 200 keV equipped with an Oxford Instru-
ments Ultrim TLE EDS detector. EDS data analysis and curation
were performed using Aztec (Oxford Instruments, UK).

The temperature dependence of proton concentration of
the materials was evaluated by thermogravimetric analysis
(TGA Netzsch STA449F3 Jupiter). The sintered pellets were
ground into powder and sieved to obtain particles with a size
ranging from 200 to 300 pm. The powder is initially heated to
1200 °C in dry N, for 1 hour to achieve complete dehydration.
Subsequently, the atmosphere is switched to a water-saturated
nitrogen-argon mixture (1.9 vol% H,0-10% vol. N,-Ar) with a
flow rate of 10 mL min~" of dry protective gas through a
balance and 50 mL min " of gas saturated with water in a
bubbler at 17 °C. During the cooling process, the powder is
stabilized for two hours at each 100 °C decrement. The mass
changes of the powder between 1200 °C and 100 °C are
continuously recorded. Finally, the buoyancy effect was cor-
rected using data from a blank test. Then the proton concen-
tration can be calculated according to the following equation:*®

[OH‘O} :2><Am/MHZo (1)
mo/ Mpzcy
where Am is the mass increment relative to complete dehy-
drated powder at each temperature stage. m, is the mass of the
complete dehydrated powder.

The electrical characterization employs electrochemical
impedance spectroscopy (EIS) over a temperature range of
150-700 °C using an Alpha-A frequency analyzer in the frequency
range of 0.1-10° Hz. Within the temperature range of 150-
250 °C, the testing temperature intervals are set at 25 K. Sput-
tered Au electrodes were utilized as the current collectors, which
are conducive to deconvoluting grain boundary and polarization
responses. At elevated temperatures (300-650 °C), the testing
temperature intervals were extended to 50 K, and more stable Pt
electrodes were employed. In order to make the Pt electrode, Pt
paste (EVOCHEM Advanced Materials GmbH) was brushed on
the surface of the sample, and then annealed at 900 °C for one
hour to obtain stable Pt electrodes. The EIS results were collected
from high to low temperatures. The equilibration time at each
measurement temperature was set to 2 hours. The tests were
conducted in wet air. The humidification of the gas was realized
by bubbling the gas through water at RT resulting in ca. 3 vol%
H,O saturation in the gas. The EIS data were finally analyzed
using the RelaxIS commercial software.

The elastic modulus and hardness of the material were
determined through the load-displacement curves® obtained
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by the Vickers micro-indentation device HC100 (Fischer,
Windsor, USA). 25 micro-indentation tests with 1 N load were
conducted for each specimen. The specimens underwent grind-
ing and polishing prior to testing. The thermo-chemical stabi-
lity tests were carried out through high temperature exposure to
various atmospheres and their reaction with the materials
could be estimated by any phase composition changes. Three
atmosphere conditions including Ar saturated with water vapor
at 82 °C resulting in 50 vol% H,0, 50 vol% Ar + 50 vol% CO,,
96 vol% Ar + 4 vol% H, were applied. In a typical experiment,
the sintered pellet was ground into powder and heated up to
700 °C, then the powder was subjected to a 24-hours heat
treatment under a specific gas atmosphere. After that, the
phase composition of the powder was identified again using
XRD and compared to a reference measurement.

Results and discussion
Phase analysis and microstructure

Fig. 1a shows the XRD patterns of materials in the BaZr, g ,Ceg »-
Y,0;_; series recorded at RT. All phases exhibit a cubic perovskite
structure with space group Pm3m. No apparent secondary phases
were observed in the XRD patterns. The shoulder to the right of
each main peak is the Ko2 peak, which is more distinctly
separated from the main peak at a higher angle. There is an
apparent trend in the XRD patterns that with increasing Y
concertation, the peaks shift towards the smaller angles due to
an obvious lattice expansion upon substitution. The reason is that
the ionic radius, 7;, of Zr*" is 0.072 nm, which is smaller than that
of Y** (r; = 0.090 nm). By adding more of the larger Y*, the inter-
planar crystal spacing d will increase upon substitution, and 6 will
correspondingly decrease, according to the Bragg’s law of diffrac-
tion, 2d sin 0 = nA.

