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etics and electrical transport in
BaCe0.6Zr0.2Y0.1M0.1O3−d (M = Tb, Pr, Fe) protonic
conductors

Jagoda Budnik,* Aleksandra Mielewczyk-Gryń, Maria Gazda
and Tadeusz Miruszewski*

BaCe0.6Zr0.2Y0.1M0.1O3−d (M = Fe, Pr, Tb) is a mixed conducting oxide in which three mobile charge carriers

– oxygen ion, electron/hole, and protonic defects– are present. These types of materials have gainedmuch

interest as electrodematerials for protonic ceramic fuel cells (PCFCs) and protonic ceramic electrolysis cells

(PCECs). In this study, the water uptake and oxygen transport properties of different

BaCe0.6Zr0.2Y0.1M0.1O3−d samples were investigated at different pH2O using Thermogravimetry (TG) and

Electrical Conductivity Relaxation (ECR) methods at various temperatures. TG results showed that in all

samples the mass increases during the switch from dry to wet atmospheres, which indicates proton

incorporation into the materials. The kinetics of the water uptake process differed depending on the type

of substituent used. The studies of pO2
dependence of total conductivity allowed for the determination

of partial conductivities in BaCe0.6Zr0.2Y0.1Tb0.1O3−d (BCZYTb), which shows a predominant p-type

conduction mechanism above 600 °C. The electrical conductivity relaxation (ECR) studies performed for

a chosen BCZYTb sample have shown that the hydration/dehydration processes were asymmetric two-

fold, whereas the oxidation/reduction processes had typical single-fold kinetics. Furthermore,

a significant influence of pH2O on the oxidation and reduction kinetics was observed.
Introduction

Proton-conducting materials have been the subject of intense
research because of their potential application in electro-
chemical devices. In particular, triple conducting oxides (TCOs)
have gained much interest in the eld of solid-state ionics, as
they can conduct three types of charge carriers, i.e. oxygen ions,
electrons/holes, and protons, making them ideal candidates for
a positrode material for protonic ceramic fuel cells (PCFCs).1

The complex nature of the diffusion and electrical transport
mechanisms involved in the proton conductivity in TCOs is still
unclear and requires a comprehensive description, which may
enable the proper design of new electroceramic materials with
suitable properties.2–7 One of the representative groups in the
TCO family is BaCe0.6Zr0.2Y0.1M0.1O3−d (BCZYM), where M is
a mixed-valence metal. This group is based on acceptor-doped
barium cerate–zirconate solid solution, which is a well-known
mixed oxygen ionic-protonic conductor,8 commonly applied as
an electrolyte for PCFCs.9,10 Substituting cerium/zirconium with
a mixed-valence cation, e.g. cobalt,11,12 praseodymium,13 and
ruthenium,14 leads to enhancing the electronic conductivity of
the material.
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The oxygen surface exchange coefficient kchem is an impor-
tant parameter in the analysis of processes like hydration or
oxidation in mixed-conducting materials. Knowledge of the rate
of surface exchange of oxygen gas or water molecules with
mixed-conducting materials is an important factor in the
understanding of many electrochemical phenomena. The
kinetics of the oxygen reduction reaction (ORR) was previously
studied in the case of long-term degradation in IT-SOFC
cathode materials.15–17 However, the rate of oxygen exchange
on the surface of mixed-conducting materials in the presence of
water vapor and protonic defects needs a great deal of attention
and is not yet particularly well understood.

Only a few studies in the literature have reported on the
effect of a water-vapor-rich atmosphere on the surface exchange
of oxygen. For example, Bucher et al.18 studied the oxygen
exchange kinetics of the La0.58Sr0.4Co0.2Fe0.8O3−d mixed
conductor in dry and wet atmospheres. They performed ECR
studies and found that oxygen exchange kinetics and the kchem
parameter are signicantly affected by water-containing atmo-
spheres at a temperature between 600 and 700 °C, mainly due to
a severe modication of the surface chemical composition (Sr-
rich degraded surface shows a pronounced Si accumulation,
which affected kchem). On the other hand, Solis et al.19 studied
the transport properties of tungsten lanthanide LaxWO12−d by
the means of conductivity relaxation measurements and stated
that oxygen diffusion is not affected by the presence of protonic
J. Mater. Chem. A, 2023, 11, 13389–13398 | 13389
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Table 1 Pseudocubic unit cell parameters obtained by Rietveld
refinement with the respective GOF parameters, relative density and
the proton concentration in air calculated for BaCe0.6Zr0.2Y0.1M0.1O3−d

(M = Fe, Pr, Tb) and BaCe0.6Zr0.2Y0.2O3−d (ref. 26)

a = b = c (Å) GOF
Relative density
(%)

[OHc]
(mol mol−1)

BCZY622 4.3522(1) 1.94 97.5 0.095
BCZYFe 4.3205(2) 2.33 90.2 0.007
BCZYPr 4.3517(2) 1.81 94.5 0.010
BCZYTb 4.3379(2) 1.88 99.9 0.028
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defects under the studied conditions. As can be seen in the
literature, different and sometimes conicting conclusions can
be found.

