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A B S T R A C T   

Ceramic proton conductive electrolytes are promising materials for reducing the operating temperatures of solid 
oxide cells. It is desirable to achieve such a target because, as a result, durability, cost of materials, electro
chemical reactions and flexibility of its use can be significantly enhanced. A medium-entropy perovskite with the 
stoichiometric formula Ba0.5Sr0.5Zr0.5Zn0.5O3 was studied in the present work using limited amounts of critical 
raw materials. According to the performed analysis, it is possible to achieve complete phase purity at 1300 ◦C. 
Based on dilatometric measurements, the material can undergo significant densification starting at 1200 ◦C; at 
about 1550 ◦C the produced perovskite melts and degrades simultaneously. One of the most effective charac
teristics of the pure phase is its ability to absorb moisture and the excellent stability to redox mechanism. This 
material’s characteristic was confirmed by a series of thermochemical procedures and XRD analyses. As a result 
of electrochemical measurements carried out on 93% dense pellet consolidated at 1350 ◦C, the material has a 
much better conductivity and activation energy than BZY.   

1. Introduction 

One of the most current and debated problems in the world consists 
in finding a technological asset which could at the same time decrease 
the carbon foot-print and improve the use of non-critical resources 
[1–5]. It is almost clear that this requires a step change in the use and 
transport of energy as well as in circular economy based on energetic 
resources and raw material easily available [6,7]. Along this path, the 
most advanced countries are looking at hydrogen as energy vector for 
such transition [8,9]. 

Concerning the technologies, it is almost evident that to produce H2, 
as well as for its transformation to synthetic chemical or power energy 
generation, the electrochemical cells are the most promising devices 
considering the involved reaction mechanisms [10–13]. Therefore, the 
efficiency depends only on the thermodynamics of the involved re
actions and the internal resistances that could be reduced with intense 
research studies. 

The use of critical raw materials (CRM) is also an issue at least at the 
same level of the prior said challenge concerning the development of 
more advanced electrochemical devices. As for this aspect, one possible 

technology achieving both targets is that based on solid oxide electro
chemical cells [14]. Such devices have already demonstrated superior 
efficiency although some limitations are still present in their application 
[15–17]. Most of these restrictions derives from the high operating 
temperatures which can not be lower than 650 ◦C for the most advanced 
cells to achieve appropriate performances [18]. Such limitations could 
be surpassed by the introduction of novel materials especially regarding 
the electrolyte, which represents the most intensive constraint for the 
efficiency of cells, its behaviour involving the transport of ions which 
requires more energy than the transport of electrons [19,20]. 

In conventional ceramic electrolytes, the species involved in current 
transport are oxygen ions which require high energy to be efficiently 
mobile [21–25]. Typically, these ions require an energy higher than 0.9 
eV and therefore the practical approach consist in reducing the thickness 
of the electrolyte below 10 μm in order to achieve a compromise be
tween performance and operating temperature. Another possibility is 
related to the development of ceramic electrolyte characterized by 
proton conductivity [26–29]. With respect to oxygen ions, protons 
require lower energy to diffuse; depending on the involved mechanism 
they can require from less than 10 eV like in polymeric electrolyte to 
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approximately 30 eV in the already demonstrated ceramic perovskites 
where protons are transported as a consequence of the oxygen vacancies 
hydration [30]. Zirconate and cerate are the class of perovskites 
currently under studies for such uses [31–34]. However, both have still 
some limitations. For example, zirconates have shown very interesting 
proton conductivity, but they require temperatures higher than 1600 ◦C 
for achieving a proper densification [35–37]. Such temperatures are not 
optimal for the manufacture of currently used anode supporting cells. 
On the other hand, cerates could be densified at temperatures around 
1400 ◦C but their conductivity is lower and they show quite marked 
alkaline behaviour, which represents an issue for the thermal treatment 
and the operating conditions since the presence of CO2 promotes the 
formation of insulating carbonates [38–40]. Therefore, research is quite 
active in this field to find proper doping or alternative compositions. Due 
to these premises, high entropy oxides are worth to be investigated due 
to their advanced mechanical, thermal, and chemical properties relevant 
for their use in electrochemical devices [41–43]. 

The present research activity aimed at examining a 
Ba0.5Sr0.5Zr0.5Zn0.5O3 (BSZZ) perovskite with maximum entropy. This 
formulation was developed to minimize the use of critical raw materials 
and to find a composition stable into a cubic phase within Goldsmith’s 
tolerance [44]. Cerium is currently included in the list of such materials 
and therefore the perovskite was formulated using the properties of 
zirconates in combination with the potentialities guaranteed by zinc. 