All XRD patterns were refined in order to obtain more
accurate analysis of the results as shown in Fig. S1 (ESIf),
and the refinement results for all samples exhibited a low
weighted profile R-factor (R,,) and goodness of fit (Gof),
indicating a good match between the calculated results and
experimental data. The refinement results provided precise
lattice parameters. As mentioned earlier, the ionic radius of
Y?" is larger than that of Zr**, and substitution of Zr*" with Y**
ions will lead to an increase in the lattice parameters. Fig. 1b
shows the changes in the lattice parameters with increasing
Y,0; concentration. The increase in lattice parameters with Y
content exhibited a good linear relationship in accordance with
Vegard’s law*’ and with single phase composition evidenced by
qualitative XRD analysis, which means that even at high con-
centrations of Y,03, Y*" ions are possible to substitute into the
perovskite structure at the given sintering temperature. Mean-
while, Fig. 1b also shows that with increasing Y content, the
relative density decreased. The observed effect suggests that
high concentration of Y,0; had an inhibitory effect on the
densification of BaZr,g ,Ce(,Y,O3_s during sintering, which
will be discussed further combined with the microstructural
investigations.

Phys. Chem. Chem. Phys., 2025, 27, 885-896 | 887
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Fig. 1 (a) XRD patterns of the BaZrgg xCe2YxO3_s ceramics. (b) Lattice

parameters and relative density with the increase of Y content. (Fitting
results are only for visual reference).

The SEM images of polished BaZr, s ,Ce(,Y,O;_s ceramics
were obtained using a backscattered electron detector (BSD) as
shown in Fig. 2. As it can be seen from the images, the number
of pores increases as the Y content increase, which is consistent
with the results of the relative density. Moreover, when the Y
content is greater than 25%, secondary phase with different
contrasts compared to the main phase can be found. In the
BZCY-Y30 sample, two typical regions have been identified: one
is a relatively dense region, and the other is a relatively porous
region. The grain size analysis shown in Fig. 2f reveals that with
increasing Y content, the average grain size initially increases
and then decreases. In the BZCY-Y30 sample, the grains in the
dense region are smaller compared to the grains in the rela-
tively porous region.

EDS analysis was performed on the BZCY-Y30 sample to
determine the composition of the secondary phase. Elemental
mapping was applied on a typical area encompassing the
relatively dense and relatively porous regions, as shown in
Fig. 3. The spectrum results show that Ba, Zr, and Ce are
uniformly distributed, but there are Y-rich areas. The enrichment
observed in the relatively dense and relatively porous regions
differs. As shown in Fig. 3, the Y-rich phases in the relatively
dense region exhibit smaller grain sizes but higher density.
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Conversely, the Y-rich phases in the relatively porous region show
the opposite trend. This non-uniform segregation is likely a result
of insufficient homogeneity in the calcined powder before sinter-
ing. Additionally, the presence of secondary Y-rich phases is
expected to impact mass transfer during the sintering process.
This is manifested in the inhibition of grain growth, as observed
in the relatively dense region. The Y-rich particles in the porous
region have larger grain size and thus have less surface energy.
Owning to the lower driving force for further growth, they tend to
anchor between two matrix grains, affecting densification during
sintering and preventing the elimination of pores. This can be
observed in Fig. 3, where the porous region shows large pores
always adjacent to the larger Y particles. Although no apparent
secondary Y-rich phases were detected in samples with lower Y
content, the possibility of trace Y precipitation at grain bound-
aries, inhibiting grain growth, cannot be ruled out. This also
explains the gradual reduction in average grain size when Y
content exceeds 15 mol%. However, note that no impurity peaks
belonging to the secondary phase were found in the XRD results,
indicating that the proportion of the secondary phase was very low
(below the XRD detection limit). In addition, the linear relation-
ship between the lattice parameters and Y concentration shown in
Fig. 1b also indicated that most of the Y was substituted into the
main perovskite phase, and only a small amount of Y aggregated
to form Y-rich secondary phases.

