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 A B S T R A C T

Exsolution of metallic nanoparticles from proton-conducting oxides enhances catalytic performance but adds 
complexity to ionic transport. This study investigates the microscopic processes in BaCe0.7Zr0.1Y0.15Ni0.05O3−𝛿
(BCZYNi) using dielectric and anelastic spectroscopy under wet and dry conditions, before and after Ni 
exsolution, with BaZrO3 and BaCe1−𝑥Y𝑥O3−𝛿 as reference systems. Elastic anomalies in the complex Young’s 
modulus identify structural transitions driven by oxygen-octahedra tilting, while anelastic relaxation peaks 
reveal the thermally activated hopping of protons and oxygen vacancies (VO). In BCZYNi, incomplete hydration 
(57% of the theoretical limit) is confirmed by the persistence of VO under wet conditions. Dielectric spectra 
exhibit near-Debye relaxations with activation energies of 0.51 eV (hydrated) and 0.84 eV (outgassed). The 
magnitude and timescales of these relaxations suggest long-range transport modes where H and VO span several 
lattice spacings, rather than localized dipolar reorientation. The findings demonstrate that dopant clustering is 
determinant in controlling transport and hydration: while nearest-neighbour dopants trap VO and suppress 
hydration, extended dopant aggregates promote locally fast migration of H and VO without the need for 
detrapping. Furthermore, a previously unreported dielectric transition near 260 K and the observed structural 
transition temperatures suggest a role of dopant distribution beyond tolerance-factor predictions.
. Introduction

The family of yttrium-doped barium cerate–zirconate perovskites 
BCZY), as well as co-doped variants, typically with ytterbium
BCZYYb), are currently employed as state-of-the-art high-temperature 
roton-conducting materials for the fabrication of electrolytes in pro-
onic ceramic fuel cells (PCFCs), protonic ceramic electrolysis cells 
PCECs), gas separation membranes and membrane reactors [1–7]. Yb 
o-doping introduces different defect populations and local structural 
istortions compared to Y-only doping, which enables modulation 
f defect association and segregation [8–10]. Ce-rich compositions 
rovide high proton concentrations and enhanced conductivity but are 
rone to degradation through reaction with H2O and CO2, whereas 
r-rich compositions ensure improved chemical stability, particularly 
heir resistance to CO2-induced decomposition [11], at the expense 
f increased refractoriness [12–15]. Comparative studies conducted 
n proton-conducting fuel cells demonstrate that Ce-rich BCZY-based 
lectrolytes outperform pure yttrium-doped barium zirconate (BZY) in 
erms of power output and area-specific resistance, consistent with their 

∗ Corresponding authors.
E-mail addresses: francesco.cordero@ism.cnr.it (F. Cordero), elisa.mercadelli@issmc.cnr.it (E. Mercadelli).

higher proton concentration and lower hole transport numbers [1,2,
16]. The highest-performing cells operating at moderate temperatures 
currently utilize Ce-rich BCZ(Y/Yb) compositions, typically around 
BaCe0.7Zr0.1Y0.2O3−𝛿 or BaCe0.7Zr0.1Y0.1Yb0.1O3−𝛿 . These materials ex-
hibit proton conductivities on the order of 1 S cm−1 and achieve 
power densities approaching 1 W/cm2 under optimized operating 
conditions [1–4,10]. For example, protonic conductivities as high as 
0.19 S cm−1 and power densities of 943 mW cm−2 have been achieved 
at 530 ◦C [4].

Exsolution has recently emerged as a powerful and versatile strategy 
for tailoring the surface of functional oxides with catalytically active 
nanoparticles, offering new opportunities in energy conversion and 
storage [17–19]. Through the optimization of doping strategies and 
the exsolution process, typically involving thermal treatment under a 
reducing atmosphere, it is possible to nanodecorate the surface of the 
materials of interest. In this perspective, exsolution is paving the way 
for the design of next-generation catalysts and electrocatalysts with 
improved efficiency and durability, as well as robust ionic conductors 
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for electrochemical energy conversion and gas separation technolo-
gies [20–23]. The exsolution process has historically been employed for 
the preparation and activation of catalysts and related materials; how-
ever, it has only been clearly defined and started to be systematically 
investigated in recent years [24]. At present, significant knowledge 
gaps remain regarding the mechanisms governing exsolution, high-
lighting the need for further in-depth studies beyond conventional 
microscopy and spectroscopic techniques. As reported, BCZY-based 
materials find important applications in fuel cells, electrolyzers, and 
membrane technologies. In modern device modelling, BCZY is treated 
as a mixed conductor, and a detailed understanding of proton–vacancy 
dynamics is critical for accurately predicting transport numbers, elec-
tronic leakage, and overall efficiency in both fuel cell and electrolysis 
operating modes [25–28].

The combined use of anelastic and dielectric spectroscopies consti-
tutes a powerful tool for materials investigation, enabling the detailed 
probing and clear discrimination of protonic relaxations from electronic 
and vacancy-related processes [29–31]. These techniques further allow 
the mapping of structural phase transitions and the quantitative assess-
ment of defect association dynamics [31–33]. For instance, systematic 
studies on the Ce content in BCZY have shown that increasing Ce 
concentration raises the dehydration temperature and proton concen-
tration, reduces the hole transport number, and enhances oxide-ion 
conductivity in the 600–700 ◦C range, thereby strengthening overall 
ionic transport. This provides a clear explanation for the superior 
performance of Ce-rich BCZY compositions in PCFCs and PCECs de-
vices [2]. While such investigations have been extensively conducted 
on BaCeO3, BaZrO3, and related compositions [34–38], they have not 
yet been carried out in a systematic manner on BCZY and co-doped 
BCZY materials.

Despite extensive investigations into defect chemistry and trans-
port properties in BCZY-based perovskites, and the recent surge in 
literature regarding exsolution processes [24,39,40], a comprehensive 
mechanistic understanding of proton/vacancy dynamics, particularly 
within exsolved systems, remains elusive [1–4]. In the context of 
exsolution, most studies still extrapolate defect chemistry and trans-
port behaviour from reference compounds, such as BaCeO3 or BaZrO3
(BZ), rather than on direct experimental measurements of the ex-
solved BCZY-based materials themselves. In this work, a yttrium- and 
nickel-co-doped barium cerate zirconate, BaCe0.7Zr0.1Y0.15Ni0.05O3−𝛿
(BCZYNi), was synthesized via a sol–gel method. The sintered bulk sam-
ple was subsequently subjected to an exsolution treatment to nucleate 
metallic nickel nanoparticles on the surface. The influence of doping 
and exsolution treatment on vacancies, hydration, relaxation phenom-
ena, and structural phase transitions was thoroughly investigated using 
anelastic and dielectric spectroscopy on both hydrated and outgassed 
samples. Relevant insights were obtained regarding the hydration level 
of Ni-containing samples, tilt transition temperatures, and hypotheses 
were formulated concerning the distribution of dopant cations in the 
structure via a nanoscale percolation mechanism.

2. Experimental

2.1. Synthesis of BCZYNi and BZ

Yttrium- and nickel-co-doped barium cerate zirconate (BCZYNi) was 
synthesized via Pechini sol–gel method from nitrates at 80 ◦C and pH 
9 for 20 h, the procedure was adapted from Barison et al. [8,41]. 
Ba(NO3)2 (99%), Ce(NO3)3 ⋅ 6H2O (99%), ZrO(NO3)2 ⋅ 6H2O (99%), 
Y(NO3)3 ⋅ 6H2O (99%), Ni(NO3)2 ⋅ 6H2O (98.5%), ethylenediaminete-
traacetic acid (98%), and ethylene glycol (99%) purchased form Sigma-
Aldrich and a 30% NH4OH solution purchased from Carlo Erba were 
used for the synthesis. BaCe0.7Zr0.1Y0.15Ni0.05O3−𝛿 perovskite was ob-
tained after a calcination at 1150 ◦ C for 6 h.

Barium zirconate (BZ) was synthetized using the solid state reaction 
method, the procedure was adapted from a previous work [42]. BaCO
3

2 
Fig. 1.  Schematic representation of the specimens’ preparation for the anelas-
tic and dielectric spectroscopies.

(Aldrich purity > 99%) and ZrO2 (MEL, SC 101, purity > 99%) were 
used as starting materials, ball-milled for 20 h, then pressed and 
calcinated at 1300 ◦C for 5 h. The as produced BaZrO3 perovskite 
powders were subsequently ball-milled for 100 h and sieved at 250 μm.

