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Abstract

A group of multi-component oxides based on BaZrO3 has been prepared using the solid-state 

reaction method and examined in terms of water uptake and thermodynamics of formation. 

Depending on the type and amount of acceptor substitution, the synthesized compounds exhibit 

various proton defect concentrations, reaching up to 0.2 mol/mol for a compound containing 10 

different elements in the B-sublattice, where 50% of them are acceptors. For the most promising 

materials, the van’t Hoff plots were done and the enthalpies and entropies of hydration were 

calculated. At higher temperatures, these parameters do not differ from values for reference 

yttrium doped barium zirconate. However, at lower temperatures they are more negative, 

indicating a more exothermic process of proton incorporation.  

Introduction

Current state-of-the-art materials for protonic ceramic electrochemical cells (PCECs) are 

developed to maximize performance.1–3 One way to enhance performance is by using 

multicomponent oxides as electrodes and electrolytes.2 This enables tuning properties like 

electronic and ionic conductivities to meet the strict requirements for long-term efficient 

operation. Especially in the field of electrolytes, the modification of the barium cerate-zirconate 

system is widely investigated and materials such as BaCe0.7Zr0.1Y0.1Yb0.1O3 are currently applied in 

operating devices.2 In theory, incorporating a higher number of constituent oxides, which serve 

as acceptors, will enhance the material's performance by elevating the number of oxygen 
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vacancies in the case of ion conductors and by producing more sites available for the hydration 

reaction (1). 

(1) 𝐻2𝑂 + 𝑉 ∙∙
𝑂 + 𝑂 ×

𝑂 →2𝑂𝐻 ∙
𝑂

The electroneutrality reaction for acceptor doping in barium zirconate can be described as (2), 

where M is a trivalent cation, usually Y or Yb. However, the maximum reported dopant 

concentration in barium zirconate is in the range of 20-50 mol %, thus limiting the number of 

vacancies.4–8 Moreover, the conductivity of this system is limited by the effect of vacancy 

clustering which limits the protonic conductivity at a certain level for material with dopant 

content exceeding 20 mol %.

(2) +𝑀2𝑂3 +2𝑍𝑟 ×
𝑍𝑟 + 𝑂 ×

𝑂 → 2𝑀′𝑍𝑟 𝑉 ∙∙
𝑂 +2𝑍𝑟𝑂2

One of the ways of introducing a higher concentration of dopants is to enhance the stability of the 

material by introducing a higher variety of constituent oxides. This is why high entropy/multi 

constituent oxides have been developed in recent years.9 The interest in this group of materials 

stemmed from the research on high entropy alloys. These designed multi-component alloys were 

named “high-entropy alloys” (HEAs) by Yeh et al. which suggests the high configurational entropy 

of the random mixing of elements in these alloys.10 Similarly, the approaches to producing 

configurational entropy stabilized multiconstituent oxides have been stated in 2015 by Rost et al. 

in their work on MgO, NiO, ZnO, CuO, and CoO-based oxides.11 Our previous work went a step 

further and facilitated the multiplicity of cations in one of the sublattices to alter electrical 

properties.12 We studied a series of multiconstituent oxides based on barium zirconate and 

showed that they exhibit protonic conductivity.  In the current work, we present data on the 

energetics of the formation of various multicomponent oxides based on barium zirconate. 

Moreover, we investigated the thermodynamics of the hydration of materials with substantial 

water uptake. For the first time, such a study has been undertaken for multiconstituent proton 

conductors. 

Experimental Methods

Page 2 of 17Physical Chemistry Chemical Physics



3

The compositions of the samples and the abbreviations used for naming them are shown 

in Table 1.  All samples were produced by conventional solid-state synthesis. Stoichiometric 

amounts of BaCO3, ZrO2, HfO2, SnO2, TiO2, CeO2, Y2O3, Yb2O3, In2O3, Sm2O3, and ZnO powders (all of 

> 99.9% purity) were initially mixed using an agate mortar and then ball-milled in isopropanol for 