Hydration behaviour

Fig. S2 (ESIt) depicts the mass change recorded versus time and
temperature for the studied BaZr,g ,Ce,,Y,Os;_ s materials,
from which the proton concentration can be derived according
to eqn (1). Fig. 4a additionally illustrates the temperature
dependency behavior of the proton concentration. As it can
be observed in the figure, due to the exothermal nature of the
hydration process, as the temperature decreases, the degree of
hydration gradually increases. It is also evident that with an
increase in the Y content, and consequently the generated
oxygen vacancies, the proton concentration also gradually rises.
The hydration process can be expressed using the following
defect equation (eqn (2)), which shows that oxygen vacancies
and proton concentration are proportionally dependent:

H,O(g) + 05 + Vg « 20H (2)

Therefore, the proton concentration is highly dependent on
the concentration of oxygen vacancies, and the concentration of
oxygen vacancies is determined by the content of acceptor Y.
This formation of oxygen vacancy can be expressed using the
following equation:

Y203 =2Y7%, + 305 + V§ 3)

Combining eqn (2) and (3), it can be noted that two Y atoms
generate one oxygen vacancy, and during the hydration process,
one oxygen vacancy produces two protons. Therefore, the proton
concentration should be theoretically equal to the nominal Y
concentration after complete hydration. Here, the proton
concentration at 100 °C is considered as the effective acceptor
concentration and is plotted against the nominal acceptor

This journal is © the Owner Societies 2025
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Fig. 3 Elemental mapping of the polished BZCY-Y30 specimen.

concentration as shown in Fig. 4b. The dashed line represents
the theoretical maximum effective acceptor substituent concen-
tration. It can be observed that the effective substituent concen-
tration increases with an increase in Y content. This suggests
that even at high Y concentrations, most of the Y can still
effectively substitute into the B-site in the perovskite lattice,
resulting in the generation of oxygen vacancies. However, it is
worth noting that the effective acceptor concentration is still

This journal is © the Owner Societies 2025

lower than the theoretical concentration. There are two possible
reasons. First, SEM analysis indicates that a small amount of Y
tends to segregate into a secondary Y-rich phase. Secondly,
several studies suggest that the addition of NiO as a sintering
aid leads to a lower proton uptake.*®*' Huang et al.>® discussed
various reasons for NiO reducing proton concentration, with the
most likely being the formation of a liquid phase of (Ba, Ni, Y)O,
during sintering, which consumes not only Y but also Ba at the
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A-site of the perovskite. This may lead to a small amount of Y
substituting Ba, forming Y3}, defects, thereby reducing the
effective doping concentration of the substituent.

Electrical properties

The electrochemical impedance analysis of the BZCY-Y10 sam-
ple is presented in Fig. 5 to illustrate the analysis process. At a
relatively low testing temperature of 150 °C, two distinct arcs
can be identified at high frequencies. The fitting equivalent
circuit for these two arcs is shown in Fig. 5a. Resistor (R) and
constant phase element (CPE) are placed in parallel position,
representing the grain interiors or grain boundaries. The two of
the R/CPE components are connected in series according to the
brick layer model explained in detail by Haile et al.?” The fitting
resulted in obtaining the capacitances of two arcs that can be
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then assigned to the deconvoluted bulk and grain boundary
contributions. For the first arc in the high-frequency region, a
capacitance of 5.74 x 10~ ** F was calculated, while for the second
arc, the obtained value is 1.38 x 10~ ® F, which typically represent
the responses of bulk and grain boundary, respectively.*®> When
the temperature rises to 200 °C, the fitted capacitance values show
consistency (Fig. 5b). In this case, it is possible to obtain the
resistance of both bulk and grain boundary separately. However,
the arcs of bulk and grain boundary gradually overlap at higher
temperatures as shown in Fig. 5c, and the tail of the grain
boundary arc (high frequency) is the only visible part eventually.
In this situation, it is impossible to separately obtain the electro-
chemical responses of bulk and grain boundary. Only the total
resistance value can be estimated by the intercept of the tangent
line of the tail of the grain boundary arc with the real axis. The
grain conductivity and the total conductivity can be calculated
using the following equation:

L

7=Rs (4)

where L is the thickness of the sample, R is the resistance and S is
the cross-sectional area. When calculating the grain boundary
conductivity, there are two different definitions: one is the appar-
ent grain boundary conductivity (o, ap), Which is also calculated
using eqn (4) as mentioned above. However, the grain boundary is
associated with a particular electrical thickness, which is consid-
ered in conductivity calculation and leads to the so-called specific
grain boundary conductivity (g1, sp). Assuming that the dielectric
constants of the bulk and grain boundary are consistent, the
specific grain boundary conductivity can be calculated using the
following equation:**

LG\ 1
o=l )= 5
Ogb_sp S(Cgb> Rgb ( )

where C; and Cgy, are the capacitance of grain interior and grain
boundary, respectively, calculated from the fitted CPE results
based on the following equation:

€= (R“QI>W ©)

where R is the resistance, and Q and « are the parameters of CPE.
Based on the analysis and calculation of the electrochemical
impedance spectroscopy results mentioned above, an Arrhenius
plot of the total conductivity of the BZCY sample can be obtained
as shown in Fig. 6a. Data for the BZCY-30 sample above 250 °C are
not available due to sample disintegration at elevated tempera-
tures caused by chemical expansion combined with thermal
expansion. Except for BZCY-30, the total conductivity of the
remaining samples increases with increasing Y content over the
studied temperature range. The total conductivity data at 600 °C
under humid air are summarized and presented in Table 1.

The conductivities of the bulk and grain boundary at tem-
peratures below 250 °C were obtained by fitting EIS. Arrhenius
plots of bulk conductivity and specific grain boundary conduc-
tivity are shown in Fig. 6b. By linear fitting, the activation
energies of the bulk and grain boundary can be obtained as
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Fig. 5 Nyquist plots of BZCY-Y10 at elevated temperature. (a) 150 °C. (b) 200 °C. (c) 250-400 °C.

shown in Table 1. With increasing Y content, the activation
energy of the bulk increases slightly, and the activation energy
of BZCY-Y30 is significantly higher than that of the other low Y
concentration samples. The variation in activation energy of the
grain boundary shows no clear compositional trend. Further-
more, three of the BZCY-Y10 samples were selected to confirm
the reproducibility of the experiment. This result is shown in
Fig. $3 (ESIt). The variation of both ¢}, and ay,_gp, for these three
samples is in an acceptable range.

In order to better understand the effect of the employed
different Y contents on the conductivity of the studied BZCY
samples, one should consider and analyze their bulk and grain
boundary conductivities in detail as depicted in Fig. 6c.

Bulk conductivity

Fig. 6c illustrates the variation of bulk conductivity with Y
content at 250 °C. A significant decrease in conductivity is
observed for BZCY-Y30, which is related to the excess Y-rich
phases observed in the SEM images in Fig. 3e. BZCY-Y30 will be
excluded in the subsequent discussion on conductivity. Except
for BZCY-Y30, the bulk conductivity continues to increase with
the increasing Y content. The comparison of conductivity at
250 °C has several advantages. First, as mentioned above, it is
difficult to separate the conduction contributions from the bulk
and grain boundary during EIS at higher temperatures. Second,
at this temperature, the degree of hydration of BZCY material is
nearly at the saturated level, as shown in Fig. 4a, providing a
better reference value when considering proton concentration.
Finally, at such a relatively low temperature, the conductivity
contribution mainly comes from proton migration rather than
from other charge carriers such as electrons or oxygen ions.*”
According to the conductivity equation:

(7)

where n represents the charge carrier concentration (protons in this
case), q is the electron charge constant (1.6 x 10~ *° C), and u is the
proton mobility. According to eqn (2) and (3), as well as the
thermogravimetric analysis shown in Fig. 4, the proton concen-
tration () is directly correlated with the Y substituent concentration.