In this article, we study water uptake in BaCe0.6Zr0.2Y0.1-
M0.1O3−d (BCZYM, where M = Fe, Pr, Tb) perovskite-based
materials. Knowledge about the inuence of water in the
atmosphere on oxygen surface exchange in proton conducting
systems is highly demanded in the scientic community. The
inuence of water vapor on oxidation and reduction kinetics in
TCOs is still unexplored and needs to be considered in future
research concerning this group of materials. The analysis of the
kinetics of oxygen and water transport in oxides based on
barium cerate–zirconate containing a cation substituent with
variable valency has not been discussed in the literature. We
have shown and described for the rst time the inuence of
proton defects on the surface exchange of water and oxygen in
BaCe0.6Zr0.2Y0.1Tb0.1O3−d (BCZYTb). Since water vapor is always
present in the atmosphere, understanding of processes occur-
ring in oxides in the presence of water is of great importance not
only for such electrochemical applications like protonic
ceramic fuel cells but also in the eld of photoelectrochemical
CO2 reduction, water-splitting technologies, catalysis, and
others. Our results obtained for BCZYTb showed the highest
proton defect concentration in this compound. The transport
phenomena during the hydration and dehydration processes in
this family of materials were also discussed. Furthermore, the
analysis of chemical surface reactions of the oxygen reduction
reaction as a function of water vapor pressure in BCZYTb
allowed for a better understanding of the inuence of protonic
defects in the structure on the oxidation/reduction reaction.

Experimental
Materials synthesis

Single-phase polycrystalline samples of BaCe0.6Zr0.2Y0.1M0.1-
O3−d (BCZYM), where M = Tb, Pr, Fe, were synthesized using
a two-step solid-state reaction method. Stoichiometric amounts
of BaCO3, CeO2, ZrO2, Y2O3, Fe2O3, Pr6O11, and Tb4O7 were ball-
milled for 12 h (450 rpm) and calcined at 950 °C for 24 h. The
resulting powder was then milled again, uniaxially pressed (250
MPa) and sintered at 1300 °C for 10 h. To ensure a high density
of samples, which is required for the diffusion experiments, 1
wt% NiO was added as a sintering additive in the second step of
the synthesis.

Since the solid-state reaction route did not allow obtaining
a single-phase sample of BaCe0.6Zr0.2Y0.2O3−d (BCZY622) refer-
ence material, a wet chemistry method was employed. The
BCZY622 sample was synthesized using the coprecipitation
technique. A suitable amount of (NH3)2CO3 was dissolved in
water and the solution was heated to 60 °C, while being mixed by
using a magnetic stirrer. Stoichiometric amounts of Ba(NO3)2,
Ce(NO3)3$6H2O, Y(NO3)3$6H2O, and ZrO(NO3)2$2H2O were dis-
solved in water in order to obtain a solution. The concentration
of nitrates and carbonate solutions was 1 mol dm−3. Then, the
solution of nitrates was gradually added to the carbonate solu-
tion, until a 1 : 5 volume ratio was reached. The solid product was
ltered and dried at 80 °C for 24 h. The obtained material was
13390 | J. Mater. Chem. A, 2023, 11, 13389–13398
ground in a mortar and calcined at 1000 °C for 3 h. The resulting
powder was then reground with the addition of 1 wt% PVB and 1
wt% NiO and uniaxially pressed with a load of 300 MPa. The
pellet was sintered at 1450 °C for 4 h.

Structural characterization

The crystal structure and phase composition of the samples were
veried by X-ray diffraction (XRD) using a Phillips X'Pert Pro
diffractometer. The XRD patterns were analysed using HighScore
Plus XRD Analysis Soware. The density of the samples was
determined using the Archimedes method. All studied materials
exhibited >90% of theoretical density (Table 1).