24 h (Fritsch Pulverisette 7). The rotation speed was set at 600 rpm, and the ball-to-powder ratio 

was 3:1. After drying at 80 °C for 24 h, the powder samples were calcined at 950 °C for 24 h with 

a heating/cooling rate of 5 °C/min in ambient atmosphere. Samples were then reground in 

isopropanol with 1 wt % polyvinyl butyral (PVB), dried, and sieved through a 100 μm sieve. The 

obtained powders were pressed into rectangular pellets using uniaxial pressure of 350 MPa for 2 

min. Sample pellets except for BZHST_Ce_Y_In_Sm_Yb_Zn were annealed at 1500 °C for 10 h with 

a heating rate of 5 °C/min and cooling in the furnace. The BZHST_Ce_Y_In_Sm_Yb_Zn sample was 

annealed at 1150 °C. The samples have been crushed into bulk powder with a surface area below 

5 m2/g. To check the influence of water on crystal structure, the specimen with the highest proton 

concentration was hydrated in the tube furnace with a flux of wet air (  = 0.021 atm,  = 0.21 𝑝𝐻2𝑂 𝑝𝑂2

atm) at 300 °C for 24 h.

Table 1 Samples’ naming used in this work 
No. Composition Sample ID 
1 BaZr0.2Hf0.2Sn0.2Ti0.2Ce0.2O3 BZHST_Ce
2 BaZr0.2Hf0.2Sn0.2Ti0.2Y0.2O2.9 BZHST_Y
3 BaZr0.2Hf0.2Sn0.2Ti0.2Sm0.2O2.9 BZHST_Sm
4 BaZr0.2Hf0.2Sn0.2Ti0.2In0.2O2.9 BZHST_In
5 BaZr0.2Hf0.2Sn0.2Ti0.2Yb0.2O2.9 BZHST_Yb
6 BaZr0.125Hf0.125Sn0.125Ti0.125Y0.125In0.125Sm0.125Yb0.125O2.75 BZHST_Y_In_Sm_Yb
7 BaZr0.1Hf0.1Sn0.1Ti0.1Ce0.1Y0.1Sm0.1In0.1Zn0.1Yb0.1O2.7 BZHST_Ce_Y_In_Sm_Yb_Zn

The samples were analyzed by powder X-ray diffraction (XRD) using a Philips X’Pert PRO 

diffractometer operated with Cu Kα radiation at room temperature. The analysis of the diffraction 

patterns and Rietveld refinements were conducted with the HighScore Plus software. As the 

starting point for the refinement, the BaZrO3 structural data were used (COD 1538369). To derive 

strain and crystallite size information during Rietveld refinement structural parameters obtained 

from LaB6 were used as a standard (NIST SRM 660a). High-temperature oxide melt solution 

calorimetry, on pre-dried samples, was carried out using a Setaram AlexSYS Tian-Calvet twin 
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microcalorimeter by methods standard to our laboratory and described previously.13 The 

calorimeter was calibrated against the heat content of high-purity α-Al2O3 (99.99%). Pressed 

sample pellets (∼5 mg) were dropped from ambient temperature into the calorimeter containing 

the solvent, molten sodium molybdate (3Na2O·4MoO3), in a silica glass crucible at 800 °C. All 

experiments used oxygen bubbling through the solvent at 5 mL/min to aid dissolution and 

prevent local saturation of the solvent.

An example of the thermodynamic cycle used in calculating formation enthalpies from 

oxides (ΔHf, ox) at 25 °C is shown in Table 2. The drop solution calorimetry values used in these 

calculations are presented in Table 3. One could reason that in the case of such complicated 

stoichiometries like those studied here the information about the stability relative to ternary 

oxides could be an issue. Nevertheless, thermodynamic stability relative to binary oxides allows 

us to determine the general trends in stability. Moreover, some end members as perovskite oxides 

are believed to be unstable concerning their binary oxides due to the large difference between 

constituent cations ionic radii, therefore, we are not able to synthesize the given perovskite end-

members.  