2.2. Processing and shaping of BCZYNi and BZ

Calcined powders were pressed and sintered to produce dense bulk 
materials. Typical plates for anelastic and dielectric spectroscopies 
were produced by pressing 3.1 g of BaCe0.7Zr0.1Y0.15Ni0.05O3−𝛿 powder 
at 1500 kg/cm2 using a rectangular 40 × 6 mm mould and 8 g of 
BaZrO3 powder at 180 kg/cm2 using a rectangular 70 × 7 mm mould. 
Before the thermal treatment samples were pressed a second time at 
2500–3000 bar using a cold isostatic pressing equipment. The sintering 
process was performed at 1400 ◦C for 4 h with a heating and cooling 
ramp of 50 ◦C/h for BCZYNi and at 1600 ◦C for 4 h with a heating ramp 
of 150 ◦C/h for BZ. To avoid barium loss at high temperatures, the 
samples were covered with sacrificial commercial BCZY powder [43] 
and a homemade BZ pack. The sintered bulk BCZYNi underwent a 
shrinkage during the thermal treatment, obtaining 35 × 5 × 2.5 mm3

samples, and then they were cut with a high precision cutting machine 
Berney T34 into 35 × 5× 0.5 mm3 specimens for anelastic and dielectric 
spectroscopies. The sintered bulk BZ sample showed 48.9×5.8×5.8 mm3

dimension, and then it was cut, in a similar manner for BCZYNi, into 
45.7×5.7×0.8 mm3 and 29.3×5.7×0.8 mm3 specimens for anelastic and 
dielectric spectroscopies, respectively.

2.3. Thermal exsolution and surface decoration

BaCe0.7Zr0.1Y0.15Ni0.05O3−𝛿 plates were treated under reducing at-
mosphere to trigger the exsolution of nickel metal nanoparticles on 
the surface of the perovskite. The thermal treatment was performed 
in a Nabertherm™ Horizontal High-Temperature Tube Furnace - RHTH 
120-600/16 using a 5% H2/Ar  ≈ 30 l/h atmosphere, with a 120 ◦C/h 
heating rate and 12 h dwell time at 900 ◦C.

Fig.  1 reports a scheme of the sample preparation procedure and 
the configurations analysed by means of anelastic and dielectric spec-
troscopy. Samples labelled as-sintered were BCZYNi plates obtained 
by cutting sintered bars, whereas as-exsolved samples underwent an 
exsolution treatment to induce the nucleation of Ni nanoparticles. Both 
as-sintered and as-exsolved specimens were further conditioned during 
the temperature runs for the anelastic and dielectric measurements in 
high vacuum (HV, <10−5  mbar), dry or wet atmosphere, to achieve 
states as fully outgassed or hydrated as possible. In this way, six distinct 
conditions were investigated: as-sintered, sintered outgassed, sintered 
hydrated, as-exsolved, exsolved outgassed, and exsolved hydrated.
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2.4. XRD

X-ray powder diffraction (XRPD) data were collected using a Bruker 
D8 Advanced diffractometer operating in Bragg–Brentano geometry. 
The diffractometer was equipped with a Cu-anode X-ray tube and 
a LynxEye 1D silicon strip detector (angular range covered by the 
detector: 3.60◦ 2𝜃) set to discriminate CuK𝛼𝟏,𝟐 radiation. A flat fragment 
of BCZYNi samples (‘‘as-sintered’’ and ‘‘as-exsolved’’) was placed in a 
cylindrical specimen holder (27 mm in diameter with an adjustable 
depth) and scanned in continuous mode over the 20−85◦ 2𝜃 range, with 
a step size of 0.02◦ 2𝜃 and a counting time of 0.5 s per step.

2.5. SEM

The nucleation of Ni nanoparticles on the surface of BCZYNi was 
investigated by SEM analysis, using a field-emission scanning electron 
microscope (FE-SEM) ZEISS SIGMA, Carl Zeiss Microscopy GmbH. The 
instrument was operated at an acceleration voltage of 15 kV and the 
images were acquired using a secondary electron detector.

2.6. Anelastic spectroscopy

The complex Young’s modulus 𝐸 = 𝐸′ + 𝑖𝐸′′ was measured by 
suspending the sample with two thin type K thermocouple wires in 
vacuum and electrostatically exciting its free-free flexural resonances, 
as described in [44]. In order to short the thermocouple wires, one of 
which grounded, and make the sample conductive in correspondence 
with the exciting/measuring electrode, silver paint was applied to 
the sample. The Young’s modulus is measured from the resonance 
frequency [45] 

𝑓 = 1.028 ℎ
𝑙2

√

𝐸
𝜌

, (1)

where 𝑙, ℎ, and 𝜌 are the sample’s length, thickness, and density, as-
sumed as constants, since they vary much less than 𝐸 with temperature. 
The elastic energy loss, 𝑄−1 = 𝐸′′∕𝐸′, was measured from the decay of 
the free oscillations, after switching off the excitation, or from the width 
of the resonance curves. The frequency dependence of the anelastic 
spectra was measured by exciting 1st and 3rd flexural modes, with 
frequencies in the ratio 1 ∶ 5.45 [45], during the same run.

Oxygen vacancies (VO) in perovskites cause anisotropic distortions, 
called elastic dipoles, in the ideal case of tetragonal symmetry with 
major axis along the direction of the two nearest neighbour cations. 
Similarly, the OH groups have orthorhombic elastic dipoles. These 
elastic dipoles reorient after each jump of VO or H causing anelastic re-
laxation, namely Debye peaks in the energy loss measured at frequency 
𝜔∕2𝜋, with maxima at the temperatures such that 𝜔𝜏 ≃ 1, where 𝜏 is 
close to the mean hopping time [45].

2.7. Dielectric spectroscopy

The complex dielectric permittivity 𝜀 = 𝜀′ − 𝑖𝜀′′ was measured with 
a HP 4284 A LCR metre in a modified Linkam Examina Probe with 
a sealed volume of ∼120 cm3. When measuring hydrated samples, the 
volume was left with air, while for outgassed samples it was flushed 
and filled with N2.

Similarly to anelastic relaxation, hopping of H causes reorientation 
of the OH electric dipole and Debye dielectric relaxation. As for VO, 
even though they do not have an electric dipole in a regular perovskite 
ABO , the acceptor–V  complexes certainly have.
3 O

3 
Fig. 2. Rietveld refinement plot of the as-exsolved BCZYNi sample. Black 
circles represent the experimental data, the continuous red line represents the 
calculated model, and the lower green curve shows the weighted difference 
between the observed and calculated profiles. The grey curve corresponds 
to the fitted background, while the vertical tick marks indicate the Bragg 
reflection positions of the identified phase.

3. Results

3.1. XRD

3.1.1. Phase identification
Qualitative phase analysis of the collected diffraction patterns, per-

formed using Panalytical HighScore Plus software, revealed that the 
as-sintered and as-exsolved BCZYNi samples are monophasic and may 
belong to the monoclinic (𝐼2∕𝑚) or orthorhombic (𝐼𝑚𝑚𝑎) crystal sys-
tems. Additional data collection was performed in the 15−25◦ 2𝜃 range 
to fully ascertain the crystal system. The absence of any reflection 
in that angular range indicates that the samples are orthorhombic 
𝐼𝑚𝑚𝑎 [46]. These results confirm that Ni was successfully incorporated 
into the perovskite lattice in the as-sintered state, with no detectable 
segregation of secondary phases such as NiO. Conversely, in the as-
exsolved sample, only a fraction of the total Ni content (0.96 wt.%) 
initially present within the BCZY structure is expected to migrate to the 
surface [47,48]. Consequently, the exsolved Ni nanoparticles observed 
via SEM (Fig.  3) remain below the detection limit of XRD; thus, no 
characteristic peaks for metallic Ni were identified in the diffraction 
patterns.

3.1.2. Rietveld refinement
The collected XRPD patterns were modelled using the fundamental-

parameter Rietveld approach implemented in Bruker TOPAS v.7 soft-
ware. The instrumental parameters (e.g., goniometer radius, slit sizes, 
and X-ray tube geometrical parameters) were used to calculate the 
instrumental contribution to the peak profiles within the fundamental-
parameters approach. Starting from the crystal structure of Pagnier 
et al. [49], the scale factor, unit-cell parameters, and peak profile 
broadening (modelled using a Lorentzian-type contribution) of the 
identified perovskite phase were refined. The instrumental zero-error 
was fixed at the value determined using the NIST Si (640e) standard. 
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Fig. 3. SEM images of (a) BCZYNi sintered at 1400 ◦C and (b) BCZYNi after 
exsolution at 900 ◦C; (c) particle size distribution of Ni nanoparticles exsolved 
from BCZYNi.

