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ABSTRACT: This work presents the results of research on the

transport properties of the high-entropy

BaZr, ;gHf, gSn, 5T, /gY /gIn; sSm sYb, 505, perovskite oxide

with special focus on proton transport. The presented study is . cHARGE TRANSPORT
part of broader work in which we focus on multiple different

chemical compositions with the cation number varying from S up + CHEMICAL COMPLEXITY
to 12 (in B-sublattice). The presence of proton defects is analyzed
with thermogravimetry, whereas the results of electrochemical
impedance spectroscopy in dry, H,O-, and D,O-containing
synthetic air in the 300—800 °C temperature range enable the
evaluation of the proton and deuterium conductivities. The isotope
effect is observed and discussed. The obtained data allow us to
establish the contribution of proton conductivity to the total one and the transport numbers for proton/deuterium conductivity.
Based on the bulk and grain boundary conductivities, the potential at a grain boundary ¢,, Debye length Lp, and space-charge layer
(SCL) thickness A for proton defects is calculated. The potential barrier heights were found to be significantly lower than those
observed for typical polycrystalline-doped barium zirconates. For the first time in the case of high-entropy oxides, the electrical
conductivity relaxation (ECR) studies are performed, allowing the calculation of water kinetic coefficients. The ECR in the 300—600
°C temperature range revealed a single-fold nature, which indicates a negligible component of the electronic hole conductivity in the
hydrated material. The chemical diffusion coeflicient of water Dgy* and the chemical surface exchange coefficient of water kgy* along

. PFIOTJI CONDUCTIVITY

with their activation energies are determined. The chemical diffusion coefficient Dgyy is in a range of 10(1)™5=10(1)® cm? s, and
the chemical surface exchange coefficient ko is in a range of 10(1)™*—10(1)™* cm s™".
1. INTRODUCTION oxygen sublattice may show significant deviation from

stoichiometry,” are especially disposed to be modified by
using various substitutions. Therefore, perovskites are interest-
ing candidates for tailoring their electrical properties by using
multiple constituents. For instance, Jiang et al. demonstrated
that aliovalent substitutions are possible in perovskites based
on Ba(ZrO,ZSno'zTio,ZHfmCeo.z)03'3 Donor- or acceptor-type
substitutions are the most often used methods of tailoring the
electrical conductivity of oxides. Recently, Yinchun Shi et al.
reported the electrical properties of the LaMnO;-based high-
entropy perovskites.* They found that the electronic transport
in high-entropy manganites in which the A-sublattice was
occupied with five different cations occurs as small polaron
hopping, whereas the value of conductivity depends on both
the content of acceptor-type constituents, the cation size
difference, and structural symmetry. Oxygen ion conductivity

Oxides are compounds in which both electronic- and ionic-
type species could transport electric charge. In several oxides,
for example, in perovskites based on barium zirconate or cerate
in humidified atmospheres, the conduction of three types of
charge carriers, i.e., oxygen ions, protons, and electron/holes, is
possible. Charge transport processes may take place via a
variety of conduction mechanisms: electrons/holes either hop
between localized states or move over extended states in the
conduction band, whereas ion transport occurs through
defects, that is, vacancies, interstitial positions, dislocations,
or grain boundaries. The presence of defects, especially point
defects, may influence the concentration and mobility of both
electronic and ionic charge carriers. What makes oxides even
more interesting is cross effects, i.e., an influence of particular
charge carrier fluxes one on another may occur. For example,
Yoo et al." observed the cross effect between the electronic and
ionic fluxes in Co;_,O. What is more, in the case of many
oxides conducting protons and oxide ions, both types of charge
carriers utilize the same defects, oxygen vacancies, so that they
compete with one another.

The ABO; perovskite compounds, in which A and B are
cations of different valence states and ionic radii, whereas the
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was studied in fluorite-type oxides and was first reported by
Gild et al. to be rather low, i.e., about 6 X 10™* S cm™! at 700
°C.” Further studies by Bonnett et al. showed higher values of
conductivity in Hfy,Zry,Cey,Y,Gdg,0;5 (2.5 X 107> S cm™
at 700 °C),° which means that the tailoring of ionic
conductivity in these materials is possible. The most
spectacular ionic conductivity of high-entropy oxides was
first reported in (MgCoNiCuZn)¢;Liy3;0 by Bérardan et al.
who found a room-temperature Li-ion conductivity of 1 mS
cm™'.” Moreover, bulk room-temperature ionic conductivity
exceeding 1 mS cm™ in high-entropy NASICON compounds
was studied by Zeng et al.® The authors suggested that the
increased solubility of different cations in high-entropy oxides
in comparison to those of the low-entropy ones leads to
percolating transport networks thanks to the distribution in site
energies. So far, only one report regarding proton conductivity
in high-entropy oxides has been published.” The achieved
values of conductivity were not high, but we believe the
strategy of using high entropy as a way to both increase the
solubility of acceptor constituents and enhance percolating
networks that may also be applied to the group of proton-
conducting oxides.