7 = nqu

This journal is © the Owner Societies 2025

Interestingly, as shown in Table 1, as the Y concentration increases,
the increase in bulk conductivity follows the same multiplicative
relationship with the Y content. Taking BZCY-Y10 as a reference, the
bulk conductivity of BZCY-Y15, BZCY-Y20 and BZCY-Y25 is higher
than that of the reference by a factor of 1.4, 2.1 and 2.7, respectively.
This holds true except for BZCY-Y30. This indicates that the
variation in conductivity (o) with changing Y substituent levels is
mostly attributed to the increase in proton concentration (1) due to
more Y substitution. In other words, the multiplicative relationship
of n directly leads to the same multiplicative relationship of ¢ in
eqn (6), which means that the mobility (¢) does not significantly
change with Y substitutional concentration. This is also reflected in
the almost unchanged activation energy as shown in Table 1.

As suggested by eqn (6), apart from the concentration of
charge carriers, their mobility also plays an essential role. In
the literature, two mechanisms describing the influence of Y
cations on proton mobility in the BZCY materials are discussed.
The first one is the trapping effect of the dopant.®*® In this
concept, Y** acts as an aliovalent dopant on the Zr** site, for
instance, thus forming a negative charge center. When a proton
migrates to an O-site adjacent to a Y-site, it gets captured there
because the energy required for this proton to rotate or migrate
within the region is lower than the energy required to migrate
out of it.*”*® This confinement restricts the long-range migra-
tion capability of protons. Therefore, Y substitution will be
expected to decrease the proton mobility based on the trapping
effect theory.

Another mechanism discusses an alternative effect of high Y
concentrations on proton long-range migration, which is called
the nanoscale percolation effect.’® The trapping effect of the
individual Y cation on protons is also acknowledged in this
theory. However, as the concentration of Y is high, there is a
probability for Y cations to become adjacent to each other.
When protons migrate within such regions formed by contin-
uous Y-sites, the activation energy required is even lower than
that for migration to other sites such as Zr-sites. This rapid
pathway for protons formed by the continuous Y-site is termed
as the nanoscale percolation effect. Such effect becomes more
pronounced at higher Y concentrations. In other words, high
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concentrations of Y substitution facilitate an increase in proton
mobility.

The competitive relationship between these two mechan-
isms for proton mobility, one having a negative impact and
the other having a positive impact, collectively contributes to
the effect of Y substitution on proton mobility. Considering the
experimental results shown in Table 1, it is verified that the
mobility of protons at 250 °C does not significantly change with
increased Y content (from 10 at% to 0.25 at%). One may
therefore speculate that these two effects have almost equal
influence in the studied BZCY materials. The slight increase in
bulk conductivity activation energy as shown in Table 1 also
confirms this. In the computational work by Toyoura et al.,*’
the degree of influence of the trapping effect and percolation
effect of dopants on proton mobility was assessed. The authors
similarly pointed out that the preferential conduction pathways
formed by Y cations moderate the strong trapping effect,
resulting in a minor reduction of proton diffusivity and mobi-
lity. Moreover, they also noted that interactions between pro-
tons could have a negative impact on their mobility,** but this
effect is also counteracted by the Y nanoscale percolation effect.

Most of the studies on the influence of Y on proton mobility
are conducted using computational methods, for example
density functional theory or molecular dynamics.***° In this
work, this influence has been demonstrated from an experi-
mental perspective. However, it should be noted that both
mechanisms are temperature-dependent.>>*® This means that
one effect may have a stronger influence than the other at
different temperatures. Unfortunately, it is not possible to
obtain solely bulk conductivity information from EIS at higher
temperatures. It can only be demonstrated that at the relatively
low temperature of 250 °C, there is a balancing among different
mechanisms in this studied BZCY composition, resulting in
minor changes in mobility with the increase of Y.