The refinement included a specimen displacement correction and a 
five-term Chebyshev polynomial to model the background. The re-
sulting unit-cell parameters are 𝑎 = 6.1786(2) Å, 𝑏 = 8.7159(3) Å, 
𝑐 = 6.2085(2) Å, and 𝑉 = 334.34(2) Å3, for the as-sintered sample, 
and 𝑎 = 6.1746(2) Å, 𝑏 = 8.7155(6) Å, 𝑐 = 6.1969(2) Å, and 𝑉 =
333.49(3) Å3, for the as-exsolved BCZYNi sample. The crystallite size 
is 193(19) and 82(5) nm, for the as-sintered and as-exsolved BCZY-
Ni samples, respectively. The refinement agreement factors are: 𝑅𝑒𝑥𝑝 =
0.084, 𝑅𝑤𝑝 = 0.113, 𝑅𝑝 = 0.086, and G.O.F. = 1.34 for the as-sintered 
sample and 𝑅𝑒𝑥𝑝 = 0.089, 𝑅𝑤𝑝 = 0.117, 𝑅𝑝 = 0.087, and G.O.F. = 1.31 
for the as-exsolved sample.

The Rietveld refinement plots for the as-sintered and as-exsolved 
BCZYNi samples collected at room temperature are shown in Fig.  2.

3.2. SEM

Fig.  3a shows the fracture surface of BCZYNi sintered at 1400 ◦C, 
where a relatively flat surface is observed, with no significant surface 
decorations except for grain boundaries and some residual closed poros-
ity. A comparison with Fig.  3b, which depicts BCZYNi after exsolution 
at 900 ◦C, highlights the effect of the thermal treatment under a re-
ducing atmosphere. Nickel spheroidal nanoparticles are homogenously 
distributed across the grain surfaces; however, a slightly higher concen-
tration of smaller nanoparticles is observed along the grain boundaries. 
This suggest that grain boundaries act as more effective nucleation 
sites during the exsolution process. The particle size distribution was 
estimated to have an average of 74 nm with a broad dispersion (Fig. 
3c). In addition, larger particles in the range of 200−500 nm were 
detected, possibly arising from an imbalance between nucleation and 
growth kinetics or from the coalescence of multiple nanoparticles. It 
should be noted that the presence of smaller nanoparticles, below the 
resolution limit of SEM, cannot be excluded.

3.3. Anelastic spectra

Fig.  4 shows the Young’s modulus 𝐸 normalized at its maximum 
value of ≃90 GPa and loss 𝑄−1 measured in high vacuum exciting the 
1st mode (3 kHz, filled symbols) and 3rd mode (16 kHz, open symbols) 
of BCZYNi during various temperature runs. The peaks of 𝑄−1 shift to 
higher temperature when measured at higher frequency because they 
are described by expressions of the type of Eq. (2), whose imaginary 
part is peaked at 𝑇M such that the hopping/reorientation rate 𝜏−1 of 
the free or trapped proton/VO equals the measuring angular frequency 
𝜔, namely 𝜔𝜏 (𝑇M

)

≃ 1. The initial blue curves of the as-sintered 
sample are reproducible during heating and cooling until 500 K are 
not exceeded, while outgassing occurs above that temperature range 
(see e.g. Fig.  7). The initial anelastic spectrum contains the following 
features: four thermally activated peaks L1, H1, H2 and H3, which shift 
to higher temperature at higher frequency, and two phase transitions 
occurring at the temperatures 𝑇1 and 𝑇2 independent of frequency. 
The relaxations are classified as high (H) or low (L) based on their 
temperature and hence activation energy. By comparison with BaCeO3-
based materials with similar compositions [31–33], it is anticipated 
that the phase transitions are due to octahedral tilting, below 𝑇  from 
1

4 
Fig. 4. Young’s modulus 𝐸 and elastic energy loss 𝑄−1 measured during 
several heating and cooling cycles in high vacuum, exciting first and third 
flexural modes. The blue curves correspond to the initially partially hydrated 
state after sintering in air, while the red curves are obtained after outgassing 
up to 940 K.

the cubic phase to a presumably rhombohedral phase and below 𝑇2 to a 
presumably orthorhombic or monoclinic phase, as discussed later. The 
red curves measured after having reached the maximum temperature 
correspond to the outgassed state and are stable during subsequent 
thermal cycles in vacuum. The loss of H and introduction of VO depress 
peak L1, which therefore should be due to H, and enhance peaks 
H1−H3, therefore attributed to hopping of VO. In addition, a new peak 
L2 appears below 200 K, which might be due to small polarons.

The effect of exsolution is presented as curve 3 in Fig.  5 together 
with the previous curves (1–2, only splines are shown for clarity). Even 
though the exsolution treatment is expected to completely outgas the 
sample from H2O, it appears that a certain hydration level was present, 
presumably reached during the final cooling step below 200 ◦C in static 
atmosphere, and possibly during storage under ambient conditions 
prior to analysis. The first measurement run was limited to 500 K to 
avoid outgassing. Both H1 and L1 are clearly visible, indicating that the 
hydration level was lower than after sintering in air, as expected. The 
height of H1 alone is not a good indicator of the content of VO, since 
it will be explained later that it is enhanced by the tilt transition at 𝑇2, 
to which the ordering of VO is coupled. After the exsolution treatment, 
the amplitude of the softening due to this phase transition is slightly 
smaller but otherwise little affected. As for peak L2, it behaves as before 
exsolution: it is absent or strongly depressed in the partially hydrated 
state and reappears after extending heating to 950 K, with complete 
outgassing (curve 5). Due to the sample shape and high damping levels, 
after exsolution the higher frequency could be measured only below 
room temperature, and reveals that both the L1 and L2 are thermally 
activated with a broad distribution of activation energies (not shown 
here).

The remaining features of curve 4 are very similar to curve 2 of 
the outgassed state prior to exsolution, except for a lower 𝑇1. Other 
anelastic measurements followed, after hydrating and outgassing treat-
ments, substantially reproducing the previous curves. Curve 5 is the 
last measurement performed under 20−30 mbar H2O, corresponding to 
water saturated air at ambient temperature.
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Fig. 5. Young’s modulus 𝐸 and elastic energy loss 𝑄−1 in the as prepared 
state (1), after having reached 924 K in high vacuum (HV), with consequent 
dehydration (2); after exsolution and partial hydration (3); temperature run 
up to 750 K (4) and 914 K (5) in HV, with increasing dehydration. All 
measurements are made in HV except curve 5 in 20−30 mbar H2O.

Fig. 6. Young’s modulus 𝐸 of the exsolved outgassed sample (curve 1 corre-
sponding to curve 4 of Fig.  5) during in situ hydration in 20−30 mbar H2O, 
up to 840 K and varying 𝑇  for 2 h around 800 K (curve 2) and final cooling 
(curve 3 corresponding to curve 5 of Fig.  5).

In principle, only the anelastic spectra in the outgassed state are 
measured under equilibrium stoichiometry at high temperature in vac-
uum, while in all other cases there should be exchange of H2O between 
sample and atmosphere during the anelastic and dielectric measure-
ments. Yet, it has already been mentioned that during the temperature 
runs in vacuum there is no appreciable loss of H2O below 500 K, 
and Fig.  6 demonstrates that also H2O absorption in wet atmosphere 
occurs well above that temperature. The figure presents the evolution 
of the Young’s modulus in the outgassed state (curve 1 corresponding 
to curve 4 of Fig.  5) during in situ hydration in a static water-saturated 
atmosphere (20  mbar H O at room temperature up to 30 mbar at 
2

5 
Fig. 7. Series of measurements in high vacuum of the Young’s modulus 𝐸 and 
elastic energy loss 𝑄−1 after exsolution. The arrows indicate the chronology of 
the runs with increasing maximum temperature.

high temperature). Curve 2 was measured heating at the usual rate of 
𝑇 −1𝑑𝑇 ∕𝑑𝑡 = 0.01 min−1 and remains close to the outgassed state up to 
nearly 800 K (curve 2). Uptake of water occurs during a 2 h stay around 
800 K, varying little temperature until the 𝐸 (𝑇 ) curve stabilizes and the 
fully hydrated cooling curve 3 (corresponding to curve 5 of Fig.  5) is 
traced. This demonstrates that all the anelastic and dielectric spectra 
are taken at nearly constant stoichiometries at least up to 700 K.