There is no doubt that zirconates, when doped with various cations, 
have enticing properties and could offer a platform for the addition of 
further cations. On the other hand, there is still controversy regarding 
the influence of Zn on perovskites. Zinc was generally recommended at 
low percentage (i.e., 0.5–5 wt%) as sintering aid for achieving proper 
densification at practical temperatures [45,46]. While suggesting ZnO as 
a sintering aid, it was also reported that this element may contribute to 
undesired electronic leakage [47–49]. Conversely, some studies have 
reported that it is strongly desired in materials used as electrolytes for 
proton carrier exchange because of its powerful and positive role as 
proton uptake [50–55]. In addition, the high entropy could ensure a 
stable material with novel properties. This aspect was often addressed by 
including a large number of cations within the perovskite [41,43]. 
However, this approach has had marginal practical utility due to the 
high risk of secondary phases and lack of understanding of individual 
cation role. 

These considerations prompted us to carry out a detailed study of 
BSZZ perovskite prepared by the modified-Pechini method [56,57]. The 
results of comprehensive physico-chemical and electrochemical char
acterizations of this novel material are presented here with the goal to 
examine BSZZ as a promising electrolyte or as a platform for further 
inclusion of cations to increase its entropy. 

2. Materials and methods 

The modified-Pechini method for the synthesis of 
Ba0.5Sr0.5Zr0.5Zn0.5O3 (i.e., BSZZ) required stoichiometric amounts of 
Ba-, Sr-, Zr-, and Zn- salts dissolved in distilled water. The following ones 
were used: ZrO(NO3)2⋅xH2O (99%, Aldrich), Zn(NO3)2⋅6H2O (98%, 
Sigma-Aldrich), Sr(NO3)2 (99%, Aldrich), Ba(NO3)2 (99.999%, Aldrich). 
During constant stirring, the salt solution was heated to 120 ◦C and then 
an ammonia solution (28–30%, Supelco) was added. The solution was 
then gelled with EDTA (99.995%, Aldrich) once it reached 150 ◦C. The 
organics were then removed from the gel by drying and annealing at 
200 ◦C (3 h), 500 ◦C (3 h), and 800 ◦C (3 h). The powder was ground and 
pelletized in a ball mill and then thermally treated at 1000–1300 ◦C to 
determine the temperature necessary for obtaining a single-phase for
mation. After each thermal treatment carried out for 6 h, XRD analysis 
was performed with a Bruker D8 ADVANCE diffractometer operating at 
40 kV and 40 mA. BSZZ with acceptable crystallinity was then subjected 
to physical and structural studies including dilatometric and SEM/EDXS 
analyses. Dilatometry was carried out using a pellet of 6 mm diameter/ 

0.9 mm thickness made from powder calcined at 800 ◦C and uniaxially 
pressed at 350 MPa. This analysis was carried out in air with a horizontal 
LINSEIS L75 PLATINUM SERIES instrument equipped with alumina 
piston, tube and spacers. The heating/cooling rate was 5 ◦C min− 1 from 
room temperature up to 1550 ◦C with 1 h dwell time. The specimen was 
observed by Scanning Electron Microscope (SEM, Jeol JSM 5500) 
equipped with Energy Dispersion X-ray Spectroscopy probe (EDXS, 
EDS2000; IXRF System) after being coated with thin Pt–Pd layer by 
sputtering. 

ALTAMIRA AMI-300 instrument was used to study the redox prop
erties of optimised BSZZ powders. The material was subjected to a first 
cycle of reduction (TPR), post-oxidation (TPO) and second reduction 
(TPR) at 900 ◦C in Ar with 5 vol% H2 or 5 vol% O2. A preliminary 
degassing process was required (Ar 38 cm3 min− 1 was heated from room 
temperature to 300 ◦C at a rate of 10 ◦C min− 1, followed by 20 min dwell 
time and cooling down to room temperature). Afterwards, thermal an
alyses were conducted with dwell time of 20 min at 10 ◦C min− 1. For an 
optimal reduction profile, we set the empiric numbers K (55 < K < 150 
in s) and P (20 < P < 50 in ◦C) defined by Monti et al. [58]. As a 
follow-up of these analyses, XRD scans were carried out to determine 
possible structure modifications. Further analyses included the evalua
tion of the structure after treatment under humidified H2 up to 900 ◦C. 