In this work, we present the properties of
BaZr, ,gHf) /sSn; 5T 5Y jslny gSmy ;5Yby 50,55, which is an
exemplary member of multicomponent perovskites showing
mixed conductivity. As a multicomponent oxide with the
configurational entropy (calculated based on 10) equal to 1.76
R, which is larger than 1.5 R, it is a high-entropy oxide, though
it is not an entropy-stabilized material. What is more,
BaZr, gHIf) sSn, 5Ti; 5Y /sIn; ;gSm, YD, 505_, may be consid-
ered a very special composition in the family of multi-
component perovskites, since assuming an ideal random cation
distribution, one may imagine the unit cell as consisting of Ba
in the center and eight different B-cations in each corner of the
cell. Special attention was focused on the properties related to
proton transport. What is important, for the first time in high-
entropy oxides, the chemical surface exchange coefficient kqgyy*
and the chemical diffusion coefficient Dgyye for the coupled
ionic transport of water were determined.

2. METHODOLOGY

BaZr, gHf, /sSn; gTi) /5Y jgIn; gSm, 5Yb, 505, was synthe-
sized by a high-temperature solid-state route. Respective
oxides (ZrO,, HfO,, SnO,, TiO, Y,0; In,0; Sm,0,,
Yb,0;, Alfa Aesar 99.9% purity) and barium carbonate (abcr
GmbH, 98% purity) in stoichiometric proportions were ball-
milled with isopropanol. The mixed reagents were then dried
at 80 °C and calcined at 950 °C in a flow of synthetic air for 24
h. The calcined powder was mixed with 1 wt % of PVB
(poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate)) and
isopropanol and dried for 24 h at 80 °C. The powders were
mixed with 1 wt % of NiO, sieved through a 100 ym mesh, and
uniaxially pressed into pellets. PVB serves as an additive,
increasing the green body density of the material, while the
addition of NiO improves sinterability. The amount of nickel
oxide introduced into the system is only about 1 wt %, which
corresponds to approximately 4 molar %. If a fraction of nickel
enters the lattice position of the B-cations, it would result in a
very low concentration of additional acceptors compared to
the amount derived from the acceptor substituents in the B-
sublattice. Therefore, this effect did not affect the properties of
the studied material. The pellets were sintered at 1530 °C in
the air for 10 h with a § °C min™" heating/cooling rate.

The crystal structure was investigated by X-ray diffraction
(XRD) at room and elevated temperatures (HT-XRD).
Measurements were conducted using Cu Ka radiation on a
Panalytical Empyrean diffractometer equipped with a PIX-
cel3D detector. For high-temperature measurements, carried
out in a synthetic airflow (H,O content <3 ppm), an Anton
Paar HTK 1200N oven chamber was mounted. Structural data
were analyzed using GSAS II software based on the Rietveld
method. For the basis of the model, a modified crystallography
information file (.cif) for BaZrO; (Pm-3m space group) was
utilized.""

The microstructure and elemental composition of the
samples were investigated by an FEI Quanta FEG 250
scanning electron microscope (SEM) with an EDAX Apollo
energy-dispersive spectrometer (EDS). The micrographs were
obtained simultaneously using secondary electrons (SEs) and
back-scattered electrons (BSEs) with Everhart—Thornley
detector (ETD) and a low-voltage high-contrast detector
(vCD), respectively. The measurements were carried out in a
high-vacuum mode with an acceleration voltage of 20 kV for
the microstructural analysis, while for EDS scans, 30 kV was
used.

To investigate water incorporation into the sample, two
thermogravimetric (TG) experiments were performed. In the
first approach, a powdered sample was annealed at 300 °C for
24 h in a humidified (pyo ca. 2.3 X 1072 atm.) synthetic

airflow. Next, the mass of the powdered sample was measured
in a synthetic airflow on a TA Q5000 IR thermobalance up to
850 °C with a 5 °C min~" heating/cooling rate. Measurements
were accompanied by the analysis of the released gas by mass
spectrometry (Pfeiffer Vacuum ThermoStar). The second type
of experiment was performed on a Netzsch STA 449 to
measure the water uptake. It was performed in either air or
nitrogen atmosphere. A powdered sample was annealed at 800
°C for $ h in dry gas (pp,o ca. 5.0 X 10™° atm.) to remove

water and surface carbon dioxide. Then, it was cooled to 300
°C and kept at this temperature for 2 h. After that, the purge
gas (dry synthetic air/nitrogen, 20 mL min~") was switched to
the humidified air/nitrogen (py,o ca. 2.3 X 107> atm.), the

sample remained in this atmosphere for 2 h and then the gas
was switched back to the dry one for another 2 h. The time
evolution of weight changes related to the water sorption and
desorption was recorded during both stages of the analysis.
The difference between the mass recorded in the dry and wet
atmospheres (Amy ) allowed us to estimate the molar

protonic defect concentration [OHg*]. Before the TG
experiments, the blank correction run was performed. In all
experiments, nitrogen was used as the protective gas (20 mL
min~!) for the thermobalance mechanism.

Electrical properties of the
BaZr,,gHf, sSn; /gTi, /Y 5In; sSm, 5Yb, 505, oxide were
studied by electrical impedance spectroscopy (EIS) using a
Gamry 3000 potentiostat. The relative density of the pellets
was over 95%, and they were 11 mm in diameter and 0.8 mm
thick. Before the measurements, the pellets were polished and
Pt paste (Electro-Science Laboratories, Inc.) along with thin Pt
wires was applied. Next, the samples were heat-treated at 930
°C for 2 h with 2 3 °C min™! heating/cooling rate. The
samples were mounted on a Probostat holder and inserted into
a tube furnace. The measurements were carried out in the
300—800 °C temperature range in dry, H,O-, and D,O-
containing synthetic air (pHZO ca. 1075 atm,, Pu,0 €2 1072 atm.