Fig.  7 shows the evolution of the anelastic spectrum of the exsolved 
sample during runs up to increasing maximum temperatures, which 
caused progressive outgassing. The labels H2 and H3 indicate the 
positions of the these peaks in the as sintered state, where they were 
more distinguishable.

3.4. Dielectric spectra

The dielectric measurements were performed in a closed volume of 
120 cm3 initially in ambient air when measuring the hydrated sample, 
and in dry N2 for the outgassed state, to prevent major outgassing or 
hydration at high temperature. In view of the results of Fig.  6, the 
initial hydration state can be considered nearly constant over the whole 
temperature range. Indeed, the curves in Fig.  8, measured between 
200 Hz and 200 kHz during a series of heating and cooling cycles on 
the as sintered sample, were reproducible. Only the height of the major 
relaxation peak above room temperature, labelled L1d for analogy with 
the anelastic spectrum, had a minor variation. An additional minor 
relaxation labelled L2d, and probably consisting of two components, is 
found above 100 K, while a phase transition is observed at 𝑇3 ≃ 267 K.

The evolution of the dielectric spectrum after exsolution and a 
final outgassing in vacuum is presented in Fig.  9. The main effect of 
the exsolution treatment is the disappearance of L2d, similarly to the 
anelastic L2, while the phase transition and the main relaxations at high 
temperature are little affected. The measurement after annealing in air 
at 500 ◦C is not shown because it overlaps with curve 3.

A drastic change is found in the exolved sample after outgassing 
for 1.5 h at 700 ◦C in <10−5 mbar, with the loss of 0.0156 mol H2O. 
The major relaxation is shifted nearly 100 K to higher temperature 
and labelled H1d, while the phase transition is shifted 12 K lower 
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Fig. 8. Dielectric susceptibility, 𝜀′ (notice the broken ordinate) and tan 𝛿, of 
the as sintered sample. The numbers signal the start of various cooling (closed 
symbols) and heating (open symbols) runs. The vertical dashed line marks a 
phase transition during heating.

Fig. 9. Dielectric susceptibility, 𝜀′ and tan 𝛿, measured at 10 kHz during 
heating (open symbols) and cooling (closed symbols) measured after sintering 
(black), after Ni exsolution (blue and green) and after outgassing (red). The 
vertical dashed line marks the phase transition during heating.
6 
Fig. 10. Enlargement of the curves in Fig.  9 around 𝑇3. The anomaly during 
cooling is shifted 15–20 K to lower temperature and is particularly evident 
after outgassing (arrow).

to 𝑇3 = 256 K. The anomaly at 𝑇3 is more evident because of the 
reduced susceptibility but its amplitude is actually reduced (notice the 
logarithmic scales). An enlargement of the curves in Fig.  9 around 𝑇3 is 
shown in Fig.  10, while Fig.  11 shows the amplitudes of the dielectric 
anomalies during heating in the various states of the sample versus the 
measuring frequency. The anomaly is also present during cooling, with 
15–20 K of thermal hysteresis, but is much less visible, as indicated by 
the arrow at 240 K.

The amplitude decreases with increasing frequency. If a 𝛥𝜀∕𝜀 ∼ 𝑓−𝑛

law is assumed, it is 𝑛 ≃ 0.4 in the initial state, 𝑛 ≃ 0.14 after exsolution 
and 𝑛 ∼ 0.6 after the final outgassing, while the frequency dependence 
of 𝛥 tan 𝛿 is less defined.

In view of the conversion of relaxation L1d into H1d after out-
gassing, we attempted fits to the susceptibility curves before and after 
outgassing the exsolved sample, to test whether these main relaxations 
might be due to dipolar relaxation involving H and VO.

The dielectric spectra have been analysed in terms of two Havriliak–
Negami relaxation processes

𝛥𝜀𝑖 =
𝛥𝑖
𝑇

1
[

1 +
(

𝑖𝜔𝜏𝑖
)𝛼]𝛾 (2)

𝜏𝑖 = 𝜏0𝑖 exp
(

𝐸𝑖∕𝑘B𝑇
)

(3)

where 𝛼 < 1 symmetrically broadens the Debye relaxation, as in the 
Cole-Cole distribution, while 𝛾 < 1 broadens the high−𝜔𝜏 / low−𝑇  side, 
plus a phenomenological expression corresponding to the universal 
dielectric response [50] for the contribution from conductivity [51] 

𝜀𝜎 = 𝜎0 (𝑖𝜔)−𝛽 , (4)

where it should ideally be 𝛽 = 1. The global fits of real part and tan 𝛿 at 
three frequencies are shown in Figs.  12 and 13 and the corresponding 
parameters in Table  1, where 𝜀∞ is the high-frequency permittivity.

For the lowest frequency also the three contributions are separately 
plotted. Notice that in tan 𝛿 these contributions are not additive as in 
𝜀′′, since the relaxation strengths are far larger than the background 𝜀∞
and therefore 𝜀′ in the denominator varies much with temperature. This 
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Fig. 11. Amplitude of the dielectric anomaly during heating through 𝑇3 in the 
various states of the sample (legend in chronological order).

Fig. 12. Fit to the dielectric susceptibility, 𝜀′ and tan 𝛿, measured at 10, 
100, 200 kHz after exsolution. The thin lines are the fits, including the three 
components at the lowest frequency.

explains the fact that the contribution of P2 is also peaked in correspon-
dence with the more intense P1. The contribution from conductivity has 
𝛽 quite smaller than 1, because it helps improving the fit also in the 
low temperature limit, but is also negligible with respect to the major 
relaxations.

3.5. Mass gain/loss after hydration/outgassing

The nominally maximum hydration of BaCe0.7Zr0.1Y0.15Ni0.05O3−𝛿 , 
assuming Ni3+, is 0.1 mol H O. The anelastic spectra indicate that 
2

7 
Fig. 13. Fit to the dielectric susceptibility, 𝜀′ and tan 𝛿, measured at 1, 10, 
200 kHz after exsolution and outgassing. The thin lines are the fits, including 
the three components at the lowest frequency.

Table 1
Fitting parameters used in Figs.  12 and 13.
 Exsolved (∼wet) P1 ≡ H1d Exsol+outg P1 ≡ L1d 
 𝛥1 (K) 6.52 × 105 1.11 × 106  
 𝜏1 (s) 2.40 × 10−11 8.75 × 10−13  
 𝐸1 (eV) 0.514 0.840  
 𝛼1 0.983 0.938  
 𝛾1 1 1  
 𝛥2 (K) 3.03 × 107 5.06 × 107  
 𝜏2 (s) 6.49 × 10−10 2.95 × 10−10  
 𝐸2 (eV) 0.614 0.814  
 𝛼2 0.764 0.812  
 𝛾2 1 1  
 𝜀∞ 30.0 28.3  
 𝜎0 (s𝛽 ) 1330 8.73 × 104  
 𝐸𝑐 (eV) 0.0749 0.210  
 𝛽 0.234 0.332  

complete hydration is never obtained, since peaks H1-H3 are always 
present. In order to have a quantitative estimate of the hydration 
level after sintering in air and after exsolution, we measured the mass 
gain of the two outgassed samples after heating in air to 500 ◦C, 
followed by natural cooling, simulating the hydration after sintering. 
After such a treatment, the as-sintered bar for the anelastic experiments 
in the completely outgassed state had a mass gain corresponding to 
0.0374 mol H2O, which should be indicative of the hydration level after 
sintering.

The other sample was subjected to the same annealing in air at 
500 ◦C after exsolution and two dielectric experiments in N2 atmo-
sphere, which should have roughly preserved the original hydration 
level after exsolution, and its mass gain corresponded to 0.0147 mol 
H2O. A final outgassing for 1.5 h at 700 ◦C in <10−5 mbar caused the 
loss of 0.0355 mol H2O, close to hydration level found in the previous 
sample. We conclude that the hydration level after sintering or heating 
in air was ∼0.035–0.038 mol H2O, while that after exsolution was ∼
0.02–0.023 mol H2O, consistent with the relative intensities of peaks L1 
and H1 in Fig.  7.

The highest hydration of 0.057 could be reached in the exsolved 
and outgassed sample, keeping it at 580 ◦C for 5 h in 26 mbar H O, 
2
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Fig. 14. Young’s modulus 𝐸 and elastic energy loss 𝑄−1 of BaZrO3 with 
acceptor impurities in the as prepared hydrated state (continuous line) and 
after outgassing (dashed).

corresponding to 100% relative humidity at 24 ◦C, followed by cooling 
at 0.7 ◦C/min.