The electrical behaviour of BSZZ was then studied. The raw powder 
obtained after calcination at 800 ◦C was pelletized and thermally treated 
at 1350 ◦C for 12 h. Electrochemical tests were performed to determine 
conductivity. As a preliminary step, gold contacts were deposited on 
both sides of a pellet with thickness of 337 μm (determined by SEM 
analysis after the test). Gold coated electrolyte was mounted on a test 
bench purchased from Advanced Measurements. This set up consists of 
two opposite alumina tubes blocking the electrolyte with controlled 
force. Dry or wet gases can flow through these tubes. Moreover, gold 
contacts located within the alumina tubes are connected to four gold 
wires for measuring potentials and currents. Electrochemical measure
ments were carried out with BioLogic equipment and involved imped
ance spectroscopies (EIS) at temperatures ranging from 200 to 800 ◦C in 
the presence of humidified H2. Series resistance was determined by the 
intercept of EIS spectrum at high frequency with x-axis, and then an 
Arrhenius plot was extrapolated using pellet conductivity whereas the 
activation energy was determined using the Boltzmann equation. SEM 
FEI XL 30 was used to examine the morphology of the spent electrolyte. 

The surface structure of BSZZ was analysed using a PHI 5800-01 
spectrometer equipped with a monochromatic Al Kα X-ray source 
(XPS). In addition to using the native software of the instrument to 
analyse the XPS spectra, the bands were assigned using data from the 
literature and the NIST X-ray Photoelectron Spectroscopy Database. 

3. Results 

The XRD spectra of BSZZ after a series of thermal treatments are 
shown in Fig. 1. Perovskites is poorly present at 1000 ◦C, while several 
phases mainly corresponding to the constituting oxides are identified. 
When the material is heated to 1100 ◦C, two-three phases begin to form, 
improving the material structure. One of these is clearly associated with 
ZnO (COD 2107059). Impurities corresponding to about 6% Zr suboxide 
are present up to 1250 ◦C, as clearly visible along the shoulder of the 
narrow peak at 30◦ and along the broad peak at 38.5◦. At 1300 ◦C, the 
desired phase was definitively achieved with a purity matching COD 
card 1521389. As determined by the Scherrer equation, the crystallites 
size is 38 nm. The obtained phase has a cubic structure corresponding to 
the Patterson Space Group Pm-3m, with a = b = c parameters equal to 
4.160119 Å, unit cell volume of 71.997 Å3 and theoretical density of 
5.41 g cm− 3. In addition, since Zr-suboxides are completely incorpo
rated at temperatures over 1300 ◦C, the peak around 30◦ is shifted to 
30.4◦ (see inset of Fig. 1). 

The dilatometric analysis is shown in Fig. 2; the derivative of the 
deformation vs. temperature is also shown to highlight better the 
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evolution of the material. At about 100–150 ◦C a limited shrinkage is 
recorded very likely due to the loss of humidity this powder could have 
acquired during the manipulation and storage. Two significant although 
limited shrinkages are then observed at 855 ◦C and 965 ◦C. The un
dulations in the signal may indicate a rearrangement of the structure 
that results in the main phase and multiple impurities observed for the 
sample calcined at 1000 ◦C (Fig. 1). Above 1050 ◦C the real densification 
takes place whose maximum intensity is around 1180 ◦C. During the 
isotherm at 1550 ◦C the material decomposes and melts. SEM/EDXS 
analyses point out the formation of a liquid phase where the different 
oxides (especially zinc and zirconium oxides) solidify separately upon 
cooling. 

As a means of studying BSZZ’s redox stability, we performed a cyclic 
thermal analysis consisting of a first programmed reduction (1st TPR), 
post-thermal programmed oxidation (TPO) and a second programmed 
reduction (2nd TPR). The samples were then analysed by XRD. Fig. 3 
shows the thermal analysis profiles. A very weak enhancement of ther
mal conductivity detector (TCD) signal was observed during the first 
TPR, making the baseline slightly higher. A small event occurs around 

350 ◦C. Around 630 ◦C, a spike is identified with an intensity and feature 
similar to events not directly related to material reduction. However, the 
relative variation is around 0.75 % compared to the baseline. Accord
ingly, this first reduction procedure shows no significant features for 

Fig. 1. XRD analysis of BSZZ following thermal treatments in the range of 1000–1300 ◦C. The inset reports the magnification of peak around 30◦ showing the effect 
of temperature on (101) reflection peak. 

