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ABSTRACT: Here, for the first time, we present data on
proton conductivity of high-entropy, single-phase perovskites.
The BaZr,,Sn,,Tiy,Hfy,Ceo,05 5 BaZrg,Sn,,Tip,Hfy,-
Y0,0;3-5 BaZr,/;Sn,/;Ti,/;Hf,/;Ce;/;Nb,/;Y,/;0;_5 and
BaZrg ;550015 Tig.15Hfo.15Ce.15Nbg 15Y0.1003-5 single-phase per-
ovskites were synthesized. Before electrical measurements,
materials were characterized using X-ray diffraction (XRD),
scanning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), and thermogravimetric analysis (TGA).
The following experimental results demonstrated that studied
high-entropy perovskites are proton conductors: (1) The
observed mass increase upon the switch from dry to wet
atmosphere confirmed the water incorporation into materials structure. (2) The electrochemical impedance spectroscopy
(EIS) revealed that the total conductivity increased while its activation energy decreased in the presence of water vapor in the
atmosphere. (3) The conductivity in atmosphere humidified with H,O and D,O differed one from another, showing typical of
proton conductors isotope effect in high-entropy oxides.
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xides containing cations introduced to the host compositional variety of these multi-component oxides should

structure as substitutions have always been studied; allow for adjusting the electrochemical properties by changing

however, the research on high-entropy oxides oxide constituents. So far, no reports have been published on
(HEOs), in which entropy forces the cations in the random proton conduction in high-entropy oxides. Proton conduction in
distribution, commenced in 2015 from the pioneering work of oxides requires the formation of protonic defects, OH;, where
Rost et al, who demonstrated that configurational disorder can, OHS, in Kroger—Vink notation, signifies OH'~ occupying the
at a particular temperature, promote the formation of a oxygen site. This process occurs in an atmosphere containing
homogeneous oxide. Studies on Mg,,Co,,Niy,Cug,Zng,0 by water vapor for compounds in which oxygen vacancies are
Bérardan et al. showed constituents may have different valency.” available. Proton defect concentration depends on the
What is interesting, the ionic conductivity observed in lithium- concentration of oxygen vacancies available for hydration and

hydration enthalpy. While it may be difficult to achieve more
favorable hydration thermodynamics than that for the state-of-
art perovskites, we believe the entropy may enable introducing
higher content of acceptor-type constituents without defect
clustering. Proton mobility is affected by energy barrier height,

substituted high-entropy oxides was very high, reaching 1 mS-
cm™! at room temperature.’ Apart from the HEOs of the rock-
salt structure also perovskite, ® fluorite,”* and spinel” oxides
were studied, as well as multiple other systems.'”"" Sharma et al.
showed that epitaxial films of high-entropy o )
BaZry,Sng, Tig,Hfy,Nby,0; perovskite deposited on SrTiO; the entropy of migration and proton trapping energy. Prot'on
d MoO exhibited thermal conductivity almost an order of transport occurs through Grotthus mechanism involving
and ¥'g v ion of the OH bond and proton hopping between oxygen
magnitude lower than other, non-HEO, single-crystal perov- rotation o P pPPIng e
skites.” Jiang et al. synthesized BaZr,,Sn,, Tiy,Hf, ,Ce,O; and
BaZr,,Sn,,Tiy,Hf;,Y(,0;.5 high-entropy perovskites showing Received:  June 16, 2020
that aliovalent substitutions are possible in these compounds.” Accepted:  September 9, 2020
The idea of using high-entropy oxides as proton conductors is Published: September 9, 2020
based on the possible influence of configurational entropy and
related to that disorder on the possibilities of obtaining high
concentration and mobility of proton defects. Moreover,
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Figure 1. Thermograms recorded at 300 °C upon isothermal switch between dry and humidified atmosphere.

ions.'> As the first approximation, the oxygen lattice in HEOs
may be considered as ordered,' however, Bérardan et al."® and
Rak et al."* showed that in rock-salt HEOs Jahn Teller effects
introduce some randomness into the oxygen lattice. Similar
effects may be present in perovskites. Moreover, cationic lattice
disorder causes a distribution in the cation—oxygen bond length
and strain. Thus, it may also influence the energy barriers for
proton transport, the tendency to defect clustering and proton
trapping, which would result in altering the ionic conductivity.
Migration entropy, related to the number of possible equivalent
proton paths may be influenced by high configurational entropy
through introducing frustrated energy landscape relaxing the
constraints on jump trajectories. Such a phenomenon was
reported in non-HEO Li-ion conductor (LiTi,(PS,);) by Di
Stefano et al."