4. Discussion

4.1. The simpler cases of BZ and BCY: hopping of H and VO

In order to interpret the anelastic spectra of this rather complex 
composition it is better to start with related cases that are simpler and 
better established. The simplest case is BaZrO3, which remains cubic 
down to 0 K. The sample of Fig.  14 contains acceptor impurities, whose 
charge imbalance is compensated by VO in the outgassed state and by 
H in the hydrated one. Based on the analysis of the starting powder 
oxides, the major impurity is Fe3+ substituting Zr4+, but VBa are also 
possible. Correspondingly, the outgassed spectrum contains only peaks 
H1-H3 above room temperature, due to the hopping of VO, partly free 
and partly trapped by more than one type of acceptor impurities, while 
the hydrated spectrum contains peaks L1–L4 below room temperature, 
due to the faster hopping of H, at low temperature trapped by the 
various acceptor types. Since the hopping rate of point defects generally 
follows the Arrhenius law 𝜏 = 𝜏0 exp

(

𝐸∕𝑘B𝑇
) with 𝜏0 = 10−14 −10−13 s, 

the condition of maximum relaxation 𝜔𝜏 = 1 at room temperature and 
∼2 kHz correspond to an activation energies 𝐸 ≤ 0.37 eV for the low 
temperature peaks and ≥0.65 eV for the high temperature peaks, which 
are reasonable hopping barriers for H and VO.

The case of BaCe1−𝑥Y𝑥O3 has been amply discussed [31–33] and 
Fig.  15 presents the anelastic spectra of BCY10 (𝑥 = 0.1) in the hydrated 
and outgassed states. The latter is obtained after heating in HV up to 
860 K, which is sufficient to replace peaks L1 and L2 from H hopping 
with peaks H1, H2 due to VO hopping. While the hydrated state is 
stable during measurements in HV up to about 500 K, heating at higher 
temperature releases H2O, and therefore the high temperature side of 
the continuous curve, including the dissipation peak around 680 K, is 
out of equilibrium, until complete outgassing is achieved.

It has also been observed that, when the measuring frequency 
increases and peak H2 shifts to higher temperature, its height sharply 
increases on approaching the transition at 𝑇  [31]. This is due to a 
2
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Fig. 15. Young’s modulus 𝐸 and elastic energy loss 𝑄−1 of BaCe0.9 Y0.1O3
in the hydrated state (continuous line) and after outgassing (dashed) from 
Ref. [33]. The thermally activated relaxation peaks above (below) room 
temperature are indicated with H1, H2 (L1, L2). The structural transitions are 
indicated with 𝑇2 (O/R) and 𝑇3 (O′/O).

strong coupling with that structural transition, which renders the O 
sites inequivalent below 𝑇2 and causes partial ordering of VO over one 
of the two inequivalent O sublattices [52,53]. This also implies that the 
height of H2 alone is not indicative of the content of VO.

4.2. The simpler case of BCY: structural phase transitions

The structural transitions in BaCeO3 and materials with similar com-
positions are due to tilting and distortions of the O octahedra, which is 
strongly coupled to strain and therefore causes evident anomalies in the 
elastic moduli. On the other hand, the rotations of the octahedra in a 
regular perovskite lattice are non polar and therefore can cause only 
minor dielectric anomalies by coupling with existing defect dipoles. 
Notice that in an undoped perovskite VO do not have an electric dipole.

The sequence of transitions in BaCeO3 is, starting from high tem-
perature: cubic 𝑃𝑚3̄𝑚 (C), rhombohedral 𝑅3̄𝑐 (R), orthorhombic Imma 
(O), orthorhombic 𝑃𝑛𝑚𝑎 (O′) [52–54], which is peculiar because in 
most perovskites the ground state is 𝑅3̄𝑐 with a antiphase rotations 
about all three O-B-O axes with the same magnitude. Accordingly, 
the phase transitions appearing as elastic anomalies in BaCe1−𝑥Y𝑥O3
have been assigned as C 𝑇1→ R  𝑇2→ O 𝑇3→ O′ [33]. From Fig.  15 it also 
appears that outgassing causes a huge shift of the transition between R 
and O phases to lower temperature: 𝑇2 passes from ≥750 K to 500 K. 
This is evident from the continuous shift of 𝑇2 with increase of the 
level of outgassing [31–33], shown here only for the fully hydrated 
and outgassed cases with 𝑥 = 0.1, while with 𝑥 = 0.2 the shift is 
even of ∼300 K. The dependence on the level of hydration of the 
temperatures of the transitions involving octahedral tilting in BCY has 
been confirmed by neutron diffraction [55].

This behaviour can be interpreted as arising from octahedral tilting 
in A2+B4+O3 perovskites being induced by the mismatch between the 
B−O−B and A−O−A sublattices [56]. The latter is made of longer, 
weaker and therefore more anharmonic bonds, which shrink more dur-
ing cooling, until the pressure exerted on the more rigid BO  octahedra 
6
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induces their rotation without need of shrinking [31,33]. The mismatch 
is usually expressed in terms of the tolerance factor [56] 

𝑡 =
𝑟A − 𝑟O

√

2
(

𝑟B − 𝑟O
)

(5)

with the Shannon ionic radii [57]. Perfect matching with the cubic 
structure is obtained with 𝑡 = 1, while 𝑡 < 1 indicates a tendency 
to tilt, and one can phenomenologically define a threshold 𝑡 below 
which similar perovskites undergo octahedral tilting below a same 
temperature. The VO introduced by outgassing weaken the mismatch 
between the B-O-B and A-O-A networks, which remain untilted down 
to lower temperature. In BaCe1−𝑥Y𝑥O3−𝛿 it is possible to interpret the 
dependence of 𝑇2 on 𝛿 defining an effective tolerance factor in the 
presence of vacancies [31,33].

4.3. BCZYNi: hopping of VO and H from the anelastic spectrum

The level of hydration and therefore the concentration of VO and 
H is reflected in the anelastic spectra through the amplitudes of the 
peaks due to hopping of these defects. In BCY and BZ the situation 
is relatively clear, as that the peaks due to hopping of VO and H, 
respectively above and below room temperature at few kHz, can be 
suppressed almost completely by hydrating or outgassing (Figs.  14, 
15). Instead, in BCZYNi the saturation vapour pressure of water is not 
sufficient to achieve full hydration, neither before nor after exsolution. 
This is indicated by the presence of the high temperature relaxations 
due to VO even when measuring in water saturated conditions (red 
curve of Fig.  5), and the fact that the maximum hydration weighed 
after a prolonged anneal in water saturated atmosphere was 0.057 mol 
H2O, slightly above 1∕3 of the theoretical limit ≥0.15, considering 0.15 
Y and that also Ni is an acceptor. A possible mechanism contributing 
to the reduced hydration capability of BCZYNi will be discussed in 
Section 4.5.

We did not attempt fits of the anelastic spectra, because in most 
cases higher frequencies could not be measured and, even when this 
was done prior to exsolution (Fig.  4), additional difficulties exist. In the 
as sintered state, peak L1 is prominent and H2 and H3 distinct enough, 
but comparing the two frequencies it is evident a strong influence of 
the transition at 𝑇2 on H1 and perhaps also L1. These peaks cannot 
be fitted in terms of broadened Debye relaxations with amplitude 
∝ 1∕𝑇 , because of a divergence of the amplitude at 𝑇2. The effect 
appears similar to that on peak H2 in BCY10 (15) and ascribed to the 
partial ordering/disordering of VO [31,33] between the nonequivalent 
sublattices of the O phase near 𝑇2 [46,52,53], but we do not know how 
to describe it quantitatively. On the other hand, after outgassing the 
transition seems suppressed, but all the peaks from L1 to H3 are so 
overlapped to make any fit very uncertain. The fit would be particularly 
challenging in the high temperature region, where the contribution of 
the motion of domain walls in the rhombohedral phase is evident from 
the step of the 𝑄−1 curve below 𝑇1, but its temperature dependence is 
unknown.

From these anelastic spectra it can be concluded that free and 
trapped VO and H in BCZYNi grossly behave similarly to those in 
BaZrO3 and BaCe1−𝑥Y𝑥O3, with a separation between the two ranges 
of activation energies at ∼0.5 eV, but we are not able to make reliable 
assignments of the peaks H1–H3 to VO that are free and trapped by 
Y, Ni and possibly VBa after exsolution. As for H hopping, below room 
temperature it should be almost completely trapped, so that the intense 
peak L1 should be due to the most abundant H trapped at Y.