Thermogravimetry analysis

To investigate the water incorporation processes in the
synthesized materials, thermogravimetric (TG) experiments
were conducted on a Netzsch STA 449. The sintered pellets were
crushed and the resulting powders were analysed. The powders
were annealed at 800 °C for 5 h in dry air (pH2O ∼ 10−5 atm) to
remove water and surface carbon dioxide. The powders were
then cooled to 300 °C and kept at this temperature for 2 h. Aer
that, the dried gas (ow z 30 ml min−1) was switched to
humidied air (pH2O z 2.3 × 10−2 atm). Each sample remained
in the wet atmosphere for z2 h and then the gas was switched
back to dry air for approximately 1 h. An analogous procedure
was used in a nitrogen atmosphere. The difference between the
mass recorded in the dry and wet atmospheres allowed for
estimating the relative mass change.

Electrical measurements

Temperature dependence of total conductivity and electrical
conductivity relaxation (ECR) measurements were performed
for dense samples of the material, which exhibited the highest
concentration of protons (BCZYTb). Studies of the total elec-
trical conductivity in dry and humidied air (pH2O z 10−5 atm
and pH2O z 2.3 × 10−2 atm, respectively) were carried out using
electrochemical impedance spectroscopy (EIS). For this
purpose, a galvanic cell Pt/BCZYTb/Pt was studied in the
temperature range of 300–800 °C.

Electrical conductivity relaxation measurements

To investigate the kinetics of hydration/dehydration and
oxidation/reduction, the electrical conductivity relaxation
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 X-ray diffraction patterns recorded for BaCe0.6Zr0.2Y0.1M0.1O3−d

(M = Tb, Pr, Fe) at room temperature.
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method was applied. For ECR measurements, platinum
reversible electrodes were applied in a four-probe arrangement
(1.9 × 14.1 × 8.2 mm3) and the sample was measured using
a ProboStat™ measurement system (NorECs product, Norway).
Oxygen diffusion studies were carried out in a continuous ow
of gas aer switching oxygen partial pressure between pO2

= 0.1
atm and pO2

= 10−3 atm both in a dry and humidied gas
mixture in the temperature range of 500–800 °C. Water diffu-
sion studies were carried out in the temperature range of 450–
800 °C in synthetic air (pO2

z 0.2 atm) by switching gas between
dry (pH2O z 10−5 atm) and wet air (pH2O z 0.023 atm). We
assumed that the oxygen and water concentration step time
(dozens of seconds) is negligible with respect to the conductivity
relaxation time within the studied temperature range.

During oxygen/water incorporation and release, the
conductivity changes as a result of the establishment of a new
equilibrium, which affects the concentrations of charge carriers
in the material. The rate of those changes differs depending on
the diffusion coefficient and surface exchange coefficient of
oxygen or water, respectively. Conductivity as a function of time
was tted to eqn (1) and (2), which are the solutions of Fick's
2nd law with suitable boundary conditions.20

sðtÞ � s0

sN � s0

¼ 1�
XN
n¼1

2L2

bn
2
�
bn

2 þ L2 þ L
�exp

�
� bn

2$Dchemt

l2

�
; (1)

sðtÞ � s0

sN � s0

¼ 1� exp

�
�kchemt

l

�
; (2)

where s0 denotes the initial conductivity, s(t) the conductivity at
a given time, sN the equilibrium conductivity, Dchem the
chemical diffusion coefficient, kchem the chemical oxygen
surface exchange coefficient and bns are the positive roots of
eqn (3).

b tan b = L, (3)

while L represents a dimensionless parameter dened as

L ¼ l$
kchem

Dchem

; (4)

where l corresponds to half of the sample.21 Electrical conduc-
tivity response was evaluated using nonlinear least-squares ts
of a suitable diffusion model and the surface exchange coeffi-
cients were estimated by tting the measurement data using the
ECRTOOLS Matlab toolbox.22 In this experiment, because of the
small thickness of the samples, the chemical diffusion coeffi-
cient of oxygen could not be calculated with sufficient accuracy.
Thus, only kchem was evaluated and analysed.
Results and discussion
XRD analysis

XRD data recorded at room temperature for BaCe0.6Zr0.2Y0.1-
M0.1O3−d (M = Fe, Pr, Tb) samples are presented in Fig. 1. The
observed diffraction reections correspond to the perovskite
phase and, in the case of the BCZYPr and BCZYTb diffraction
patterns, to the nickel oxide phase (Fm�3m) used for the
This journal is © The Royal Society of Chemistry 2023
densication of each sample. The pseudocubic unit cell
parameters of the synthesized compounds rened with the
Rietveld method with the corresponding GOF parameters are
listed in Table 1. The Rietveld renement was performed with
the use of the crystallographic data for the cubic unit cell
(Pm�3m) for all materials. The increasing values of unit cell
parameters are consistent with the increasing ionic radii of M in
that series of compounds (Fe < Tb < Pr). The unit cell parameter
of BCZY622 was 4.3522(1) Å.26 It should be mentioned that the
symmetry and space group of these family of materials cannot
be accurately determined using the XRD method. The different
symmetries in such perovskites result from minor (Ce,Zr,Y)O6

octahedral tilting, which are not readily detected by XRD.
Similar phases, such as Fe-doped BCZY, Pr-doped BCZY, and Pr-
doped BCY (barium cerate doped with yttrium and praseo-
dymium), were reported in the literature to be non-cubic at
room temperature.23–25
Thermogravimetric analysis