Fig. 2. Dilatometric profile of BSZZ pellet made from powder calcined 
at 800 ◦C. 

Fig. 3. Profiles of thermal analyses that were carried out in the order of 1st 
TPR, TPO, and 2nd TPR. 
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BSZZ. As a result of the programmed oxidation test (TPO), this thermal 
analysis detected only a very tiny signal, less than 1%, at around 650 ◦C. 
Also in this case, this broad signal remained negligible. Similar to the 
previous TPO, the second TPR shows a broad band starting around 
680 ◦C, with a relative variation of approximately 1%. It is possible that 
some equipment limitations could be responsible for the similarity be
tween the TPO and 2nd TPR profiles because of changes in the thermal 
conductivity of the gases used for these analyses. Therefore, as 
mentioned before, we collected XRD profiles at each step of analysis to 
gain a better understanding of the material’s behaviour. 

The XRD patterns of the specimens after programmed oxidations/ 
reductions thermal treatments are shown in Fig. 4. Apart from the redox 
cycles described above, the BSZZ powder was also re-heated to 1300 ◦C 
for 2 h and then to 800 ◦C in the presence of humidified O2 for 6 h. 
According to Fig. 4a, the material structure remains essentially un
changed during thermal treatment and no new phases are observed 
because of redox cycles and humidity. By examining the peak around 
30◦ in Fig. 4b, additional information can be collected. Since the redox 
cycles does not affect the structure of the materials, it can be assumed 
that the broad and weak signals observed in the thermal treatment 
profiles in Fig. 3 were not significant. In fact, the peaks are clearly 
centred around 30.4015◦, and the broadening of this peak is essentially 
unchanged. In the sample treated with humidification, this peak moves 
at a lower angle of about 0.03◦, which agrees with the uptake of proton 
in BSZZ crystal structure. A similar behaviour was observed by Wang 
et al. in their study related to mobile carriers for protonic ceramic 
conductors [59]. 

For the conductivity measurement, the powder calcined at 800 ◦C 
was ball milled, pressed and thermally treated at 1350 ◦C. An XRD 
analysis of BSZZ was performed prior to electrochemical measurements 
to ensure that no secondary phases were formed as a result of the 
thermal treatment. As shown in Fig. 5a, the electrolyte maintains 
excellent phase purity with an average crystal size of approximately 55 
nm. At different magnifications, Fig. 5b and c shows that the pellet 
achieves appreciable densification. On the basis of density measure
ments and the theoretical density of BSZZ equal 5.41 g cm− 3, it can be 

estimated that the pellet was 92.7% dense. The treatment at 1350 ◦C was 
found to be the most effective compromise to achieve a dense material 
and avoid the formation of cracks or decompositions and promising 
results were obtained by carrying out electrochemical measurements. 

The Arrhenius plot in Fig. 6 was determined by combining EIS data of 
BSZZ studied in humidified hydrogen. Specifically, the Arrhenius graph 
for BSZZ was determined by plotting the series resistance (intercept at 
high frequency, x-axis) for EIS spectra collected between 250 and 800 ◦C 
at 50 ◦C intervals. The data concerning one of the most common proton 
conductive ceramics, BaZr0.8Y0.2O3-d (BZY) from Chen et al. recent 
paper are also plotted in Fig. 6 [33] studied under similar conditions to 
those adopted for the BSZZ. According to Fig. 6, at all the investigated 
temperatures, BSZZ exhibits higher conductivity than BZY. In Fig. 6, 
BSZZ conductivity shows two distinct slopes, indicating that there is a 
significant change in the conductivity mechanism. It is well known that 
proton conductive ceramics do not contain proton species. Conse
quently, external humidification is required to provide proton species. 
The degree of humidification of ceramic oxygen vacancies determines 
the number of proton species available for transport. In general, the 
formation of such charged species is described by the following equation 
in the Kröger-Vink notation: 

H2O+V ⋅⋅
o + O×

o ↔ 2OH⋅
o equation 1 

An electrical potential can then cause proton migration at the 
intrinsic defect level according to a hopping (Grotthuss) mechanism 
[60]. It is evident that for such mechanism to be effective, a proton 
conductive ceramic must have a high degree of hydration. Ideally, such 
material should be saturated. A similar event, however, depends on the 
operating conditions, including the provided amount of water and the 
operating temperature. However, at certain high temperatures, humid
ification of ceramic defects becomes impossible, turning the conductive 
mechanism into the traditional one based on oxygen ions. Thus, the 
different trends shown by the experimental data must be explained by a 
change in the transport mechanism and related activation energy. 
Because protons require less energy to diffuse than oxygen ions, their 
conduction can be more effective at lower temperatures. According to 