4.4. Analysis of the dielectric spectra

From Fig.  9 it appears that the dielectric spectrum contains a 
major relaxation process, L1d in the hydrated state and H1d at higher 
temperature after outgassing. These relaxations are fitted as P1 in Figs. 
12 and 13, with activation energy 𝐸 = 0.51 eV in the exsolved 
H1
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partially hydrated state and 𝐸L1 = 0.84 eV after outgassing, which 
seem consistent with H hopping in the first case and VO hopping in 
the second. In addition, these peaks are close to single Debye relax-
ations, an unexpected feature with so much cation disorder, which 
encourages an effort to better understand their nature. The fitting 
parameters should however be considered with caution, since constant 
relaxation strengths 𝛥 are used, whereas the populations of all the 
defects involving VO and H will change with temperature.

The most obvious interpretation would be that H1d and L1d are due 
to the reorientation of Y−VO and Y−H pairs respectively and, in fact, 
similar dielectric relaxation peaks have been found in BaCe0.7Zr0.1Y0.2
O3−𝛿 under dry and wet conditions and interpreted in this manner [58]. 
However, a closer look to their intensity and relaxation time indicates 
that such a simple explanation cannot hold in our case.

Let us examine the fitted values of the preexponential factor 𝜏1
and relaxation magnitude 𝛥1. The latter is proportional to the prob-
abilities of both the initial and final state, so that, if they differ in 
energy of 𝐴, the thermodynamic factor 1∕𝑇  must be multiplied by 
cosh−2

(

𝐴∕2𝑘B𝑇
) [59,60]. Therefore, at 𝑘B𝑇 < 𝐴 relaxation modes like 

trapping/detrapping are depressed by the asymmetry factor and their 
intensity increases with increasing 𝑇 , rather than following the 1∕𝑇
law. In the present fits the asymmetry factor was included but yielded 
𝐴 ≪ 𝑘B𝑇 , so that it is not reported. This means that the majority of 
relaxation modes connected with asymmetric jumps contribute to a 
broad background, while L1d and H1d must be due to well defined 
processes with jumps among energetically equivalent positions, like 
hopping far from dopants, or around isolated Y atoms. Therefore, the 
fraction of protons and VO contributing to P1 is less than their total 
concentrations. The relaxation magnitude from the reorientation of a 
molar concentration 𝑐 of electric dipoles, each causing a change 𝛥𝑝, 
is [61,62] 

𝛥 =
𝑐 (𝛥𝑝)2

3𝜀0𝑣0𝑘B 
, (6)

where 𝜀0 is the permittivity of vacuum and 𝑣0 the molecular volume. 
To make order of magnitude estimates let us consider a H/VO trapped 
at pseudocubic cell containing Y3+ and the relaxation mode where it 
passes from a cube face to the opposite one, with a change of electric 
dipole 𝛥𝑝H = 𝑒𝑎, 𝛥𝑝V = 2𝑒𝑎. We set 𝑎 = 4.39 Å(pseudocubic cell), 𝑐V ≤
0.1 and 𝑐H ≤ 0.042 from the estimated hydration level of 0.021 mol 
H2O after exsolution, where the inequalities mean that not all the H 
and V O participate to the P1 relaxation. Using the relaxation strengths 
𝛥1 in Table  1, we obtain 𝛥1∕𝛥V ≥ 17 for hopping of V⋅⋅

O around Y′ and 
𝛥1∕𝛥H ≥ 97 for hopping of H⋅ around Y′. Even taking into account large 
uncertainties in the fitting parameters, these estimates exclude simple 
dipolar relaxations, but rather suggest that the prevailing relaxation 
mode involves several jumps over a distance 𝑙, so that the effective 
change of dipole is 𝑒𝑙 rather than 𝑒𝑎, and 𝑙 ≥ 4𝑎 − 10𝑎 would account 
for the observations.

Also the preexponential factors of the relaxation time are too large 
for dipolar relaxations from single jumps of protons or VO trapped by 
acceptors. Their reciprocal 𝜏−11  should be close to the optical phonon 
vibration frequency responsible for the jump, which is ∼1014 Hz for the 
O−H stretching mode [63], assumed to be relevant in BaCeO3 based 
perovskites [64], down to 1013 Hz in case the jumps are assisted by 
softer O−B−O bending modes [65] . The discrepancy between 𝜏−11  and 
the optical phonon frequencies is within an order of magnitude for 
VO, but two orders of magnitude for H hopping. The discrepancy in 
the latter case can partly or completely be due to the involvement of 
proton tunnelling, since in that case 𝜏−11  is not a phonon frequency 
but a strongly renormalized squared tunnelling matrix element of the 
proton also in the high temperature Arrhenius-like limit [66–70]. The 
rotational motion of H/D about O coordinated to Y in BaCe1−𝑥Y𝑥O3 has 
been demonstrated to heavily involve tunnelling [30] and, to a lesser 
extent, tunnelling might assist the longer jumps to a different O atom. 
Even if this were not the case, there is another mechanism that may 
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lower the so-called attempt frequency with respect to the promoting 
local phonon frequency. If the hopping atom is much lighter than 
the surrounding ones, as H in BCZYNi is, it may not loose its energy 
in collisions immediately after the jump, as implied by absolute rate 
theory, and jump back. This reduces the attempt frequency of 𝛿∕𝑘B𝑇 , 
where 𝛿 is the average energy lost by the proton in a collision with 
surrounding atoms [63,71], and 𝛿 is expected to be much smaller than 
the acquired saddle point energy, due to the large difference of masses 
of the colliding atoms.

Summarizing, both the relaxation magnitudes and preexponential 
factors of P1 are compatible with hopping over a distance ≳4𝑎. The 
easiest manner to explain the major peak P1 in the hydrated and 
outgassed state would be that there is a prevalence of dopant clusters, 
spanning about 4–10 cells, within which both H and VO can easily 
jump. The mechanism is analogous to the Maxwell-Wagner relaxation 
but, instead of free electronic charges between grain boundaries or 
electrodes, it would be due to the motion H⋅ and V⋅⋅

O within these dopant 
clusters. The mechanism is also analogous to the nanoscale percolation 
proposed to determine the proton conductivity in BaZr1−𝑥Y𝑥O3 [72], 
though here the focus is on paths that are short rather than percolating 
through the sample. It is noteworthy that the percolation threshold for 
the dopant network is 15% Y [73], rendering more convincing that in 
BCZYNi a considerable fraction of dopants form clusters along 4–10
cells. The additional constraint of nearly single Debye peaks suggests 
that the relaxations originate in clusters, likely of the most abundant Y 
dopant, with a distribution of sizes peaked at 5–10 unit cells.

Besides the above mentioned simulations of BaZr1−𝑥Y𝑥O3 [72–74], 
additional literature supports both the existance of dopant clusters and 
local fast hopping within them.

4.4.1. Dopant clusters
We are looking for a relaxation mode where the H/VO spans ≳4

cells. Therefore, we explore the possibility that short chains of dopants 
are more stable than purely random distributions at the sintering 
conditions, where VO compensate the dopants. These linear clusters of 
dopants and VO would be partially stabilized by electrostatic interac-
tion when the cations are mobile and would remain frozen at lower 
temperatures where only the VO are mobile. Indeed, the existence of 
clusters of dopants in oxide ion conductors has been proposed both 
after first principle calculations and experimental indications.

Defect association energies of dopants and VO have been calculated 
for BaZrO3 [75], finding that the dopant pairs have positive energy, 
dictated more by the mismatch between the size of the dopant and of 
Zr than electrostatic repulsion. A Y−O−Y pair has an interaction energy 
of 0.26 eV, but the interaction energy of Y−VO is −0.45 eV, so that a 
linear Y−VO−Y cluster should be favoured in BaZrO3. In BaCeO3 Ce 
has a size close to Y and the repulsive Y−Y energy should be reduced, 
making the pair even more favourable, based on this analysis [75]. 
The existence of stable Y− VO−Y complexes has been experimentally 
demonstrated in fluorite type Ce1−𝑥Y𝑥O2−𝛿 and Zr1−𝑥Y𝑥O2−𝛿 , where the 
anelastic relaxations of VO hopping about the axis of the Y pair has 
been measured, and already at 𝑥 = 0.18 these complexes are largely 
predominant over isolated Y [76,77].

The formation of M−VO−M where M are trivalent dopants in 
BaCeO3 has also been studied theoretically more recently [78], finding 
that they would be predominant for M = In, Sc, with M−VO association 
enthalpies of 0.47 and 0.33 eV respectively, but less abundant for M = 
Y, with a calculated Y−VO association enthalpy of 0.084 eV (Fig. 5 
of [78]).