Relative mass change recorded aer the switch between dry and
humidied air and nitrogen collected for BaCe0.6Zr0.2Y0.1M0.1-
O3−d (M = Tb, Pr, Fe) and BaCe0.6Zr0.2Y0.2O3−d at 300 °C is
shown in Fig. 2. Introducing the water vapor into the atmo-
sphere resulted in an increase in the mass of the samples. The
relative mass changes in air were approximately 0.02% for the
sample with Fe, 0.03% for the sample doped with Pr, and 0.08%
for the sample with Tb. Thus, the highest value of proton
concentration among BaCe0.6Zr0.2Y0.1M0.1O3−d samples was
obtained for the sample containing Tb; however, it was signif-
icantly lower than that of the reference BCZY622 material. It can
be assumed that the only process responsible for water uptake
in BCZY622 is hydration. However, in the case of the samples
containing Pr, Fe, and Tb, water uptake in the air could also be
J. Mater. Chem. A, 2023, 11, 13389–13398 | 13391
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Fig. 2 Relative mass change recorded after isothermal switch at 300 °
C between dry and humidified air or nitrogen collected for BaCe0.6-
Zr0.2Y0.1M0.1O3−d (M = Tb, Pr, Fe) and BaCe0.6Zr0.2Y0.2O3−d.
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realized via hydrogenation due to the possibly high concentra-
tion of electron holes in high pO2

atmospheres, such as air. In
order to determine the predominant proton uptake process in
those samples, additional TG measurements in nitrogen were
performed. In a nitrogen atmosphere, the concentration of
electron holes in investigated materials is much lower, and
Fig. 3 Relative mass change and time derivative of the relative mass ch
BaCe0.6Zr0.2Y0.1Pr0.1O3−d, and (d) BaCe0.6Zr0.2Y0.2O3−d. The light-blue ba

13392 | J. Mater. Chem. A, 2023, 11, 13389–13398
hence, the process of water uptake proceeds via hydration.
However, although the values of mass increase were different in
the two atmospheres, the shapes of the mass relaxation curves
are similar. The mass increase in nitrogen was higher in the
case of all samples compared to air, due to a higher concen-
tration of oxygen vacancies lled during the hydration reaction.
However, that change is not as prominent in the case of BCZYPr.
It can be assumed that the nature of water uptake in both
atmospheres does not change and that the protons incorporate
the materials probably via the hydration process. Assuming that
the only process of water uptake is hydration, the proton
concentration for all samples could be determined. The calcu-
lated proton concentrations are shown in Table 1. Interestingly,
aer the switch from wet to dry atmospheres, the mass does not
decrease notably in the case of BCZYPr and BCZYTb samples,
which might indicate that the protons are stabilized inside the
crystal structure and do not leave the materials during the
signicant decrease of pH2O.

The time derivative of the TG signal collected in air is pre-
sented in Fig. 3. As can be noticed, the mass increase aer the
switch from a dry to a H2O-containing atmosphere occurs in two
stages with different kinetics in all samples. The mass increase
in the rst stage, probably related to the proton uptake process,
is rapid and then gradually attens out. Following this abrupt
change, the time derivative does not diminish to zero, but
remains at approximately 10−4% min−1, indicating a slow yet
progressive change. This slow increase in the recorded mass
might be related to a second process competing with the
ange for (a) BaCe0.6Zr0.2Y0.1Fe0.1O3−d, (b) BaCe0.6Zr0.2Y0.1Tb0.1O3−d, (c)
ckground designates the wet atmosphere.