Table 2 Thermodynamic cycle used for calculations of formation enthalpies at room 
temperature 
Reaction ΔH (kJ mol−1)

BaZr0.2Hf0.2Sn0.2Ti0.2Ln0.2O3−δ (s, 25 °C) → BaO (dis, 800 °C) + 0.1Ln2O3 (dis, 
800 °C) + 0.2ZrO2 (dis, 800 °C) + 0.2HfO2 (dis, 800 °C) + 0.2SnO2 (dis, 800 °C) 
+ 0.2TiO2 (dis, 800 °C)

ΔH1 = ΔHds †

BaO (s, 25 °C) → BaO (dis, 800 °C) ΔH2

Ln2O3 (s, 25 °C) → Ln2O3 (dis, 800 °C) ΔH3

ZrO2 (s, 25 °C) → ZrO2 (dis, 800 °C) ΔH4

HfO2 (s, 25 °C) → HfO2 (dis, 800 °C) ΔH5 

SnO2 (s, 25 °C) → SnO2 (dis, 800 °C) ΔH6

TiO2 (s, 25 °C) → TiO2 (dis, 800 °C) ΔH7

BaO (s, 25 °C) + 0.1Ln2O3 (s, 25 °C) + 0.2ZrO2 (s, 25 °C) + 0.2HfO2 (s, 25 °C) 
+0.2SnO2 (s, 25 °C) +0.2TiO2 (s, 25 °C) → BaZr0.2Hf0.2Sn0.2Ti0.2Ln0.2O3−δ (s, 25 
°C)

ΔHf, ox

ΔHf, ox = −ΔH1 + ΔH2 + 0.1ΔH3 + 0.2ΔH4 + 0.2ΔH5 + 0.2ΔH6 + 0.2ΔH7
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†For BZHST_Ce following formula was used for the calculation: BaZr0.2Hf0.2Sn0.2Ti0.2Ce0.2O3 (s, 25 
°C) → BaO (dis, 800 °C) + 0.2CeO2 (dis, 800 °C) + 0.2ZrO2 (dis, 800 °C) + 0.2HfO2 (dis, 800 °C) + 
0.2SnO2 (dis, 800 °C) + 0.2TiO2 (dis, 800 °C)

Table 3 Enthalpies of drop solution (ΔHds) in sodium molybdate solvent 
at 800°C used for calculations
Oxide ΔHds (kJ mol−1)

BaO −176.48 ± 3.48 14

ZrO2 29.20 ±1.215

TiO2 73.74 ± 0.4816

SnO2 52.85 ± 0.2117

HfO2 23.90 ± 1.1

In2O3 12.23 ± 1.0317

ZnO 20.68 ± 0.718

Y2O3 -116.34 ± 1.21 19

CeO2 76.78 ± 0.75 20,21*
Sm2O3 -131.99 ± 1.6 19

Yb2O3 -82.65 ± 1.06 22

*Recalculated from 700°C including heat content difference

Thermogravimetric analysis of water uptake was performed using a Netzsch Jupiter 449 

F1 (Netzsch GmbH, Selb, Germany). Approximately 2.5 g of as-prepared powder was placed in a 5 

mL alumina crucible, heated to 800 °C, and held at this temperature for 5 h under dry air to remove 

water and any surface carbon dioxide. To determine the differences between hydration levels for 

multiple compositions, an isothermal switch between dry and humidified gas at 300 °C was 

performed. The purge gas (synthetic air or nitrogen) was then saturated with water (  = 0.021 𝑝𝐻2𝑂

atm). Additionally, for samples with substantial water uptake BZHST_Y_In_Sm_Yb and 

BZHST_Ce_Y_In_Sm_Yb_Zn), the weight change was recorded upon cooling to determine the 

thermodynamics of hydration. Data were collected every 50 °C in the temperature range 800 – 

300 °C with a 3 h stabilization time at each temperature. The procedure has been previously 

successful and validated for the determination of hydration energetics in barium zirconates.23 
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Results and Discussion

Hydration energetics

X-ray diffraction patterns for all samples have been indexed within the barium zirconate 

cubic structure (Pm-3m space group) (Figure 1S and 2S). Refinement quality and structural data 

derived from Rietveld refinements for all synthesized samples are presented in Table 1S. No 

additional phases were identified, indicating a complete reaction and no phase separation of the 

compounds during the synthesis. The effect of hydration on the crystal structure of 

BZHST_Ce_Y_In_Sm_Yb_Zn is depicted in Figures 3S and 4S. Incorporated water expands the unit 

cell, changing the lattice parameter from 4.2564(1) Å to 4.2831(1) Å. Therefore, this shows that 

water uptake takes place in studied materials. 