Triangular clusters of triple Y dopants have been proposed [36] to 
exist in BaZr0.8Y0.2O3, where they would be strong traps for protons, 
but such a compact geometry has not been experimentally confirmed 
and it would not help explaining large effective dipoles. The com-
parison of such simulations with experimental conductivities confirms 
anyway that Y association in pairs is predominant over isolated Y.

Linear geometries of next nearest neighbour Y dopants are suggested 
by DFT calculations for BaZr Y O  with 𝑥 = 0.07, 0.15, 0.22 and 
1−𝑥 𝑥 3
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0.3 [73]. At 𝑥 = 0.07 the configuration with lowest energy consists of 
triplets of Y along the pseudocubic ⟨100⟩ direction, which becomes a 
stripe along ⟨110⟩ of nearest neighbour Y atoms at 𝑥 = 0.22, close to our 
doping. If a consistent fraction of dopants were preferentially arranged 
according to motifs like these, the enhanced dielectric relaxation might 
be explained by the diffusion of VO and protons along these networks 
of dopants without need of detrapping. The mechanism is the same as 
proposed to explain the dependence of proton conductivity on doping 
in BaZr1−𝑥Y𝑥O3−𝛿 , but in that case the focus is on percolating networks 
for long range diffusion [72,73], while we are considering shorter 
segments.

For completeness, we mention another model that had originally 
been proposed for explaining the larger than expected magnitude of 
dielectric relaxation in fluorite type Ce1−𝑥Y𝑥O2−𝛿 . It is the ‘‘wrong pair’’ 
model [79], which however seems more appropriate for low dopant 
concentrations, well below our case.

4.4.2. Comparison with the anelastic spectra
There is no clear correlation between the anelastic peaks L1 and H1 

and the major dielectric peaks L1d and H1d in the partially hydrated 
and outgassed states. Not only their temperatures but also their relative 
intensities are different, with L1 but not L1d well visible also in the 
hydrated state.

The anelastic analogue of the Maxwell-Wagner-like dielectric relax-
ation proposed above within short clusters is in principle possible. The 
Gorsky effect is the migration of defects along the sample thickness 
during flexural vibrations [45], where a non homogeneous compressive 
stress is generated along the sample thickness, and its magnitude 
depends on the trace of the elastic dipole of the defects. It has been 
measured for interstitial H in extremely thin metallic samples [80,81], 
and it has also been proposed that in recrystallized metallic glasses 
the H migration would be confined by grain boundaries [82], thereby 
shortening the relaxation time. In our case, the migration of H and VO
might be driven along the same clusters invoked for dielectric relax-
ation by the non homogeneous stress acting on their volume mismatch 
with the lattice. We think, however, that the relaxation strength for 
such a mechanism is much smaller than that for the usually observed 
relaxation from the reorientation of their anisotropic elastic dipoles.

4.5. Reduced hydration capability

As explained before, unlike in BCY and BZ, the anelastic relax-
ations H1−H3 due to VO are not completely suppressed by hydra-
tion. This is in agreement with the mass gain and loss after hydra-
tion and outgassing treatments, indicating that the maximum hydra-
tion level attainable in BCZYNi is 57% of the theoretical maximum. 
So reduced a hydration capability is unlike the similar composition 
BaCe0.7Zr0.1Y0.1Yb0.1O3−𝛿 where 𝛿 = 0.1 in wet air [54] and BaZr0.8−𝑥
Ce𝑥Y0.2O3−𝛿 , where 95% hydration is possible for 𝑥 > 0.6 [2].

Possible mechanisms that hinder hydration are the formation of 
stable dopant complexes, which has been discussed in Section 4.4.1. 
In that case, the focus was on networks of dopants, not necessarily 
nearest neighbours, while now we consider pairs of nearest neighbour 
dopants [78,83]. These pairs should be particularly strong traps for 
VO , like Y–VO–Y and possibly Y–VO–Ni, and would prevent these 
VO from being hydrated. The equilibrium concentration of M–VO–M 
complexes, with M = trivalent dopant, in BaCe1−𝑥M𝑥O3 versus sinter-
ing temperature has been calculated as 2–5% mol for 𝑥 = 0.1 [78]. 
Considering that we have 0.15 Y and 0.05 Ni, or possibly up to 0.05 
VBa after exsolution, this is the right order of magnitude for explaining 
the reduction of hydration capability we observed in BCZYNi. Notice 
that B-site vacancies are unlikely to form after exsolution, because the 
short and strong B−O bonds in ABO3 perovskites make the formation 
energy of VB much higher than that of VA [84], and a recent theoretical 
analysis of Ni exsolution in SrTiO3 shows that the fastest diffusion paths 
of Ni is in association with V  and V  [85]). The strong association of 
O A
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VO dopant clusters should be present also in BCY10, even though with 
a lower content of acceptors with respect to BCZYNi; yet in Fig.  15 
the major peak H1 due to VO hopping can be completely eliminated 
by hydration. The point is that VO trapped in stable complexes with 
two acceptors not only do not contribute to the mass change after 
treatments at relatively low temperatures of this study, but they would 
also be invisible to the anelastic and dielectric spectroscopies. In fact, 
such configurations should have a large binding energy and the VO
would not have equivalent sites to jump to, like the six O sites first 
neighbours to an isolated acceptor. Therefore, the relaxation mode from 
the jumps out or into such stable configurations would involve a change 
in initial and final energy equal to 𝐸b and a thermodynamic factor 
cosh−2

(

𝐸b∕𝑘B𝑇
) which reduces the relaxation strength [59,60].

Summarizing, at concentrations as high as ≥0.15 the dopants cannot 
be considered as randomly distributed and isolated, but their actual dis-
tribution, determined by the sintering conditions, affects the hydration 
capacity and ionic mobilities. We propose that at ≥0.15 the majority 
of dopants is not isolated but aggregated in essentially two types of 
clusters: (1) isolated nearest neighbour Y−O−Y pairs and (2) longer 
nearly 1D clusters, possibly looser than straight Y−O−Y−O−Y− chains, 
where the Y dopants are mainly second Nearest Neighbours (NN). The 
isolated pairs would effectively trap VO, forming particularly stable 
Y− VO−Y complexes, that make them unavailable to hydration and 
invisible to anelastic and dielectric spectroscopies, partially accounting 
for the reduced hydration capability of strongly doped BCZYNi. The 
longer clusters would act as paths for fast diffusion of H and VO without 
need of detrapping.

The spacial distribution of dopants is determined by the sinter-
ing conditions, since higher temperature and longer time yield more 
uniform and dispersed distributions of dopants. An important indica-
tion of the possibility of controlling the concentration of NN pairs 
of dopants has been given by varying the sintering temperature of 
BaCe0.9In0.1O3−𝛿 from 1300 ◦C to 1600 ◦C, finding that the maximum 
hydration level passes from ≃0.08 to ≃0.1 [78].

A variant of the above picture is suggested by a recent study of 
BaZr0.8 Yb0.2O3 with additional 2–5% Ni [86], where STEM high-angle 
annular dark field imaging reveals clusters of Yb and Ni. It is therefore 
proposed that Ni−Yb pairs trap VO with a calculated binding energy 
of 0.92 eV and considerably reduce their hydration enthalpy. We may 
apply also to our case the notion that Ni preferentially clusters with 
Y and the Y−VO−Ni complexes are the main reason for the reduced 
hydration. Then, since no evident increase of hydration is found after 
exsolution, we should also suppose that most Ni leaves a Ba vacancy 
[85], which takes the role of the strong trapping centre, possibly 
together with Y, for VO.

There is an additional phenomenon related to the distribution of 
acceptor dopants in perovskite but also fluorite proton conductors: 
their segregation to the grain boundaries to neutralize the charge from 
VO during high temperature sintering or annealing [87]. We have no 
indications of segregation of Y at grain boundaries in BCZYNi, which 
would not significantly reduce the concentration of Y in the bulk 
anyway, since in BCZY it is found limited to the first atomic plane 
at the grain boundary [88]. The presence of an atomic layer enriched 
with Y at the grain boundaries would therefore have little effect on the 
anelastic spectra and the low temperature dielectric relaxations, which 
probe the bulk.