This journal is © The Royal Society of Chemistry 2023
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Table 2 Activation energies for the electrical conduction mechanism
of BCZY622 and BCZYTb in dry and wet air

Activation energy (eV)

Dry air Wet air

300–500 °C 500–800 °C 300–500 °C 500–800 °C

BCZY622 0.69 � 0.02 0.54 � 0.01 0.50 � 0.02 0.43 � 0.02
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hydration or hydrogenation reaction. The behaviour of proton
incorporation followed by a second process (oxidation reaction)
was observed in the case of TG studies of mixed conductors, i.a.
in double perovskite cobaltite or doped Sr(Ti,Fe)O3 solid solu-
tions with a higher iron content.27–29 Fig. 2 and 3 also show that
aer the switch from humidied to dry air, mass changes are
much slower than those that occur aer the switch from dry to
humidied air.
BCZYTb 0.54 � 0.01 0.42 � 0.01
Electrical conductivity studies

Since the BaCe0.6Zr0.2Y0.1Tb0.1O3−d sample showed the highest
water uptake, that is, the highest proton concentration, it was
chosen for further investigation.

Fig. 4 presents the temperature dependence of the total
electrical conductivity of BCZYTb and BCZY622 (ref. 26) in dry
and wet air. It can be seen that the conduction occurs through
thermally activated processes. In the BCZY622 and BCZYTb
materials, the total electrical conductivity in the wet atmo-
sphere is higher than in the dry environment, and the observed
difference between the values of conductivity under dry and wet
conditions increases as the temperature decreases.

At higher temperatures (>750 °C), this effect is merely
noticeable, whereas at lower temperatures the difference is
visible due to the higher concentration of protons and may
indicate that the hydration process is the predominant proton
uptake mechanism.

The inuence of Tb-substitution at the yttrium site on the
total electrical conductivity can be examined by comparing the
total electrical conductivity in the chosen atmosphere and
temperature range. The conductivity values obtained for the wet
atmosphere at 600 °C are 1.1 × 10−2 S cm−1 for BCZY622 and
1.6× 10−2 S cm−1 for BCZYTb. The apparent activation energies
of the electrical conduction for BCZY622 and BCZYTb in dry and
wet air are presented in Table 2. The values of Ea obtained in wet
air below 500 °C are: (0.50 ± 0.02) eV and (0.42 ± 0.01) eV for
BCZY622 and BCZYTb, respectively. The results show that the
presence of Tb in the BCZY622 structure leads to an increase in
total electrical conductivity in the studied temperature range,
Fig. 4 Temperature dependence of total electrical conductivity,
shown in Arrhenius-type coordinates, for BCZYTb and BCZY622 (ref.
26) samples measured in dry and wet air.

This journal is © The Royal Society of Chemistry 2023
regardless of pH2O. This is probably due to the presence of metal
cations with variable valency in the Ce/Zr/Y sublattice, which
might increase the concentration of electron holes.
Ionic transport studies

To evaluate the partial electrical conductivities in BCZYTb in dry
atmospheres, the total conductivity of the material was
measured as a function of pO2

at 800 and 600 °C. The results are
shown in Fig. 5 and are compared to those obtained for
BCZY622.26 The values of total conductivity of BCZYTb and
BCZY622 are comparable in the studied pO2

range. Furthermore,
two characteristic pO2

ranges were observed at both tempera-
tures. The rst region for pO2

# 10−3 atm can be ascribed to the
partial oxygen ionic conductivity (sO), which is known to be
Fig. 5 Total electrical conductivity of BCZY622 (ref. 26) and BCZYTb
as a function of oxygen partial pressuremeasured in dry air at: (a) 800 °
C and (b) 600 °C.

J. Mater. Chem. A, 2023, 11, 13389–13398 | 13393
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independent of pO2
. At higher oxygen partial pressures, pO2

-
dependent p-type electronic conductivity (sh) is dominating. In
mixed ionic-electronic conductors, the total electrical conduc-
tivity in dry atmospheres can be written as a function of pO2

:

stotal = sO + sh = sO + sh0$pO2

1/4 (5)

The data were tted with eqn (5), which allowed us to obtain
the partial electrical conductivities of oxygen ions and electron
holes at both temperatures. The calculated values of partial
conductivities with the corresponding transference number of
holes (thc) estimated for dry air (pO2

= 0.2, pH2O z 10−5) are
shown in Table 3. The contribution of electron holes to the total
conductivity is higher at 800 °C compared to 600 °C. This results
from the higher concentration of electron holes at higher
temperatures. Furthermore, the values of the transference
number of holes indicate that the predominant contribution to
the total conductivity is electronic under the considered
conditions. However, taking into consideration the two orders
of magnitude difference between the mobility of oxygen
vacancies and themobility of holes, the concentration of oxygen
vacancies in this system is prevailing under these conditions.
This is consistent with TG analysis of the water uptake process
identied as hydration.