Here, we investigate the possibility of proton conduction in
high-entropy cubic perovskites (ABO;). One set of samples, that
is, BaZrg,Sn,Tig,Hfy,Ceq,03-5 and BaZrg,Sng,Tip,Hfp -
Y,,0;_5 were previously reported as HEOs by Luo et al.’
The second set, that is, oxides containing seven B-cations
(BaZr, /,Sn, ;Ti, ;Hf, ,,Ce, ;Nb, ;Y ;05_s and BaZr,,5Sn, s
Tig15sHfy15Ce15Nbg 15Y0.1003-5), we report here for the first
time. To examine the possible proton conduction, water uptake
and electrical conductivity in dry and wet air were studied. For
the first time, to our knowledge, proton conductivity has been
investigated for high entropy oxides.

All obtained oxides were single-phase cubic perovskites. The
results of the structural, microstructural and XPS analyses are
given in Supporting Information. The unit cell parameters
increase linearly with an increasing average radius of B-cation
(Figure S7), which follows the Vegard rule. This may indicate
that the oxygen content of the oxides is close to the one resulting
from the cation stoichiometry, and the major part of niobium is
present as Nb°*. This is supported by the XPS results showing
that roughly 90% of Nb in BaZr; 550, 5T 1sHf 15Ce 1sNbyg 1 5-
YO.IO3—§ and BaZr1/7Sn1/7Ti1/7Hfl/7Cel/7Nb1/7Y1/7O3_5 is
present as Nb** (Figure S9). XPS analysis for other cations
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(Figures S10—S14) showed that Zr, Sn, Ti, and Hf are at 4+,
whereas Y at 3+ valence state. The data for cerium were of too
low intensity to determine the Ce* and Ce’" content.
Nevertheless, cerium is known to be stable as Ce*" in
BaCeOj;-type perovskites at Py of 1-107* bar.'® The micro-

structures of all samples (Figure S8) are similar, they are porous
and consist of well-formed crystalline grains (50—900 nm).

To analyze proton conduction in HEQs, firstly formation of
protonic defects should be verified. In good proton-conducting
oxides, protonic defects form in the hydration reaction (reaction

1)

vy + H,0 + 05 = 20Hg (1)

where v3°, OF, and OH; denote Kroger—Vink symbols of oxygen

vacancy, lattice oxygen and protonic defect, respectively.
Thermogravimetric analysis upon isothermal switch at 300°C

between the dry (pyo &~ 6 X 107° atm) and humidified

atmosphere (py;,o & 0.01 atm, (Figure 1) shows that the relative

mass change of BaZr,,Sn,,Tiy,Hf;,Y,,0; s is the highest,
approximately 0.05%, while for the other samples, it is on the
order of 0.005%. The mass change in humid atmosphere can be
attributed to hydration as an effect of the proton defects
formation. Since the powders were synthesized as bulk—not
nanopowders—the surface adsorption is negligible. As shown by
reaction 1, oxygen vacancies are necessary for this process.
Extrinsic oxygen vacancies in acceptor-doped oxides form to
maintain charge neutrality. In the considered HEOs, yttrium and
niobium are acceptor- and donor-type constituents, respectively,
while the other B-cations (Zr, Sn, Ti, Hf, and Ce) are 4+ ions.
Therefore, in BaZry,Sn,,Tiy,Hf,Cey,03 s oxygen vacancy
concentration is close to zero, or no vacancies are available for
hydration, while in BaZr,,Sn,,Tiy,Hf,,Y,,0;_s one oxygen
vacancy per two yttrium ions forms. In BaZr, ,,Sn, ,; T4, ,,Hf, -
Ce,/;Nb, Y, ;05_s with 90% of Nb**, the average charge of B-
cations is slightly lower than 4+, so a small concentration of
extrinsic oxygen vacancies may be expected. On the other hand,
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Figure 2. Total electrical conductivity of the HEOs in dry (po, &~ 0.199 atm, py o &~ 6 X 10° atm) and humidified air (po, ~ 0.195 atm, py o ~
2.36 X 107% atm) with either H,0 or D,0 plotted as a function of inverted temperature.
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Figure 3. Ratios of total electrical conductivities in H,O and D,0-humidified air as a function of inverted temperature. Horizontal lines mark