4.6. Structural phase transitions

The phase transitions revealed by the anomalies in the elastic 
modulus at 𝑇1 and 𝑇2 can be recognized as octahedral tilt transitions, 
by comparison with the archetypal BaCeO3 and other compositions 
more similar to the present one. The sequence of transitions in BaCeO3
is, starting from high temperature: cubic 𝑃𝑚3̄𝑚 (C), rhombohedral 
𝑅3̄𝑐 (R), orthorhombic Imma (O), orthorhombic 𝑃𝑛𝑚𝑎 (O′) [53–55]. 
Accordingly, the phase transitions appearing as elastic anomalies in 
BaCe Y O  have been assigned as C 𝑇1→ R  𝑇2→ O 𝑇3→ O′ [33].
1−𝑥 𝑥 3
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Fig. 16.  Transition temperatures 𝑇1 and 𝑇2 from the anelastic spectra (red), 
with the size of symbols approximately representing the uncertainty in 𝑇 , 
plotted in the phase diagram of BaCe0.85−𝑥Zr𝑥Y0.15O3−𝛿 from Ref.  [90] (black) 
at 𝑥 chosen to match the tolerance factors. The green symbols are for BaCe0.7
Zr0.1Y0.1Yb0.1O3−𝛿  [91].

From Fig.  4 it is clear that above 𝑇1 the phase is cubic: the drop 
of 𝑄−1 indicates the vanishing of the domain walls and the large step 
in the modulus is what is expected from a phase transition where the 
order parameter is quadratically coupled to strain, as is the case of the 
octahedral tilt angle, and is null in the high temperature phase [89]. 
The anomalies in the elastic modulus are also similar to those in 
BaCeO3, where a negative step is found passing from C to the R phase, 
while minima signal further changes of the tilt patterns.

The transition temperatures in BCZYNi are plotted as red symbols 
in the phase diagram of BaCe0.85−𝑥Zr𝑥Y0.15O3−𝛿 [90] (black symbols in 
Fig.  16). The composition was chosen in order to match the tolerance 
factors, Eq. (5). Assuming 𝛿 = 0 instead of the estimated ∼0.03 [90], 
BaCe0.85−𝑥Zr𝑥Y0.15O3 at 𝑥 = 0.203 has the same 𝑡 = 0.954 of our 
BaCe0.7Zr0.1Y0.15Ni0.05O3. Indeed, in this manner 𝑇1 of the two com-
positions nearly overalp, but the same cannot be said for 𝑇2 and for 
the effect of VO on these temperatures. BCZYNi does not behave as 
explained in Section 4.2 for BCY: based on the fact that 𝑇2 decreases 
of 200−300 K in BaCe1−𝑥Y𝑥O3 with 𝑥 = 0.1–0.2 after outgassing, we 
would expect that also in BCZYNi 𝑇2 shifts downwards of at least 100 K 
after outgassing. Instead, the minimum of the intermediate green curve 
of Fig.  7 seems depressed in amplitude rather than in 𝑇2, the shifted 
being of only ∼10 K. With further outgassing, the residual anomaly at 
the same temperature might be accounted for by the modulus defect 
of relaxation H1, suggesting the disappearance of the transition rather 
than its shift to lower temperature.

Little can be said on the dependence of 𝑇1 on the hydration level, 
because hydration is either very low or fast decreasing during the 
anelastic measurement in vacuum. It seems, however, that the ex-
solution treatment depressed 𝑇1 of ∼15 K in both the fully (Fig.  5) 
and partially outgassed states, suggesting that the exsolution created 
defects. Most likely, the migration of Ni was not accompanied by an 
equal loss of BaO, but left VBa in the bulk. In fact, if the loss of BaO 
fully compensated the loss of Ni from the bulk, the new stoichiometries 
would be 0 for Ni and divided by 0.95 for Ce, Zr and Y. If so, the toler-
ance factor would pass from 0.954 to 0.948, implying an enhancement 
of the lattice mismatch and hence of 𝑇1. The decrease of 𝑇1 indicates 
that defects, presumably VBa, where created in the bulk.

For completeness, in Fig.  16 are also plotted the transition tem-
peratures of BaCe0.7Zr0.1Y0.1Yb0.1O3−𝛿 (BCZYYb7111) from XRD [91], 
which is close to our composition and much studied. They are plotted 
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as green symbols with the same criterion used for BCZYNi, of matching 
the tolerance factor of BCZY. In that study the usual sequence of phases 
C/R/O is reported, and also a marked decrease of both 𝑇1 and 𝑇2
with VO (closed/open symbols in wet/dry condition), as observed in 
BCY. It appears that, though the onset of the first tilt transition from 
the cubic state is mainly determined by be the tolerance factor, the 
subsequent transitions depend in a more complicate manner on the 
composition. Actually, there is an ongoing debate on the nature of the 
polymorphic transitions in BCZYYb7111, with studies that differ not 
only in the transition temperatures, but also in their number and in the 
various phases, as summarized in Ref. [54]. So, the room temperature 
phase is generally identified as O, but it may also be M or R. The 
most recent study combining XRD and neutron diffraction (though 
with different 𝑝H2O) even indicates only one transition at 923 K to the 
𝐼4∕𝑚𝑐𝑚 tetragonal phase [54], but it must be said that the reported 
temperature dependence of the lattice parameters suggests a second 
transition around 773 K. Among the causes of discordance in assigning 
the phases, are pointed out the scarce sensitivity of XRD to O and hence 
to octahedral tilting, and differences in 𝑝H2O [54,91], but we suggest 
that also the cation distribution and various defects, depending on the 
preparation route, have a role.

An additional phase transition is indicated by the dielectric anomaly 
at 𝑇3 (Fig.  9) but is completely absent in the anelastic spectra. This 
makes a change in the octahedral tilt pattern a very unlikely explana-
tion, since in that case the anomaly should be evident in the anelastic 
rather than dielectric spectra. In fact, an octahedral tilt transition is im-
proper ferroelastic and therefore gives a clear signature in some of the 
elastic constants: a step-like softening below the transition temperature. 
The effect of the same transition on the dielectric permittivity can be a 
minor step, if tilting is coupled to polarization, as it occurs for a recently 
discovered transition in PZT [92,93]. The large thermal hysteresis and 
near absence of the anomaly during cooling suggests some sort of 
ordering of charged defects, as VO and H are, with concomitant change 
in the electronic structure, but we could not find similar anomalies in 
the literature on perovksite proton conductors. It would certainly be 
worth further studying the nature of this new phase transition.

5. Conclusions

We measured the anelastic and dielectric susceptibilities of BCZYNi 
under dry and wet conditions before and after Ni exsolution, and 
compared with anelastic spectra measured under similar conditions 
in unintentionally doped BaZrO3 and BCY10. The anelastic spectra 
contain the relaxation peaks above room temperature due to hopping 
of VO also in wet conditions, indicating that hydration is incomplete. 
This is confirmed by observing that the maximum uptake of H2O under 
usual wet conditions is 57% of the theoretical limit of 0.1 mol.

Major relaxation processes, close to single Debye, are found in 
the dielectric spectrum, whose activation energies are 0.51 eV in the 
partially hydrate state and 0.84 eV in the outgassed state. If they are 
interpreted in terms of hopping of H in the first case and VO in the 
second, their large amplitude and long relaxation time exclude simple 
dipolar relaxations of Y−H and Y−VO pairs, and indicate relaxation 
modes where H and VO span several lattice cells. The possibility is 
discussed that a consistent fraction of dopants is arranged into almost 
linear clusters within which H and VO can diffuse without need of 
detrapping, similarly to the nanoscale percolation proposed to explain 
the proton conductivity of BaZr1−𝑥Y𝑥O3−𝛿 [72].

At high doping levels, ≥10%, the spacial distribution of dopants can 
determine the hydration capability and proton conductivity in possibly 
contrasting manners. On the one hand, isolated pairs of NN dopants 
act as strong traps for VO, reducing their mobility and availability to 
be hydrated; on the other hand, longer and possibly looser aggregates 
of dopants may act as preferential diffusion paths for protons and VO
without detrapping.

Steps and minima in the Young’s moduls occur at two octahedral 
tilt transitions at 𝑇 = 860−900 K and 𝑇 ∼ 450 K, while a step in the 
1 2
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dielectric susceptibility at ∼260 K reveals a new phase transition. The 
latter does not seem to be a third tilt transition, as in BaCeO3, because 
it is not accompanied by an elastic anomaly. The temperatures of the 
tilt transitions are compared with those of similar materials. While 
𝑇1 is mainly determined by the average B cation size and tolerance 
factor, the behaviour of 𝑇2 is much more difficult to understand and 
apparently depends on the composition and arrangement of the B 
cations in materials with multiple cation substitutions.
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