Chemical surface exchange coefficients were studied by
electrical conductivity relaxation measurements following the
Table 3 Total conductivity, partial conductivities of oxygen ions and
electron holes, and transference number of holes calculated for
BaCe0.6Zr0.2Y0.1Tb0.1O3−d at 800 °C and 600 °C

T (°C) stotal (S cm−1) sO (S cm−1) sh (S cm−1) thc

800 3.7 × 10−2 1.3 × 10−2 2.3 × 10−2 0.63
600 8.9 × 10−3 3.8 × 10−3 7.4 × 10−3 0.55

Fig. 6 (a) Typical relaxation curves observed at 500 °C upon hydration a
exchange coefficient of water for BaCe0.6Zr0.2Y0.1Tb0.1O3−d.

13394 | J. Mater. Chem. A, 2023, 11, 13389–13398
re-equilibration of the sample aer a sudden change in the
atmosphere humidity. Fig. 6a shows the typical relaxation
patterns of hydration and dehydration obtained during the
switch from dry to wet air and from wet to dry air at 500 °C. The
diffusion of H2O during the hydration/dehydration is driven by
the chemical potential gradient of water and can be single-fold
or two-fold. If hydration occurs as a result of chemical diffusion
of water, the total electrical conductivity should relax in a single-
fold curve, with one relaxation time. This is a behaviour similar
to that in the case of oxidation/reduction, where the ambipolar
motion of oxygen ions and electron holes occurs. Conventional
charge transport theory based on the chemical diffusion of
water in a proton conductor as an ambipolar diffusion of proton
and oxygen vacancies has been intensively studied i.a. by Yoo
and Kreuer et al.30,31 In the case of single-fold relaxation, which
occurs in materials with small values of the transference
number of holes (thc), the chemical diffusion of water occurs in
the material through ambipolar diffusion of hydrogen and
oxygen, whereas, if thc is high, the presence of mobile electron
holes enables the independent chemical diffusion of hydrogen
and oxygen species.2 The motion of both protons and oxygen
vacancies is accompanied by the transport of electronic charge
carriers, leading to a proton and oxygen vacancy decoupled
motion. This so-called two-fold diffusion was rst interpreted
by Yoo et al.32 H2O initially decomposes on the surface of the
material into H and O:

H2O / 2Hads + Oads,and (6)

then the diffusion of both is mediated by the electron holes. The
nonmonotonic nature of hydration kinetics is the result of two
processes: (1) adsorbed hydrogen forms a proton defect, OHOc,
at the expense of an electron hole (eqn (7)).

Hads + Ox
O + _h 4 OHOc (7)
nd dehydration; (b) temperature dependence of the chemical surface

This journal is © The Royal Society of Chemistry 2023
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Table 4 The activation energies of the surface exchange of hydrogen
and oxygen for hydration and dehydration for
BaCe0.6Zr0.2Y0.1Tb0.1O3−d

Activation energy (eV)

Hydrogen Oxygen

Hydration 0.39 � 0.05 0.44 � 0.05
Dehydration 0.50 � 0.05 0.26 � 0.05
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Therefore, proton defect formation and its diffusion result in
a decrease in conductivity and (2) adsorbed oxygen lls an
oxygen vacancy site, which is compensated for by generating
two electron holes (eqn (8)). In this process, the lling of the
oxygen vacancies by the diffusing oxygen increases the
conductivity.

Therefore, the conductivity relaxation characteristics are
a consequence of two diffusion processes, which occur at
different rates. The rst process reduces the concentration of
electron holes, according to the equation while the second has
the opposite effect and oxidation occurs with the creation of
electron holes, which is presented in eqn (8):

Oads þ V��
O/Ox

O þ 2h�: (8)

Hence, based on the time evolution of conductivity related to
eqn (7) (a decreasing part of the relaxation curve), the chemical
diffusion and surface exchange coefficients for hydrogen can be
determined, whereas the second part of the curve (an increasing
part of the relaxation curve, eqn (8)) provides the information
on the chemical diffusion and surface exchange coefficients of
oxygen.

During the hydration process, protonic defects are incorpo-
rated into the structure, and the BCZYTb sample achieves a new
equilibrium at a given temperature and pH2O. As can be seen in
Fig. 6a, both hydration and dehydration proceed with two-fold
non-monotonic kinetics, indicating a higher contribution of
electron holes to the conductivity compared to oxygen ions in
the studied temperature range, which is consistent with high
calculated values of the transference number of electron holes
(see Table 3). The conductivity response was found to depend
on the direction of change in pH2O. When the gas was switched
from wet air to dry air, the electrical conductivity did not return
to the level before the hydration process started (t = 0 s).