611,0/0p,0 equal to V2 (classical model of ideal proton conductor) and 1 (non-proton conductor).

in BaZry;5Sng15Tig1sHf 15Cep15Nbg 15Y0 1055 the Nb>* con-
tent exceeds that of Y>*; therefore, the charge compensation
involving either electronic defects, cation vacancies or oxygen
interstitials formation may occur. In barium titanates and
stannates various mechanisms of Nb>* charge compensation,
involving electronic and ionic processes, were discussed. Singh
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et al. in BaSn; Nb,O; proposed that similarly to barium
titanate, for x > 0.010 B-site vacancies form.'” Alternatively,
barium vacancies formation and reduction of titanium from Ti**
to Ti>* were considered by Jwala et al. in Nb-doped
BaTiggsZry,505."" It should be noted that the presence of
barium vacancies increases energy barriers for proton migra-
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tion."” Regardless of which mechanism prevails, the concen-
tration of oxygen vacancies in BaZry,sSngsTigsHfy 15
Ceg15sNbg;5Yy,0;3_5 may be considered very low. Summing
up, among the high entropy oxides studied in this work, only
BaZr,,Sn,,Tiy,Hfy,Y(,0;_5 contains a significant number of
oxygen vacancies, which explains why this sample exhibits the
highest water uptake. The relative mass change for this
composition corresponds to 1.6 X 102 mol/mol proton defect
concentration and is similar to other mixed proton—electron
conductors like barium lanthanide cobaltites™ but is lower than
in well-recognized proton conducting materials like barium
zirconate.”’ Proton defect concentration in BaZry,Sng,-
Tip,Hf,Ce,05-5 BaZr,/;5n,/;Ti, ;Hf, ,Cey 7N, 7Y, 7055,
and BaZry 15Sn,15Tio,15Hf 15Ce0,15Nbg,15Y,1003-5 is 1.5 X 107,
2.0 X 1073, and 2.4 X 10* mol/mol, respectively. The hydration
characteristics of a perovskite oxide depend on such factors as
the difference in the electronegativity of the B- and A-cations
and the tolerance factor influencing hydration enthalpy.”
BaZr,,Sn,,Tiy,Hf,,Y(,0;5_5 and BaZry4Y,,0;_s have similar
tolerance factors, but the difference of weighted electro-
negativity~ for the B and A constituents (y — y,) is different.
Taking the values of Allred—Rochow electronegativities of 0.97,
1.22, 1.72, 1.32, 1.23, and 1.11 for Ba, Zr, Sn, Ti, Hf, and Y,
respectively”* (35 — xa) of BaZry,Sng, Tig,Hfy,Y,05_5is 0.35,
while that of BaZryY,,05_s is 0.228. Norby et al.” suggested
the larger difference between the electronegativities the less
exothermic hydration process. The value observed for
BaZr,Sn,,Tiy,Hf;,Y(,05_5 is less favorable for hydration
than that for BaZry4Y,,0;_s; however, it corresponds to a
negative enthalpy of hydration.””

The transport properties of oxides involve electronic and ionic
charge carriers. Here, we expect that mobile ionic defects are
protonic defects, OH}, and oxygen vacancies,3®. The mobile
electronic carriers may be also present. The disorder and lattice
distortions, related to the presence of at least five cationic
constituents, may influence both the concentration and mobility
of charge carriers. The total electrical conductivity of high
entropy perovskites in different conditions is displayed in
Figures 2 and 3. Apparent activation energies and values of total
conductivity at 440 °C are gathered in Table S2.