Table 4 Water uptake at 300 °C for all studied compositions. 

Sample ID
Nominal acceptor 

concentration 
(mol%)

 in air [𝑂𝐻•
𝑂]

(mol/mol)
in N2 [𝑂𝐻•

𝑂]
(mol/mol)

BZHST_Ce 0 2.1 · 10-3 2.1 · 10-3

BZHST_Y 20 3.6 · 10-2 3.7 · 10-2

BZHST_Sm 20 2.5 · 10-2 2.9 · 10-2

BZHST_In 20 3.7 · 10-2 4.0 · 10-2

BZHST_Yb 20 3.0 · 10-2 3.5 · 10-2

BZHST_Y_In_Sm_Yb 50 1.5 · 10-1 1.5 · 10-1

BZHST_Ce_Y_In_Sm_Yb_Zn 60 2.0 · 10-1 2.1 · 10-1

Table 4 summarizes the obtained values of water uptake. For all studied compositions, the values 

obtained in air and nitrogen atmosphere are similar. This suggests that the availability of sites for 

hydration is the same in both oxidizing and inert atmospheres. Moreover, the highest value of 

water uptake was found for samples with 8 and 10 cations in the B sublattice – having the highest 

number of acceptors, in air 0.15 mol/mol for BZHST_Y_In_Sm_Yb and 0.2 mol/mol for 

BZHST_Ce_Y_In_Sm_Yb_Zn. The values obtained for these two compositions are of the same order 

of magnitude as the one reported for barium zirconate and barium cerate.6,23,24,25 Thus, these two 

compounds have been chosen to study hydration thermodynamics. The sample weight changes 

with temperature under dry and wet atmospheres for BZHST_Y_In_Sm_Yb and 

BZHST_Ce_Y_In_Sm_Yb_Zn, both in N2 and air, are presented in Figure 6S. The shape of the 

hydration curves is like those reported for barium zirconate by Goncalves et al. and Yamazaki et 
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al. and is typical of protonic conductors.6,23 Figure 1 presents the proton concentration of 

investigated samples at different temperatures as well as equilibrium constant Khydr versus 

reciprocal temperature. The proton concentration gradually decreases with increasing 

temperature and is very similar for both studied compounds. The  plot shows linear 𝑙𝑜𝑔𝐾ℎ𝑦𝑑𝑟(1 𝑇)

behavior in two distinctive temperature ranges (above and below 500 °C).  Based on these 

relations the enthalpy and entropy of hydration have been determined. Proton incorporation for 

this system can be summarized as reaction (1), where the equilibrium constant of this reaction is 

represented as equation (3). The values of equilibrium constant are based on the nominal dopant 

concentration (  assuming that the hole concentration under the [𝑂𝐻•
𝑂] +  2[𝑉••

𝑂 ] =  [𝐴′])

measurement condition is negligible . Consequently, the equilibrium constant can be (𝑝 ≈ 0)

projected using equation (4), where: [O] oxygen site concentration; [A’] acceptor (nominal) 

concentration.

(3) 𝐾ℎ𝑦𝑑𝑟 =  
[𝑂𝐻•

𝑂]2

[𝑉••
𝑂 ][𝑂 ×

𝑂 ]𝑝𝐻2𝑂
= 𝑒𝑥𝑝(∆𝑆ℎ𝑦𝑑𝑟

𝑅 )𝑒𝑥𝑝( ―
∆𝐻ℎ𝑦𝑑𝑟

𝑅𝑇 )
(4)   where  is oxygen sites 𝐾𝑝 = 0

ℎ𝑦𝑑𝑟 =
4

𝑝𝐻2𝑂
 

[𝑂𝐻•
𝑂]2

([𝑂] ―  [𝑂𝐻•
𝑂])2 ― ([𝑂] ―  [𝐴′])2 [𝑂] =  [𝑂 ×

𝑂 ] + [𝑉••
𝑂 ] + [𝑂𝐻•

𝑂]
concentration

The calculation of the energetics of hydration was done separately for two temperature ranges 

(see Figure 1 and Table 5). 
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Figure 1 a) Equilibrium constant for water incorporation reaction calculated for both 

studied compositions using eq. (4), b) Temperature dependence of proton defect 

concentration.