https://doi.org/10.1021/acs.jpcc.3c03906
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Figure 1. (a) Diffractogram with the Rietveld profile for as-synthesized BaZr, /gHf; /sSn; sTi;/sY1/5In; /sSm; /sYb; 50;_,. Data collected at RT; (b)
the (110) reflection for the as-synthesized and hydrated samples at RT.
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Figure 2. (a) TG curves recorded during heating in synthetic air for the previously hydrated BaZr, gHf; sSn, /sTi; /Y, /sIn; /sSm; 5Yb, s0;_, sample

with gas analysis data of (b) H,0O- and CO,-related relative signals.

and ppo ca. 107> atm,, respectively) in 1 Hz to 1 MHz

frequency range. All of the measurements were conducted in
synthetic air (<S ppm H,0) with a drying stage containing
silica gel and P,O; and humidifying stage containing the
supersaturated solution of KBr. Additionally, the entire gas
system is made of copper pipes, ensuring a significant
reduction in the permeability of water from the atmospheric
air to the system. Gathered data were analyzed with Scribner
Associates Inc. ZView software. Approximated values of partial
conductivity were calculated as the difference between the
conductivities in wet (H,0O- and D,O-containing) and dry
conditions (i.e., Gy/p = Oyer(/p) — Oary)- Transport numbers
have been estimated as the ratio of the partial proton/
deuterium conductivity and the total conductivity in
humidified conditions (i.e., ty/p = Op/p/Oyer(1/p))-

To find the diffusion coeflicient, D, and surface exchange
coefficient, k, conductivity relaxation experiments were
performed in the 300—600 °C temperature range. Isothermal
EIS measurements after an abrupt atmosphere change (from
dry to wet conditions) allowed us to determine the change in
conductivity as a function of time. Such data were normalized
and refined utilizing ECRTOOLS (Matlab toolbox for fitting
and interpreting ECR data), which enabled us to calculate

14536

. . 12 .
Doy and, in some cases, ko~ coefficients.~ The obtained
values were plotted in Arrhenius-type coordinates, and
activation energies of respective processes were calculated.

3. RESULTS AND DISCUSSION

3.1. Crystal Structure and Microstructure. Figure la
presents an X-ray diffractogram with a Rietveld profile for the
as-synthesized BaZr, gHIf) sSn, /T, /5 /In; sSm; /5Yb, /505,
oxide. The pattern corresponds to the cubic crystal structure
(space group Pm-3m), which is consistent with the predictions

rat1o
V2 (r+ 1)
and r,, rg, and rgy are ionic radii of the A-constituent, B-
constituent, and oxygen, respectively).”> Since the proton
conduction of an oxide requires humidified environment, it is
important to check whether the water exposure affects the
material phase composition and structure. As shown in Figure
S 1, the BaZrl/8Hf1/SSn1/8Ti1/8Y1/SInl/SSml/sYbl/gog,_x oxide
after annealing at 300 °C for 24 h in the humidified (py;,o ca. 2

X 107% atm.) synthetic airflow remained single-phase cubic
perovskite. The Rietveld analysis results showed that the
presence of proton defects causes an increase in the unit cell
volume. It is illustrated in Figure 1b, presenting a shift of the

based on the tolerance factor t = 0.98 (where t =

https://doi.org/10.1021/acs.jpcc.3c03906
J. Phys. Chem. C 2023, 127, 1453414544
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SEM measurements with EDS analysis were performed. In
Figure S2, SEM micrographs of a cross section of the
BaZr, sHf) sSn) /5Ty /5Y 1 /6In; sSmy 5Yb; 505, sample ob-
tained using secondary electrons (SEs) and back-scattered
electrons (BSEs) are shown. As can be noticed, the sample was
dense and the average grain size was found to be ~9 ym. The
BSE image does not show visible precipitates, indicating a
single-phase composition. The EDS analysis confirmed the
uniform distribution of atoms in the entire volume of the
sample (Figures S3 and S4 and Table S1).

3.2. Proton Defects. Proton defects in
BaZr, gHf,) sSn, ;s T1, /gY 1 gIny gSm, 5Yb, 505, were studied
with thermogravimetric analysis and high-temperature XRD.
Figure 2 shows TG curves and gas analysis data recorded in
synthetic air for the sample that was previously hydrated at 300
°C for 24 h. Figure 3 presents mass changes during isothermal

X i
: wet conditions | dry conditions
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e
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T

<= |
o e
- i
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. O |
a © N, [OH] =0.154 mol/mol |
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Figure 3. Mass change recorded after an isothermal switch at 300 °C
between dry and humidified nitrogen (black circles) and air (blue
squares).

switches from dry to humidified air and nitrogen at 300 °C,
while the results of the HT-XRD measurements are presented
in Figure 4. As shown in Figure 2a, during heating, 0.6% of
relative mass loss can be observed below 500 °C. This may be
attributed mainly to water release and partially to CO,
desorption (Figure 2b) from the surface. It has to be
emphasized that the H,O and CO, signals are not quantitative
but qualitative. The CO, peak at 580 °C can be related to the
further release of surface-bonded complex carbon compounds,
e.g,, oxyhydroxycarbonates.'>'°

0 100 200 300 400 500 600 700 800 900 1000 1100
temperature (°C)

Figure 4. Temperature dependence of unit cell parameter for
hydrated BaZr, gHf; sSn; 5 Ti,5Y] gl gSm, Yb, O3 ,, recorded
during heating and cooling in dry synthetic air. As the estimated
error values are very low (see Table S2), thus the error bars are not
included as they would be smaller than the data points in the plots.