The total conductivity of the HEOs containing five elements
on B-site is higher than that of the oxides containing seven.
Nevertheless, the electrical properties of these oxides show
several similar features. Firstly, the total conductivity in
humidified air is higher than that in dry air. This is especially
evident below 500 °C. Moreover, the isotope effect is observed,
that is, the conductivity in the atmosphere containing D,0 is
lower than that observed in the air humidified with H,O. The
ratios of total conductivities in H,O- and D,0O-humidified air at
low temperature are between 1.4 and 1.8, while with increasing
temperature, they decrease approaching unity between approx-
imately 500 and 600 °C. Both the concentration of proton
(deuteron) defects””*° and their mobility’” may depend on the
isotopic distribution. The presence of conductivity isotope effect
is considered as a confirmation of proton contribution.
Moreover, such a large value of ratios of total conductivities in
H,0- and D,0-humidified air as observed in this work confirm
the Grotthuss mechanism of conduction.”® So that, at lower
temperatures, proton conduction dominate the transport
properties of the materials. Secondly, the activation energy of
total conductivity depends on the atmosphere and the
temperature range.
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In dry air, the charge carriers contributing to the electrical
conductivity are either oxygen ions or electronic-type charge
carriers, or both, whereas the protonic defects may be neglected.
That is why the activation energy of conductivity in dry air is
higher, while the values of conductivity are lower than those
observed in humidified air. The values of activation energy of
conductivity in dry air are higher than those observed in low-
entropy proton-conducting perovskites. For example, Zajac et al.
reported 1.05 eV for BaZry45Gdg 505975, and Bohn et al. for
BaZr;oY,,0,9s found 0.9 and 1.1 eV and interpreted them as
related to electron—hole and oxygen ion conduction,
respectively.”” Assuming small polaron hopping conduction in
dry air, the high activation energy of conductivity of HEOs
would be justified by enhancing the tendency of electron-hole
trapping as small polarons by the lattice disorder.”" It is not
known how B-cation disorder influences the oxygen ion
conductivity in perovskites; however, Luo et al, who studied
HEOs based on the ZrO,, observed higher activation energy of
oxygen ion conductivity in comparison to that in the low entropy
yttria-stabilized zirconia.® It should be also noted that the
BaZr, ;sSng ;s Tip 1 sHfy 15Ceo 15Nbg 15Yo05_s oxide in which
neither oxygen vacancies nor electron-hole type charge carriers
are expected to significantly contribute to the conductivity in dry
air, exhibits the lowest total conductivity.

To discuss the proton conduction, we will first focus on the
properties of BaZr,,Sn,,Ti,,Hf;,Ce(,0;_s and acceptor-
substituted BaZr,Sn,,Ti;,Hfy,Y(,05_s in the humidified
atmosphere below 500 °C. Acceptor-type substitution is a
typical strategy of increasing proton conductivity; therefore,
their properties may be compared with those of low entropy
perovskites, for example, BaZrO; and acceptor-substituted
BaZrO,.