The temperature dependence of chemical surface exchange
coefficients kchem calculated for each species (protons and
oxygen vacancies) during hydration and dehydration is shown
in Fig. 6b. The change of pH2O during the gas switch from wet to
dry does not imply any signicant change in pO2

. Therefore, the
change in the conductivity of the material is due to the incor-
poration of water in the oxide (hydration process). Accordingly,
the calculated surface exchange coefficients describe the steps
of water adsorption, dissociation of adsorbed water molecules,
and incorporation of O2− and H+ into the structure, described
by eqn (7) and (8). It can be observed in Fig. 6b that the kchem of
H between 450 and 700 °C is in the range of 1.2 × 10−4 to 4.9 ×

10−4 cm s−1 and 4.0 × 10−5 to 2.4 × 10−4 cm s−1 in the
hydration and dehydration processes, respectively. The kchem
coefficients of oxygen incorporation in the same temperature
range are between 1.0 × 10−5 and 6.6 × 10−5 cm s−1 in hydra-
tion and between 7.9 × 10−6 and 2.5 × 10−5 cm s−1 in dehy-
dration, which are signicantly lower than the kchem of H in
both processes. In the case of both directions of pH2O change,
the rate of H surface reaction is faster than that of O. The H and
O chemical surface exchange coefficients were higher in the
hydration step in comparison to the dehydration, indicating
that water adsorption on the surface has faster kinetics than
This journal is © The Royal Society of Chemistry 2023
that of desorption. However, this effect may also originate from
a relatively large pH2O step, affecting the bulk defect concen-
trations, which inuence the rates of those processes. The
activation energies of the surface exchange of hydrogen and
oxygen for the hydration and dehydration processes are pre-
sented in Table 4. The activation energies for hydrogen are (0.39
± 0.03) eV and (0.50 ± 0.05) eV in the hydration and dehydra-
tion processes, respectively, which are comparable to those re-
ported for other protonic conductors.33–35 For instance, Hancke
et al. found the activation energy of hydrogen surface exchange
of BaCe0.9Y0.1O3−d equal to (0.29 ± 0.03) eV.33 The activation
energies of the surface exchange for protonic defect incorpo-
ration and release (hydration and dehydration) were compa-
rable. On the other hand, in the case of oxygen ions,
a noticeable difference was observed between Ea values for those
processes (0.44 eV in the hydration and 0.26 eV in the dehy-
dration step). This suggests that the presence of proton defects
inuences the process of oxygen chemisorption on the surface
of the material.

To investigate the reduction and oxidation kinetics, elec-
trical conductivity relaxation measurements aer an oxygen
partial pressure change either from pO2

= 0.1 atm to pO2
= 10−3

atm or from pO2
= 10−3 atm to pO2

= 0.1 atm, respectively, were
performed. The measurements were done both in a dry and
a humidied atmosphere. The diffusion of oxygen is driven by
the chemical potential gradient. The process of oxygen incor-
poration into oxide materials is complex and can be described
as a sequence of several most probable steps.36 The incorpora-
tion of molecular oxygen into the crystal lattice of the oxide is
a multistep reaction in which chemisorption, electron transfer,
oxygen bond dissociation, and incorporation of atomic oxygen
species into the structure take place. First, the oxygen molecule
in the gas phase O2(g) is adsorbed by chemisorption on a vacant
adsorption site on the surface of the material in a form O2(ads):

O2(g) / O2(ads). (9)

Next, the adsorbed molecule diffuses on the surface of the
material and is reduced in two steps:

(1) O2(ads) / O2(ads)
− + hc, (10a)

(2) O2(ads)
− / O2(ads)

2− + hc, (10b)

O2(ads)
− denotes an adsorbed superoxide molecular species,

O2(ads)
2− is a peroxide species and hc is an electron hole. The

process described in eqn (10) is relatively fast, whereas the
J. Mater. Chem. A, 2023, 11, 13389–13398 | 13395
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electron transfer between superoxide and peroxide species is
much slower and generally is a rate-determining process.37–39 In
the next step, the peroxide molecule is split into two single-
ionized oxygen atoms O(ads)

−:

O2(ads)
2− / 2O(ads)

−. (11)

In the nal reaction, oxygen is incorporated into the struc-
ture of the material:

OðadsÞ
� þ V��

O /Ox
O þ h� (12)

where V��
O is an oxygen vacancy and Ox

O is an oxygen atom in an
oxygen lattice site in the bulk material. The summarized
oxidation reaction can then be written as:

1

2
O2ðgÞ þ V��

O/Ox
O þ 2h�: (13)

The introduced oxygen ion migrates in the direction
according to the concentration gradient of this charge carrier.
These processes inuence the shape of the diffusion relaxation
curve and should be monotonic in both directions, oxidation
and reduction.40,41 When the curve is tted with an adequate
Fig. 7 Typical conductivity relaxation curves observed upon oxida-
tion/reduction for (a) dry gas and (b) wet gas.