The time evolution of mass, for the sample previously dried
at 800 °C for 5 h, after the switches from dry to humidified air
and nitrogen at 300 °C shown in Figure 3 was analyzed to
evaluate the proton defect content. In both cases, the process
takes place in one step and the relative mass change observed
after the switch is about 0.46% (0.154 mol mol™") and 0.44%
(0.149 mol mol™") in nitrogen and synthetic air atmospheres,
respectively. The difference between the relative mass changes
recorded in nitrogen and air atmospheres is caused by different
contents of oxygen vacancies formed during the annealing at
800 °C. Nevertheless, the difference is small, which suggests
that in both atmospheres, water incorporation occurs through
the hydration process described by eq 1

H,0 + O3 + V& = 20H, (1)

where Vg, O, and OH, denote the Kroger—Vink symbols of
oxygen vacancy, lattice oxygen, and proton defect, respectively.

The content of proton defects observed in hydrated
BaZr, sHIf) /sSn, 5T gY ) jsln gSm; 5Yb; 505, is more than
twice higher compared to those in yttrium-doped barium
zirconate in similar conditions (BaZr,,Yy30;_, — 0.072 mol
mol™! in the air)'” and more than nine times higher than
previously reported by us for high-entropy oxides (e.g., 0.016
mol mol™" in BaZr,,Sn,,Tig,Hf,,Y,,0;_, in the air).” Norby
et al.'® suggested a relationship (eq 2) between the enthalpy of
hydration AH and the difference in the Allred—Rochow
electronegativity AXp , of B- and A-site cations in ABO,
perovskites

AH = 400AX;_, — 180 [kJ mol™'] (2)

Taking the Allred—Rochow electronegativities of 0.97, 1.22,
1.23,1.72, 1.44, 1.11, 1.49, 1.07, and 1.06 for Ba, Zr, Hf, Sn, Tj,
Y, In, Sm, and Yb, respectively,'” the difference (5 — 1) of
BaZr, HIf) sSn, T 5Y) jslny gSm, YD) 505, is 0.3225, and
the enthalpy of hydration for that oxide can be estimated as
—51 kJ mol™". This means a more exothermic hydration
process in comparison to the previous high-entropy oxides
(e.g., BaZry,Sng,Tig,Hfy,Y0,05_,—AH = —40 kJ mol™)
reported by us.” This is also in the vicinity of the AH obtained
by thermogravimetric studies for yttrium-doped barium

https://doi.org/10.1021/acs.jpcc.3c03906
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zirconate, which, depending on the dopant concentration, was
between —18 and —141 kJ mol™"."” The detailed study of the
energetics of hydration, as well as the temperature-dependent
proton concentration, of
BaZr, gHf} sSn; 5Ti;/5Y /5In; sSm; 5Yb; 505, and other
high-entropy perovskites is a matter of our separate work.”

Figure 3 also shows that after the switch from the humidified
to dry conditions, the mass does not go back to the initial value
as quickly as in the opposite case. This may indicate that a
certain number of protons remains in the structure of the
compound. Such behavior may indicate slow kinetics of
dehydration of the material.

As mentioned in Section 3.1, the presence of proton defects
influences the structural properties of the oxide by the
chemical expansion caused by hydration, which was observed
by XRD. The Rietveld analysis of the high-temperature XRD
results of the previously hydrated oxide allowed us to
determine the temperature evolution of the unit cell parameter
(Figure 4 and Table S2). As shown by TGA, heating the oxide
containing proton defects in dry synthetic air (py,o ca. 107°

atm.) causes water release from the material. This explains why
during the first heating in the 200—400 °C temperature range,
the unit cell parameter changes nonmonotonically. Similar
behavior has been found for other perovskite-type oxides, e.g,,
barium titanates,” zirconates,”* or indates,”® while for high-
entropy material, it was observed for the first time. During
further cooling—heating cycles, still, a small nonlinearity can be
seen below 500 °C. Moreover, a slightly lower unit cell
parameter of the as-synthesized material than that of the
sample after a few heating/cooling cycles in dry air suggests
that during the heat treatment, the sample did not release all of
the incorporated water. These findings support the idea of slow
dehydration kinetics first indicated by the results of TG
analysis.

Two different values of thermal expansion coeflicients
(TECs) were found below 200 °C and above 500 °C. In the
case of the first heating of the hydrated
BaZrl/stl/SSnl/STi1/8Y1/81n1/8Sm1/8Yb1/803_x, TEC values
were 9.8(5) X 107° K~! and 10.8(3) x 107 K™! in lower-
(25—200 °C) and higher (500—1000 °C)-temperature ranges,
respectively. The obtained TEC values are comparable to the
other perovskite proton conductors,”* suggesting that the high-
entropy configuration of this material does not affect
significantly the average bond anharmonicity.