Similarly to typical proton conductors, BaZr,,Sn,,Tiy,Hf; »-
Y,,0;_s in wet air at temperatures below 500 °C uptakes water
and exhibits higher total electrical conductivity than in dry air.
Interestingly, apparent activation energy of total conductivity of
BaZry,Sng,Tig,Hf),Y,05_5 (0.53 V) in wet atmosphere is
lower than that exhibited by low-entropy doped barium
zirconate (e.g., 0.73 eV for BaZr;oSc,;0; 0.54 eV for
BaZry 4sS¢0,05Ybg0sOs° 0.62 €V for BaZrygY,,05,>" 0.8—1 eV
in BaZry ¢M,,0;_, for M = Sc, In, Lu, Y, and Sm, and 0.73 eV for
M = Gd**). Terms that contribute to the activation energy of
proton conductivity are energy barriers for proton hopping,
hydroxide ion rotation, and proton trapping energy. Moreover,
the apparent activation energy of total conductivity is strongly
influenced by grain boundary conductivity. The activation
energy of proton motion depends on the A-ion characteristics
and O—-B-0O bending.19 Because of atomic mass difference,
phonons related to O—B—O vibrations in BaZr,,Sn,,Ti,,Hf»-
Y,,0;_5 should shift towards lower frequencies in comparison
with BaZrygY,,0;_5 That indicates softening of the energy
barrier for the O—B—O deformation. Regarding the proton
trapping energy, Gilardi et al. suggested, that in doped barium
zirconates it is determined by the dopant-host ionic radii
mismatch.’* In high entropy oxides, the conception of host and
dopant is no longer applicable but the ionic radii differences and
disorder related to that are most probably also relevant for
proton trapping. Finally, in porous BaZr,,Sn,,Ti;,Hf,,-
Y,03_s grain-boundary conductivity influence on the apparent
activation energy of total conductivity cannot be neglected.
Since porosity is related to low sinterability, it would indicate a
rather high activation energy of grain-boundary conductivity.
Thus, observed relatively low apparent activation energy of total

https://dx.doi.org/10.1021/acsmaterialslett.0c00257
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conductivity of BaZr, ,Sng, Ty ,Hf,Y(,03_5 seems a promising
feature of proton transport, meaning that further optimization of
the composition and microstructure of these oxides will allow
obtaining high proton conductivity.

The total conductivity in humidified air and its activation
energy differ depending on whether the air is saturated with H,O
or D,0. In BaZr,,Sn,Tiy,Hf,Y,0;_s the oy,0/0p ¢ ratio is
1.8 at 400 °C and decreases with increasing temperature
reflecting a decreasing proton/deuteron contribution to the
total conductivity. For comparison, in not-containing acceptor-
type constituent BaZr,,Sn,,Ti,Hf;,Ce;,05_5 the ratio of
0n,0 and op o at 400 °C is 1.4 and approaches unity at 470 °C

confirming that proton conductivity in this material is low.
Conductivity isotope effect in proton-conducting oxides may be
discussed within a few models. The classical model saying that
replacing H with D leads to a decrease of the pre-exponential
term of the conductivity by +/2, with no change in the activation
energy”’ may be ruled out since a difference between activation
energies of conductivity in air containing H,O or D,0O is
observed. As described by the semi-classical model, a difference
in activation energies is caused by different zero-point energies
of proton and deuteron in the potential well. This model is more
satisfactory, however, in the case of BaZr,,Sn,,Tiy,Hf,,-
Y,,05_5 the difference between activation energies (E,(D,O)
— E,(H,0) = 0.12 + 0.04 eV) exceeds the predicted maximum
value of 0.055 eV.*® Larger than predicted difference in
activation energies may result from different trapping energies
for H and D or other phenomena influencing the D—O and H—
O bonds not included within the semiclassical model.

In summary, on the basis of the described above properties of
BaZr,,Sn,,Tiy,Hf),Y(,0;_s proton defects formation, con-
ductivity isotope effect, higher conductivity, and relatively low
apparent activation energy of conductivity in a humid
atmosphere, it may be concluded that this HEO is a promising
proton-conducting oxide. Nevertheless, it should be noted that
the conductivity level shown by BaZr,,Sn,, Tiy,Hf;,Y(,0;_sin
the humid atmosphere is still significantly lower than that of the
state-of-art perovskites, that is, double-** or triple-doped™® solid
solutions of barium cerate and zirconate. For example, total
conductivity in wet air at 600 °C of dense BaCe sZr,,Y,,Ybg ;-
Gdy,0;_s achieved 1 X 1072 S cm™1.*°