The data for the barium zirconate system (Table 5) have been added for comparison. The values 

for BZHST_Y_In_Sm_Yb and BZHST_Ce_Y_In_Sm_Yb_Zn are similar and comparable to the ones 

obtained by us previously for the barium zirconate system.23 This shows similar energetics of 

hydration for all the studied materials. Putilov and Tsidilkovski suggested that the trapping-

related components of thermodynamic functions can be divided into contributions of protons and 

vacancies. Trapping of protons makes the hydration reaction more exothermic and decreases the 

hydration entropy.26 On the other hand, trapping of oxygen vacancies makes hydration less 

favorable due to the higher stability of bound vacancies. Simultaneously, the filling of oxygen 

vacancies due to hydration leads to a decrease in the entropy linked to a more ordered 

distribution of vacancies over bound and free positions. 

The hydration enthalpy, entropy, and Gibbs free energy for yttrium doped barium 

zirconate-cerate have an unusual non-monotonic dependence on dopant content.26 Therefore the 

dependence on composition for multiconstutuent oxides can be even more complex. However, the 

comparison of hydration energetics gives no direct indication that the introduction of multiple 

cations within the same sublattice enhances proton trapping. Therefore, it is potentially possible 

to introduce a higher amount of dopants than for barium zirconate without decreasing proton 

mobility due to trapping. 

Moreover, Bjørheim et al.’s calculations of the relations between the chemical expansion 

of oxygen vacancies and hydration thermodynamics in barium zirconate show that the hydration 

entropy primarily originates from the entropy change upon filling the oxygen vacancy, which is 

closely related to the chemical expansion coefficient of oxygen vacancies, and thus the chemical 

expansion upon hydration.27 Additionally, they suggest that problems related to chemical 
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expansion upon hydration of BaZrO3 to some extent can be avoided, or reduced, by partial 

substitution of Zr by Ce. Therefore, it can be assumed that the introduction of multiple cations in 

the zirconium sublattice can influence this parameter as well. 

Table 5 Hydration energetics of studied compositions 

Material Atm. Temperature 
range (°C)

pH2O 
(atm)

Hydr. 
enthalpy, 
(kJ mol-1)

Hydr. 
entropy 

(J mol-1 K-

1)

Source

800 – 550 -90 ± 1 -138 ± 1air 500 – 300 -60 ± 2 -99 ± 3
800 – 550 -82 ± 2 -126 ± 2

BZHST_Y_In_Sm_Yb

N2 500 – 300

0.019

-58 ± 2 -96 ± 3

This 
work

800 – 550 -92 ± 4 -127 ± 5air 500 – 300 -44 ± 1 -67 ± 1
800 – 550 -92 ± 6 -124 ± 6

BZHST_Ce_Y_In_Sm_Yb_Zn

N2 500 – 300

0.019

-43 ± 1 -65 ± 1

This 
work

900 – 500 -94 ± 12 -131 ± 13BaZr0.9Y0.1O2.95 air 500 – 100 0.019 -18 ± 2 -35 ± 3
23

900 – 500 -98 ± 12 -122 ± 13air 500 – 200 0.019 -22 ± 4 -25 ± 6
23

N2 500 – 50 0.023 -22 ± 1 -39 ± 1
28

BaZr0.8Y0.2O2.9

N2 900 – 550 0.023 -93.3 -103.2
25

900 – 500 -141 ± 20 -166 ± 20BaZr0.7Y0.3O2.85 air 500 – 300 0.019 -25 ± 6 -28 ± 9
23