13396 | J. Mater. Chem. A, 2023, 11, 13389–13398
formula related to Fick's 2nd law,20 the chemical diffusivity
Dchem and/or chemical surface exchange coefficient kchem of
oxygen can be determined. Typical relaxation curves for the
oxidation and reduction steps are shown in Fig. 7. As can be
noticed, both oxidation and reduction are single-fold, regard-
less of pH2O. The conductivity changes are related to the ambi-
polar diffusion of oxygen ions and electron holes. This is an
expected behavior reported in the literature, i.a. by Yoo et al.42

for BaZr0.8Y0.2O3−d. Since the kinetics in the oxidation step in
dry and wet atmospheres differ substantially, it can be consid-
ered that the surface exchange process of oxygen in the presence
of protons is different from that in a dry atmosphere, where the
concentration of protonic defects in the structure is negligible.

The temperature dependence of the chemical surface
exchange coefficient of oxygen for the oxidation and reduction
steps in dry and humidied air is presented in Fig. 8. The
activation energies of the surface exchange of oxygen for
oxidation and reduction in the dry and wet atmospheres are
displayed in Table 5. The kchem values in the studied tempera-
ture range common for all the samples (550–700 °C) is between
2 × 10−5 and 2 × 10−3 cm s−1. Moreover, the activation energy
of the surface exchange of oxygen depends on pH2O, being lower
in wet atmospheres. The highest difference between the acti-
vation energy in the dry and wet atmospheres was observed in
the case of reduction (1.63 and 1.13 eV, respectively). Therefore,
the presence of proton defects affects the oxidation and
reduction kinetics in this material.
Fig. 8 Temperature dependence of the chemical surface exchange
coefficient of oxygen for the oxidation and reduction steps in dry and
humidified air of BCZYTb.

Table 5 The activation energies of the surface exchange of oxygen for
oxidation and reduction in dry and wet atmospheres for
BaCe0.6Zr0.2Y0.1Tb0.1O3−d

Activation energy (eV)

Dry Wet

Oxidation 1.13 � 0.06 0.98 � 0.11
Reduction 1.63 � 0.10 1.13 � 0.18

This journal is © The Royal Society of Chemistry 2023
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Conclusions

Single-phase polycrystalline BaCe0.6Zr0.2Y0.1M0.1O3−d, where M
was a multivalent constituent, i.e. Tb, Pr, and Fe, were synthe-
sized and studied.

Thermogravimetric analysis of the water uptake showed
that the highest relative mass change, that is the highest
content of protonic defects, occurred in BaCe0.6Zr0.2Y0.1Tb0.1-
O3−d. Regardless of differences in the values of water uptake,
in all the studied oxides, the mass increase takes place in two
stages proceeding with different kinetics. It was proposed that
the rst stage is the proton uptake process (hydration),
whereas the second one was considered to be related to
oxidation.

The higher total electrical conductivity of BaCe0.6Zr0.2Y0.1-
Tb0.1O3−d in comparison to that of BaCe0.6Zr0.2Y0.2O3−d showed
that the presence of terbium which is a multivalent cation leads
to an increase in the concentration of electron holes.

The total electrical conductivity dependence on pO2
enabled

the calculation of the partial conductivities of oxygen ions and
electron holes at 800 °C and 600 °C and the determination of
the transference number of holes in BaCe0.6Zr0.2Y0.1Tb0.1O3−d.
In the atmosphere of air (pO2

z 0.2 atm), the material exhibits
a predominant p-type electronic conduction mechanism,
despite the prevailing concentration of oxygen vacancies
compared to the concentration of electron holes.

The electrical conductivity relaxation studies of hydration/
dehydration processes in the BaCe0.6Zr0.2Y0.1Tb0.1O3−d mate-
rial showed two-fold asymmetric hydration/dehydration
kinetics, with the rate of the hydration process signicantly
higher than that of the dehydration. What is very important, the
kinetics of oxidation/reduction vary substantially in humidied
air. The oxidation reaction becomes considerably faster under
wet conditions. It was proposed that similarly to the diffusion,
also surface exchange of oxygen may be enhanced in the
humidied atmosphere since oxide ions might be accelerated
by protons to maintain charge neutrality. The results of this
study show that the inuence of water in the atmosphere on the
kinetics of oxidation and reduction should be taken into
account in the research concerning the transport thermody-
namics of different charge carriers in materials containing
three mobile charge carriers.
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