Further discussion will be devoted to possible proton
conduction in BaZrg ;5sSng ;5Tip,;sHfy 15Ceo15Nbg 15Y0103-5
and BaZr,,,Sn,;Ti,;Hf, ,Ce, sNb, ;Y703 s These oxides
form more complex systems because of the higher number of
constituents and the presence of niobium. As discussed before,
the concentration of extrinsic oxygen vacancies in BaZr, ,,Sn, -
Ti, ;Hf, ,Ce, ;Nb, ;7Y ,O;_5 is small but higher than that in
the other virtually nonhydrating compositions. Despite that, in
both oxides the mass gains upon exposition to water are similar.
On the other hand, the isotope effect values and temperature
dependencies in both oxides differ. The ratio of 635  and op ¢ at
400 °C (Figure 2) in BaZr, ;Sn, ;Ti, ;Hf, ,Ce, ;Nb, ;Y ,05_s
is 1.8 and decreases with the increasing temperature reaching
unity above 550 °C. This behavior is similar to that observed for
BaZry,Sng,Tig,Hf,Y0,05_5 In BaZrg,5Sng sTio sHfg 15
Ce1sNbg 15Y 1055 similarly to BaZry,Sn,Tig,Hf,-
Cey,0;_5 ou/op at 400 °C is 1.4 and reaches unity below
500 °C. This suggests that proton conduction occurs but that its
contribution to the total one in BaZrg,;Sng;sTiysHf; 5
CeysNbg 15Y,10;3_5 is smaller than in BaZr,,Sn, T, ,Hf, )7
Ce,;;Nb, ;Y /70;_s What is surprising and seems to contradict

the above statement is the strong influence of the humidity on
the total conductivity of BaZry,5Sng 5Tl 1sHfy 15Ceq 1sNbg 15
Y,.,0;5_5. The total conductivity at 440 °C increases
approximately S times, whereas the activation energy of
conductivity upon introducing H,O into the atmosphere
becomes relatively low (0.78 eV). It should be noted that the
activation energy of conductivity of BaZr,,,Sn,,,Ti,,,Hf -
Ce,;Nb, ;Y ;0;_sin the same conditions is much higher (1.10
eV). In summary, the 7-component oxides, because of the
presence of niobium, present low total and proton conductivity;
however, their electrical properties are interesting and require
further research.

In conclusion, we report the properties of proton-conducting
high entropy perovskites. All studied oxides formed cubic
perovskites with unit cell parameters related to the average B-
cation radii following the Vegard rule. We confirmed that high
entropy oxides based on barium zirconate exhibit proton
conductivity. In all studied oxides, the formation of protonic
defects was observed. Moreover, the conductivity in the
humidified atmosphere was higher than in dry air, as well as
showing results typical of proton conductors isotope effect.
BaZr,,Sng,Tiy,Hf,Y0,0;_s which exhibited significant mass
gain and high total conductivity in a humid atmosphere, because
of the relatively low apparent activation energy of conductivity in
a humid atmosphere, was considered as the most promising
proton-conducting HEO. The compositional disorder, that is,
the presence of five constituents did not cause an increase of
activation energy of conductivity. We believe that further
optimization of the composition and microstructure of these
oxides will allow obtaining high proton conductivity.

B EXPERIMENTAL METHODS

The oxides were synthesized with solid-state reaction. Their
structural and microstructural properties were analyzed with X-
ray diffraction (XRD) and scanning electron microscopy
(SEM), respectively. BaZr, ,,Sn, ,, Ti; ,;Hf; ,,Ce, ;Nb, ;Y ,0;5_5
and BaZry ;55ng 15 Tip1sHfy 15Ce0.15Nbg 15,1055 were analyzed
with X-ray photoelectron spectroscopy (XPS). The water
uptake was studied using thermogravimetric analysis. Electrical
properties were investigated by impedance spectroscopy in dry-
and in H,O- and D,0O-humidified air. All experimental
procedures are described in detail in the Supporting
Information.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmaterialslett.0c00257.

Details of experimental procedures, experimental section
on the samples synthesis, results of XRD, SEM, and XPS
analysis, Rietveld analysis of the XRD patterns, crystallo-
graphic data obtained from the analysis, discussion of the
microstructural properties, discussion of the XPS results,
and a table gathering electrical properties of the studied
HEOs (PDF)
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