Grain boundary conductivity

The effect of Y content on both the apparent and specific grain
boundary conductivities is depicted in Fig. 6c. The oy 4 is
significantly influenced by grain size, as the grain boundary
density is directly affected by the average grain size. In fact, the
trend of oy, 5, With Y content, as shown in Fig. 6¢c matches the
grain size variation shown in Fig. 2f very well. Therefore, the
comparison of the g4, ¢, can be more helpful for a better under-
standing of the grain boundary properties. As shown in Fig. éc,
the o4, ¢, gradually increases with an increase in Y content.
Investigating the proton conduction across the grain boundary
is more complex due to the unique microstructure. To gain better
insights into the grain boundary chemistry, the elemental com-
position of BZCY-Y10 was characterized using STEM-EDS analysis,
as shown in Fig. 7. A characterization of the selected grain
boundaries is performed here to compare the chemical composi-
tion of interfaces discussed in this study to other reports in the
literature. The selected area of analysis is shown in Fig. 7a and b.
As shown in Fig. 7c and d, Ba, Zr, Ce and O are relatively
homogeneously distributed in the adjacent grains with a slight
deficiency for Zr and O in the grain boundary areas analyzed.
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Tablel Summary of conductivity and activation energy data for materials in the BaZrg g_xCeg2YxO3_s series based on the EIS analysis. Total conductivity
at 600 °C under humid air; activation energy of bulk and grain boundary conductivity at 100-250 °C; bulk conductivity, apparent and specific grain

boundary conductivity at 250 °C

BZCY-Y10 BZCY-Y15 BZCY-Y20 BZCY-Y25 BZCY-Y30
Total conductivity at 600 °C (S cm™*) 53 x10° 6.6 x 10 8.0 x 10°* 9.4 x 10 N/A
Activation energy (from 100-250 °C) of bulk (eV) 0.54 0.54 0.56 0.57 0.63
Activation energy (from 100-250 °C) of grain boundary (eV) 0.72 0.73 0.69 0.68 0.73
oy at 250 °C (S ecm ™) 9.5 x 10°° 1.3 x10°* 2.0 x 10°* 2.6 x 10" 9.7 x 10°
Ogb_ap at 250 °C (S em ™) 6.8 x 107* 1.7 x 1073 9.9 x 107* 7.7 x 107* 2.0 x 107*
Ogb_sp At 250 °C (S cm ™) 3.5 x10°° 3.5 x 10°° 71 x10°° 1.2 x 1077 1.3 x 107°

However, the EDS results clearly illustrate the segregation of Y and
Ni to the grain boundary that can be explained using the grain
boundary space charge layer model.*> During sintering, positive
charge point defects such as oxygen vacancies segregate to the
grain boundary due to energetic effects induced by the structural
change of the crystal lattice, forming positive charge grain
boundary cores.** Consequently, negative charge defects such as

', and Nij,_segregate to the grain boundary to compensate the
positive grain boundary core charge, thus forming an acceptor
concentration gradient. Similar segregation effects have been
observed in different BaZrO;-based compositions mainly by using
atom probe tomography (APT) and transmission electron micro-
scopy techniques.®*° The electrostatic driving force is also the
reason why the cations of Zr and Ce did not show obvious
segregation at the grain boundaries. The same phenomenon
was also confirmed for the high Y concentration sample BZCY-
Y30 by STEM-EDS as shown in Fig. S4 (ESIt). However, due to the
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Fig. 7

higher bulk concentration of Y on the B-site in this composition,
the ratio between Y segregation and bulk concentration is lower.

Fig. 8b illustrates how such a space charge layer affects
proton conduction at the grain boundaries. The positively
charged grain boundary core leads to an electrostatic potential
difference from the grain boundary core to the bulk, as indi-
cated by the red curve. Under this electrostatic driving force, a
depletion of protonic defects (OHg,) occurs within the space
charge layer, as shown by the dashed blue curve. This directly
leads to a decrease in grain boundary conductivity. Fortunately,
the segregation of Y as shown by the solid blue line partially
compensates the electrostatic potential, mitigating proton
depletion at the grain boundary. This is also the reason why
with increasing Y substitution content, the conductivity at grain
boundaries gradually increases as shown in Fig. 6c.

The proton conductivity of similar composition from the
literature is plotted in Fig. S5 (ESIt) to compare the conductivity

(a) and (b) High-angle annular dark-field images (HAADF) of the BZCY-Y10 microstructure and an edge-on grain boundary (the electron beam is

parallel to the grain boundary). (c) Integrated linescan derived from the EDS elemental mapping in (d).
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in this work. For bulk conductivity, our results are within the
same order of magnitude as those reported in the literature.
However, for grain boundary conductivity, both our results and
those from the literature exhibit a wider range. This is because
grain boundaries are more significantly affected by the cera-
mics processing conditions than bulk conductivity.