3.3. Transport Properties. The Nyquist impedance
spectra as well as the details of the analysis of the impedance
results are presented in the SI (Figure SS). Based on the
impedance data gathered in different conditions, the total,
bulk, and specific grain boundary conductivities of
BaZr, gHf, sSn 5Ti ;5Y sgIn; sSmy 5Yb, 50,5, were deter-
mined. The results are shown in Figure 5. The total
conductivity in various conditions (Figure Sa and Table S3)
is between 1077 and 107> S cm™" in the temperature range of
300—800 °C. In the studied temperature range, in H,O- and
D,0O-containing air, the values of total conductivity are higher
compared to those of the dry conditions; however, the
difference decreases with increasing temperature. This is
typical of oxides in which proton defects contribute to the
total conductivity. At about S00 °C, the slopes of the o(T)
plots in all atmospheres change, which suggests a change in the
conduction mechanism. Additionally, the proton mobility was
calculated. At 700 °C, the mobility is 3.5 X 107 ecm? vt
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Figure 5. Temperature dependence, shown in Arrhenius-type
coordinates, of the (a) total electrical conductivity; inset, calculated
proton mobility (Figure S7); (b) bulk conductivity; and (c) specific
grain boundary conductivity of the
BaZr,/sHf; /sSn,/sTi1 /g1 /810, s5m, /YD, /505, sample in dry, H,O-
and D,O-containing air. For additional information, see Figure S8.
The estimated error is lower than 10%; thus, the error bars are not
included as they would be smaller than the data points in the plots.
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Figure 6. Temperature dependence, shown in Arrhenius-type coordinates, of the (a) total electrical conductivity in dry and H,O-wet nitrogen,
along with the activation energies, and (b) comparison of the total conductivity in dry and H,O-wet either synthetic air or nitrogen. The estimated
error is lower than 10%; thus, the error bars are not included as they would be smaller than the data points in the plots.

which is about one order of magnitude lower than for
BaCe45Zry,Y(.1505_5 for which the mobility of protons is 7.26
X 107> cm? V™' s71.*° Such a difference may be caused by the
structural distortions that appear in such a multicomponent
perovskite oxide decreasing the mobility of protons. In Figure
Sb,c, the separated bulk and specific grain boundary
conductivities in different atmospheres are shown. As can be
noticed, the specific grain boundary conductivity is approx-
imately 2 orders of magnitude lower than that of the bulk
conductivity. Such behavior is typical of the BaZrOj; system as
in most cases the grain boundaries have a blocking character
for ionic conduction.”**’

Additionally, the conductivity measurements were con-
ducted in dry and wet nitrogens. The results are presented
in Figure 6. First of all, the conductivity is lower in N, with
respect to air regardless of the humidity. However, the
difference between dry and wet conditions is larger than in air.
Such behavior is expected as the pO, is decreased, since the
concentration of electron—holes decreases and oxygen
vacancies increase. The electron—hole mobility is much higher
than the vacancies; thus, the reduction in their concentration
leads to a decrease of the total conductivity. Due to the more
ionic nature of conductivity in N,, the activation energies are
slightly higher than those calculated in the synthetic air. On the
other hand, both reduced contribution of holes and increase of
oxygen vacancy concentration lead to higher hydration level
and larger difference between conductivity in dry and wet
conditions, which are observed.

To analyze the contribution of proton conductivity to the
total one, the conductivity isotope effect was studied (in
synthetic air) and the transport numbers for proton/deuterium
conductivity were evaluated. In Figure 7, the ratios of bulk
conductivity in H,0O- and D,O-containing air as a function of
inverted temperature are presented. The 6yy—1,0/Cbu-p,0

ratio is 1.5 at 300 °C, and with increasing temperature, it
decreases to 1.2 at 500 °C, reflecting a decreasing proton/
deuteron contribution to the bulk conductivity. As the
difference between activation energies of conductivity in
H,0- and D,0O-humidified atmospheres is observed, the
conductivity isotope effect can be explained by the semi-
classical model.”® The observed difference between activation
energies of bulk conductivity (0.04 eV) is within the model
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Figure 7. Ratios of bulk electrical conductivity in H,O- and D,O-
containing synthetic air. Horizontal lines mark 6y,y_11,0/Gpu-n,0

equal to \/ 2 (classical model of ideal proton conductor)*® and 1
(nonproton conductor).

limits AE, < 0.055 eV,29 while that for grain boundary
conductivity (0.08 eV) is higher. The observed isotopic effect
shows that proton conduction occurs by the Grotthuss
mechanism.”®

The proton and deuterium conductivities and corresponding
transport numbers were calculated utilizing eqs 3 and 4°°

OH/D = Owet(H/D) ~ Cdry (3)

tu/p = GH/D/Uwet(H/D) (4)

where oy is the proton/deuterium conductivity, o, e /) is
the total conductivity in the H,0/D,0O-humidified atmos-
phere, o4, is the total conductivity in dry conditions, and t,p,
is the proton/deuterium transport number. The results are
collected in Table 1. The comparison of these values with
those reported for other materials is not straightforward
because of differences in experimental conditions used in
different works. For example, Han et al. showed transport

14539 https://doi.org/10.1021/acs.jpcc.3¢03906
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Table 1. Partial Electrical Conductivity and Transport Numbers of the BaZr, gHf, sSn; sTi; 5Y; 5In; sSm, 5Yb; 50;_,