Fig. 4. XRD patterns of the BSZZ after thermochemical treatments: (a) acquisition in the entire spectral range, (b) reflections at around 30◦.  
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the Arrhenius equation, the activation energy (Ea) for BSZZ is 0.238 eV 
and 0.493 eV between 250 and 500 ◦C and 550 and 800 ◦C, respectively. 
For BZY it is 0.58 eV [31]. Clearly, the lower activation energy can be 
attributed to proton conductivity which, as a consequence of the mod
erate temperature, allow the humidification of ceramic defects to be 
effective. As the temperature increases, BSZZ can not hold humidity in 
the crystal cells and the electrical conduction become more 
energy-intensive, as with oxygen ions transport. 

A final analysis was carried out using XPS to evaluate BSZZ’s elec
tronic state. The pellet obtained from electrochemical analysis that 
returned the graph in Fig. 6 was studied. Fig. 7a shows the entire energy 
region of the XPS spectrum with each element’s position. Other elements 
than those constituting the phase of BSZZ were excluded in this survey 
analysis. Each element’s analysis was carried out after aligning the 
carbon peak at 284.8 eV with that of adventitious carbon. Fig. 7b shows 
that O1s has a single band centred at 591.71 eV corresponding to oxygen 
in a perovskite structure [61]. According to Fig. 7c, an energy difference 
of 15.27 eV between the peaks of the spin-orbit components confirms 
that on the specimen’s surface, there is only one species of Ba. In 
agreement with the literature, Ba3d5/2 (779.83 eV) and Ba3d3/2 (795.10 
eV) belong to a perovskite structure [62–66]. The electronic state of Sr 
shown in Fig. 7d is the characteristic spin-orbit doublet of Sr3d. The 
positions of these peaks (132.88 eV and 134.42 eV) are characteristic of 
Sr in the perovskite and perfectly match the spin-orbit selection rules of 
energy level 3d [67,68]. According to Fig. 7e, Zr3p has a spin-orbit 
doublet feature centred at 331.93 eV and 345.53 eV, which corre
sponds to Zr4+ in zirconate-based perovskites [69,70]. Zn2p is illustrated 
in Fig. 7f with its spin-orbit feature and sharp peaks centred at 1022.05 
eV and 1045.13 eV which demonstrate its presence as an oxide in a 
perovskite structure [71]. Accordingly, the XPS analysis demonstrates 
that each element is present in a single state and phase at the surface. 
Thus, there is strong evidence that there is a perovskite phase, and this 
agrees with the XRD analysis, which showed that the phase was also 
very pure in bulk. 

4. Conclusions 

The study aimed at investigating a backbone structure based on 
medium entropy oxides and reducing the use of critical raw materials. A 
material with nominal composition Ba0.5Sr0.5Zr0.5Zn0.5O3 was prepared 
using the Pechini method as potential electrolyte for electrochemical 

cells operating at intermediate temperatures; it was investigated using 
multiple methods in order to gain a comprehensive understanding of its 
characteristics, behaviour when subjected to thermal treatments, redox 
mechanisms. According to the preliminary results presented in this 
paper, the composition of this material allows for optimal phase purity 
at 1300 ◦C and an acceptable sintering already at 1350 ◦C, much lower 
than for zirconates which usually require much higher temperatures in 
order to achieve similar densifications. An optimization of the particle 
size of BSZZ and of manufacturing electrolyte supporting- or supported- 
cells, can allow the fabrication of complete cells within a temperature 
range comparable to that required by conventional devices (i.e. not less 
than 1400 ◦C). A further promising finding is that both proton con
ductivity and activation energy for this material are significantly higher 
than those of conventional yttria-doped barium zirconate (BZY). Despite 
the preliminary nature of the data reported in this paper, some aspects of 
the composition can still be improved by adding other elements, leading 
to materials with higher entropy, which have the potential to serve as 
electrolytes for electrochemical cells as proton conductive ceramics. 

Fig. 5. XRD spectrum of the pellet treated at 1350 ◦C for 12 h (a) and SEM images at two magnifications (b and c) providing information about its morphology.  

Fig. 6. Arrhenius plots for the BSZZ studied in this paper and the BZY reported 
by Chen et al. [33]. 
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