Mechanical properties and thermal-chemical stability

In addition to the electrochemical properties, the mechanical
performance and thermo-chemical stability of BZCY materials
also deserve attention from the perspective of application.
Fig. 9 shows the hardness and elastic modulus of BZCY materi-
als with different Y content. BZCY-Y10 shows similar elastic
modulus values as those reported in the literature.>">> With the
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Fig. 9 Compositional dependence of the micro-indentation hardness
and the elastic modulus within the series BaZrgg xCeg2YxO3_s. (Fitting
results are only for visual reference).
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same lattice structure, the increase in the lattice parameter due
to the Zr substitution with Y generally leads to a decrease in
elastic modulus.®® Except for BZCY-Y15, the elastic modulus
shown in Fig. 9 does exhibit an overall decreasing trend.
The exception for BZCY-Y15 might be related to a grain size
dependency of the elastic modulus. The elastic modulus of
the grain boundary might differ from that of the grain interior,
and different grain sizes can affect the fraction of the grain
boundary within the indentation area, thus impacting the elastic
modulus.’® The hardness of ceramic materials is influenced by
many factors, including grain size and porosity, in addition to
the inherent properties of the material.>® The hardness of BZCY
materials remains quite constant within the studied composi-
tional range with values ranging from 8 to 9 GPa.

Next to mechanical properties, the chemical stability of BZCY
materials in water and CO, containing atmospheres is of signifi-
cant concern for the durable operation of electrochemical devices
based on BZCY ceramics. The element Ba readily reacts with water
to form Ba(OH),,>® and Ba(OH), can easily convert to BaCO; upon
exposure to CO, containing atmosphere. Ba can also react directly
with CO, to form BaCO,.° Fig. 10 shows the XRD patterns
recorded for BZCY-Y20 exposed to different atmospheres at
700 °C. To better observe potential minor peaks indicating phase
instabilities, the intensity is displayed on a logarithmic scale. As
expected, BZCY samples with a high Zr/Ce ratio maintain their
original perovskite structure after exposure to various atmo-
spheres, with no significant secondary phases detected. Fig. S6
(ESIt) presents the XRD patterns of the other compositions
exposed to different atmospheres. Only the BZCY-Y30 sample
exposed to water vapor showed a small amount of BaCOj; phase.
As observed from SEM-EDS, the Y-rich secondary phase is
present in the BZCY-30 composition, which disbalances the
stoichiometry. This increases the A/B ratio in the perovskite
structure of ABO;, making the main perovskite phase BZCY to
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be Ba over-stoichiometric. The Ba over-stoichiometry makes
BZCY more prone to degradation reactions.’””® Nevertheless,
the studied compositions in the high Zr/Ce ratio series
BaZr, g ,Cey,Y, 03 s are proven to have high resistance to H,,
H,0, and CO,.

Conclusions

In summary, owing to a high Zr/Ce ratio, the composition of
BaZr, s xCey,Y,O3_; exhibited enough thermal-chemical stabi-
lity for the potential application in electrochemical devices.
Within the studied range of Y substitution concentrations, no
significant secondary phases were detected in the XRD analysis.
However, SEM analysis revealed the presence of Y-rich phases in
samples with high Y substitution content. The proton conduc-
tivity is strongly related to the concentration of the acceptor Y.
More Y means higher conductivity, primarily due to the higher
proton concentration resulting from the increased Y content.
From the EIS analysis results, the proton mobility in the bulk is
almost independent of the Y concentration when Y is less than
25 at%, indicating a balance between different mechanisms
influencing proton migration, such as the Y trapping effect
and the Y nanoscale percolation effect. High Y substitution also
contributes to higher grain boundary conductivity, as Y segrega-
tion promotes the proton conduction based on the space charge
layer theory. However, this does not mean that more Y is always
better, as excessive Y content can lead to the formation of
secondary phases due to solubility saturation, which adversely
affects both conductivity and stability. Therefore, 20 at% of Y
content is the optimal substitution concentration to ensure the
highest conductivity without the formation of secondary phases.

Data availability

Data supporting this study are available within the paper and the
ESI{ Raw data including XRD patterns before and after exposure
measurement, EIS and mechanical properties are available from
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