Perovskite
proton/deuterium conductivity 6y/p = Gye(t/p) — Oary (S em™) proton/deuterium transport number tyy;p = 611/p/Gyer(/p)
Total Electrical Conductivity
T 800 °C 700 °C 600 °C 500 °C 400 °C 300 °C
oy 1.18(1) x 107 1.29(1) x 107 6.21(1) x 107° 2.61(1) x 107° 5.40(1) x 107¢ 4.72(1) x 1077
ty 0.04(1) 0.12(1) 0.21(1) 0.38(1) 0.51(1) 0.59(1)
op - 421(1) x 107° 2.36(1) x 107° 1.21(1) x 107° 2.66(1) x 1076 1.49(1) x 1077
t - 0.04(1) 0.09(1) 0.22(1) 0.34(1) 0.31(1)
Bulk Electrical Conductivity
T 800 °C 700 °C 600 °C 500 °C 400 °C 300 °C
oy 6.11(1) x 1075 220(1) x 107° 3.65(1) x 107¢
ty 0.44(1) 0.65(1) 0.70(1)
op 3.84(1) x 107° 1.29(1) x 107° 1.99(1) x 107°
tp 0.33(1) 0.52(1) 0.56(1)

numbers of BaZrygY,,03;_, at 600 °C in a wet oxidizing
atmosphere reported in different works between 0.07 and
0.6.>' Nevertheless, the results show that the contribution of
proton conduction in
BaZr, gHIf) sSn, 5T 5Y) /sIn gSm, YD) 505, is significant at
temperatures below 500 °C, while at higher temperatures,
other charge carriers, i.e., oxygen vacancies and electron—holes,
dominate. This agrees well with the TG and isotope effect
results.

The activation energy of total conductivity in wet air below
500 °C (0.9 eV) compared to BaZryeScy;0; (0.72 eV),
BaZr 5S¢0 0sYboosO; (0.57 €V)*” is higher, while it is
comparable to that of BaHfy,_,In,Sny;0;_5 (0.94 eV for x =
0.1 and 0.15, 0.85 eV for x = 0.2)* and BaZr,sM,,0;_, for
which the activation energy of conductivity in wet argon was
found to be 0.83—1.0 eV for M = Sc, In, Lu, Y, and Sm.** On
the other hand, Zhu and Wang reported the activation energy
of the total conductivity of BaZr,3Y,,_,Sm,0;_s (x = 0, 0.05,
0.1, 0.15, 0.2) in wet air as 0.96—0.97 eV.>® Total conductivity
and its activation energy are an important property, especially
from the point of view of future practical applications. It
depends on bulk and grain boundary conductivities.

The activation energy of bulk conductivity in humidified air
below S00 °C (0.67 eV) is higher than that observed in
acceptor-doped barium zirconate, which is usually between 0.4
and 0.6 eV.***° Experimentally determined activation energy is
composed of the contributions from energy barriers for the
O—H bond rotation and proton hopping as well as of proton
trapping energy. Recently, Draber et al. using the DFT and
kinetic Monte Carlo methods discussed how the properties,
content, and superstructures formed by different acceptors
influence proton mobility in barium zirconate.’”*® They found
the barriers for the O—H rotation independent of the type of
studied acceptors (Ga, Sc, In, Y, Gd), while the barriers for
proton hopping are similar to one another for the most
favorable hopping neighborhood, which is about 0.2—0.4 eV.
On the other hand, in the case of high acceptor contents, the
energetically unfavorable jumps in the neighborhood of two or
three acceptor ions cannot be avoided. For instance, the energy
barrier associated with the jumps in the vicinity of two and
three yttrium ions was calculated as 0.52—0.58 and 0.66 €V,
respectively.”® This means that the contribution of such jumps
may be one of the reasons for the relatively high activation
energy of bulk conductivity in the here-studied high-entropy
oxide. What regards proton trapping in multicomponent
perovskites is that it has not been investigated so far; however,

based on the relatively high activation energy of bulk
conductivity in the
BaZr, sHf; /s5n, /5T, /gY) /sIn; gSm, 5Yb, 505, oxide, proton
trapping seems a possible reason. Trapping proton energy
was analyzed in simpler systems; for example, Yamazaki et al,,
in Bayg,Zr)79Y02103-,, determined it as approximately 0.3
eV.*” A very interesting analysis of proton trapping was carried
out by Draber et al. who found that the highest proton
mobility in BaZr, .Y, O;H,, is achieved for x = 0.25, especially
if the acceptors form the body-centered cubic superstructure,
whereas in the case of x = 0.5, a random distribution of
acceptors is beneficial. In the case of high-entropy
BaZr, sHf; S0 5T 5Y | /5In; sSm, 5Yb, 505, we assume
that all constituents are randomly distributed. Nevertheless,
each acceptor is expected to differ in trapping behavior and
some of them, for instance, the largest samarium in the
neighborhood of the smallest titanium, may form deep traps,
which could effectively decrease the mobility of proton
defects.*

The activation energy of conductivity related to the grain
boundaries is higher than that of the bulk, meaning that charge
carriers experience higher potential energy barriers. So far, it
has been suggested that the main source of the potential
barrier energy related to grain boundaries is the space charge,
e.g., 41. A grain boundary in a polycrystalline oxide consists of
a GB core with a maximum of positive potential energy and
two adjacent space-charge layers (SCLs). The positive GB
charge induces the depletion of the adjacent regions in the
positively charged mobile defects, ie., oxygen vacancies and
proton defects. The mobile defects’ depletion in the space-
charge layers is considered the main reason for the grain
boundary blocking effect.”” The space-charge layer thickness is
characterized by the Debye length. To calculate the barrier
potential and space-charge layer thickness related to the grain
boundaries, we used an approach proposed by Fleig et al,*’
within which the potential ¢, at a grain boundary can be
calculated using the formula

Zeq,/ kT
Obulk e’
- Zeg,
O-GB—spec 2 kTO (5)

where 6y, is the conductivity of the grain bulk, 6gp.gec (
C

OGB—spec = %; Cgp and Cy are the capacitance of the grain
GB

boundary and bulk, respectively) is the conductivity of a

specific grain boundary, Z is the charge of the dominating
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charge carrier in given conditions, and e is the elementary
charge. Furthermore, since the proton concentration at 300 °C
is known, the Debye length L, and space-charge layer (SCL)
thickness A can be calculated using the equations

kTeg,
Ly = 5
2ec (6)

[2e 2¢¢,
/1=2LD\/I<—:0=\/e—:% %)

where ¢ is the acceptor concentration, € is the relative dielectric
constant, and e is the elemental charge. The relative dielectric
constant was evaluated based on the grain interior capacitance,
and at 300 °C, it is 331 in the H,O-humidified atmosphere.
This value is approximately 3 times higher than those reported
for BaZryoY,;0;”" and 6 times higher than that of
BaZrysY,,0; " High dielectric permittivity (above 100) in
the Ba(Zr, Ti,Sn,Hf,Me)O; (where Me = Ta, Nb) high-entropy
perovskites was observed by Zhou et al.** and in NaCl-type
high-entropy oxides by Bérardan et al.**

Based on equations (eqs 5S—7), the following parameters
describing the space-charge barriers were found. In H,O-wet
air at 300 °C, ¢,, the Debye length, and the SCL thickness
were 0.18 V, 0.26, and 1.0 nm, respectively. The space-charge
barriers at higher temperatures are gathered in Table SS.
Moreover, the concentration distribution of proton defects in
the vicinity of grain boundary at 300 °C was modeled and is
presented in Figure 8. The proton defect concentration in the

300 °C

10°

10" | -

normalized concentration
[ }
| ]

10-2 1 . I " 1 s
0.0 0.5 1.0 1.5

distance from grain boundary core (nm)
Figure 8. Normalized concentration of proton defects in the space-

charge layer relative to the concentration in the grain interior at 300
°C. The plot is a modeled approximation of the space-charge layer.

region adjacent to the grain boundary core is lower by less than
two orders of magnitude than that in the bulk. Such a
difference is lower than reported for, e.g., BaZr,,Y,,0;_, by
Kjolseth et al. where the difference at 300 °C is more than
three orders of magnitude. Summing up, the characteristics of
the grain boundary conduction reported in this work in the
multicomponent perovskite differ from that of other materials
based on barium zirconate. In particular, the potential barrier,
@, is lower than those of low-entropy barium zirconates. For
instance, at 300 °C in BaZr;¢Y,,0;_,, Kjolseth et al
determined 0.51—0.62 V in wet oxygen’’ and in BaZ-
rosY020;3_, and BaZr;¢Gd,,05_,, Iguchi et al. found 0.45

and 0.30 V at 200 °C in wet air, respectively."' Also, the space-
charge layer thickness in
BaZrI/ngl/gsnl/sTil/ng/glnl/8Sm1/8Yb1/8O3_x (10 nm) is
four times lower than in BaZr;,Y,,0;_,, which Kjolseth et
al. found at 300 °C in wet oxygen as about 4 nm.”’ A relatively
low space-charge layer potential may be caused by a high
content of acceptor constituents and by short-range disorder
present in the grains. The high content of acceptors may lead
to the accumulation of negatively charged acceptors in grain
boundaries. This partially compensates for the positive charge
of the GB core and reduces the depletion of the space-charge
layer in positive defects. Such an effect was observed by Iguchi
et al. in barium zirconate doped with yttrium and
gadolinium.”’ They found the grain boundaries enriched in
acceptors by 16, 21, 26, and 24% in BaZr,_,Y,O; with x = 0.05,
0.1, 0.15, and 0.20 and BaZr,,Gd,;0;_, corresponded to the
potential barriers of 0.5, 0.40, 0.43, 0.35, and 0.30 V,
respectively. What is more, the short-range disorder present
in multicomponent oxides may result in a smaller difference
between mobile defect energies in the bulk and the grain
boundary cores, leading to a decreased grain boundary
potential.

In view of a relatively low energy barrier related to the space-
charge layer at grain boundaries, it seems strange that the
activation energy of the specific grain boundary conductivity is
nearly 1.2 eV. It suggests that other reasons should also be
considered. For example, Yue et al. using quantum mechanical
and molecular mechanical simulations found that in the
regions of grain boundaries and dislocation cores in BaZrO;,
the activation energy of proton transfer is increased because of
the contribution of local lattice deformation.*® In addition, a
more prosaic reason, that is, the presence of NiO, which was
used as a sintering aid, may partially explain high activation
energy. For more information considering the transport
properties, please see the Supporting Information file.

3.4. Transport Properties upon Hydration. Further
studies of transport properties related to mobile proton defects
were carried out by electrical conductivity relaxation (ECR).
For the diffusion coefficient estimation, the data were
normalized according to eq 8

% — 0
o = ——-
" g, -0, (8)

where 6, is the normalized conductivity, 6, = o(t = 0) is the
initial conductivity, 6., = 6(t = o) is the final conductivity,
and 6, = 6(t) is the apparent conductivity at time t.*” In Figure
9, exemplary ECR data recorded at 450 °C are shown. As can
be noticed, the relaxation curve is single-fold, indicating a
coupled transport of hydrogen and oxygen ions in the
structure.*® A two-step (nonmonotonic) process, which occurs
only if sufficiently high hole conductivity is present,”” was not
observed in the studied temperature range (below 600 °C).
The condition for the evaluation of Dy and kgy* at the same
time depends on the relation between them and the sample
thickness.””' Accurate determination of both coefficients is
possible when the relation (eq 9) is fulfilled

Lk
"D 9)

where L is a dimensionless parameter, [ is half of the
thickness of the sample, k is the chemical surface exchange
coefficient, and D is the chemical diffusion coefficient. When L
> 30, the process is diffusion-dominated, whereas if L < 0.03,
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Figure 9. Total electrical conductivity relaxation (ECR) data at 450
°C during the change of the atmosphere from dry to humidified. The
red line represents the fitted curve. The estimated error is 4.5%; thus,
the error bars are not included as they would be smaller than the data
points in the plots.

the process is controlled by the surface reaction. The values of
transport coefficients and the dimensionless parameter L are
summarized in Table 2. The condition for the simultaneous

Table 2. Diffusion Coefficients (Dgy*), Surface Exchange
Coefficients (kgy*), and Dimensionless L Parameters
Calculated Based on Conductivity Relaxation
Measurements for

BaZr, gHf, /450, /s Ti; /5y /sIn; s5m, 5Yb, 505,

T (°C) Doy (cm? s71) kog (cm s71) L
600 1.9(1) x 107¢ 9.6(1) x 107* 20.0
500 3.0(1) x 1077 1.6(1) x 107* 21.7
400 1.2(1) x 1077 8.4(1) x 107° 27.5
300 22(1) x 1078 5.7(1) x 107¢ 10.2

determination of Dy and kqyy* is fulfilled for all temperatures
apart from 450 °C. The derived Dgoy* values and the surface
exchange coefficients kgyy* are in the 1075—107° cm? s™! and
the 107°—107* cm s™" range, respectively. All data along with
the respective energies are presented in Figure 10.

The activation energy associated with the water chemical
diffusion was estimated as 0.66 eV, which is very close to the
activation energy of bulk conductivity (0.67 eV) and lower
than the one of total conductivity (0.90 eV) in wet air at
temperatures below 500 °C. Conductivity and chemical
diffusion are related but not identical transport processes of
proton defects and oxygen vacancies. Conductivity is the quasi-
independent transport of both types of charge forced by a weak
electric field, whereas, in the case of chemical diffusion, the
transport is coupled and occurs under a large concentration
gradient since the space-charge potential and thickness of grain
boundaries are not linear properties, which means they are
influenced by a large concentration gradient. Therefore, the
differences between the activation energies of total con-
ductivity and chemical diffusion should be expected. The
values of transport coeflicients are comparable to the
previously reported barium—zirconium system. For example,
for Bagglag;Zr;,5Sn0,5InysO5_,, the coeflicient Doy is in a

range from 107% to 107> cm® s™" at a 300—600 °C temperature

1000 T (K™)

Figure 10. Temperature dependence of the D (blue) and k (red) with
calculated values of the activation energy. Data are shown in
Arrhenius-type coordinates. As the estimated error for most points
is less than 5%, the error bars are not included as they would be
smaller than the point on the figure. For the standard deviation of
fittings of electrical conductivity relaxation curves in a 300—600 °C
temperature range, please see Table S7.

range and the chemical surface exchange coeflicient koge is
from 107 to 107> cm s7"°? in the same range. Additionally,
these values are higher than those published for some other
proton-conducting perovskites such as indium-doped SrCeO;
for which Dy is in the range of 107°~1077 cm® s~ and koyy*
is 1075=107% cm s7'** at 500—700 °C. For more information
considering the diffusion properties, please see the Supporting
Information File.

4. CONCLUSIONS

Transport properties of single-phase
BaZr, gHf| gSn; /5T 5Y ) /gIn; sSm; 5Yb; 505, as an exem-
plary member of multicomponent perovskites with mixed
conductivity were presented and discussed.

The presence of proton defects was shown using
thermogravimetry, while the conductivity isotope effect and
the ECR results confirmed proton conduction occurring by the
Grotthuss mechanism. The presence of proton defects caused
the expansion of the unit cell and influenced the thermal
expansion coeflicient. The significant content of proton defects
was observed below 500 °C, whereas the dehydration process
kinetics was found to be slow.

The single-fold relaxation curves below 600 °C indicated
that the electronic conductivity in the
BaZr, ;gHf) ;gSn, /g Ti; 5Y) sgIn; sSm; 5Yb, 505, high-entropy
oxide may be neglected. With the proton transport numbers
for total conductivity in the range of 0.04—0.59 in H,O-
humidified air, we may conclude that the transport properties
are dominated by two mobile ionic defects: proton defects,
OHp, and oxygen vacancies, V(.

A large content of acceptor constituents was proposed as a
possible reason for a relatively high activation energy of bulk
conductivity below 500 °C in wet air (0.67 eV) and a low
space-charge layer potential barrier (0.18 V at 300 °C in H,O-
humidified air) and thickness (3.5 nm) at grain boundaries.
The potential barrier height is significantly lower than those
observed for typical polycrystalline-doped barium zirconates.
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For the first time in the case of high-entropy materials, the
chemical diffusion coefficient Dgy and chemical surface
exchange coefficient koy* of water were determined based on
electrical conductivity relaxation (ECR) experiments. The
chemical diffusion coefficient of water Doy and the surface
exchange coefficient kg are is in the range of 2.2(1) X 107%—
1.9(1) x 107® cm* s™* and 5.7(1) X 107°-9.6(1) X 10™* cm
s”!, respectively.
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