BaZr0.6Y0.4O2.8 N2 500 – 50 0.023 -26 ± 1 -41 ± 1
28

BaZr0.5Ce0.4Y0.1O3-δ N2 1200 – 600 -41.64 -46.89
BaZr0.44Ce0.35Y0.2O3-δ N2 1200 – 600 0.019 -42.72 -47.15

29

Energetics of formation

To evaluate how the introduction of multiple cations influences the thermodynamic 

stability of the initial dry phases, oxide melt solution calorimetry has been undertaken to obtain 

the enthalpies of formation at room temperature. Figure 2 presents the enthalpy of formation 

from oxides of anhydrous/dried samples at room temperature versus configurational entropy 

calculated in a single lattice model ( )9,30 and the entropy metrics (EM) 𝑆𝑠𝑖𝑛𝑔𝑙𝑒 𝑙𝑎𝑡𝑡𝑖𝑐𝑒
𝑐𝑜𝑛𝑓𝑖𝑔 = ― 𝑅∑

𝑖𝑋𝑖ln 𝑋𝑖

stemming from configurational entropy in the sublattice model. Here we use the entropy metrics 

defined as (5) with  defined as (6), where aSL is the number of sites on the s sub-lattice, and 𝑆𝑆𝐿
𝑐𝑜𝑛𝑓𝑖𝑔

Xi is the fraction of element species randomly distributed on the s sub-lattice or the site fraction 
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proposed by Dippo and Vecchio.30 By this metric, it is possible not only to account for the number 

of atoms in a particular sublattice but also the number of sublattices.

𝐸𝑀 =  
𝑆𝑆𝐿

𝑐𝑜𝑛𝑓𝑖𝑔

𝑅   ⋅  𝐿 (5)

𝑆𝑆𝐿
𝑐𝑜𝑛𝑓𝑖𝑔 =

―𝑅 ∑ 
 𝑆𝐿

∑ 
 𝑖𝑎𝑆𝐿[𝑋𝑖]ln [𝑋𝑖]  

∑ 
 𝑆𝐿𝑎𝑆𝐿 

(6)

Table 6 Values of enthalpy of drop solution and of formation from oxides at room 

temperature of studied oxides for pre-dried materials.  Uncertainties calculated as two 

standard deviations of the mean.

Sample ID ΔHds (kJ/mol) ΔHf,ox (kJ/mol)

BZHST_Ce -25.72 ± 1.07 -99.47 ± 6.71

BZHST_Y -51.43 ± 0.89 -100.75 ± 6.51

BZHST_Sm -39.49 ± 0.61 -114.25 ± 6.31

BZHST_In -36.56 ± 0.55 -102.76 ± 6.27

BZHST_Yb -46.75 ± 0.43 -102.06 ± 6.27

BZHST_Y_In_Sm_Yb -111.37 ± 1.20 -62.57 ± 6.81

BZHST_Ce_Y_In_Sm_Yb_Zn -106.04 ± 0.89 -58.66 ± 6.49
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Figure 2 Enthalpies of drop solution formation from the oxides at 25 °C as a function of 

configurational entropy for a single lattice model ( ) and entropy metrics (EM) based 𝑆sing𝑙𝑒 𝑙𝑎𝑡𝑡𝑖𝑐𝑒
𝑐𝑜𝑛𝑓

on the sublattice model ( ). The experimental uncertainties are indicated.𝑆𝑠𝑢𝑏𝑙𝑎𝑡𝑡𝑖𝑐𝑒
𝑐𝑜𝑛𝑓

Dippo and Vecchio’s entropy metrics consider the number of sites on the sublattice, and the 

fraction of element species (cation or anion) distributed on the sublattice. This method can be 

applied to compare different crystalline materials, including solid solutions as well as high 

entropy materials with complex crystal structures and multiple sublattices. This model is similar 

to the one proposed by McCormack and Navrotsky9, except the configurational entropy is 

J/(K*mol per atom) instead of J/(K*mol per formula unit) as the number of sites in the crystal 

structure is included.31 With this approach, it is easier to compare the materials with the same 

number of constituents but with different chemical states. In our case, this model was used to 

differentiate between BZHSTCe and samples with lanthanides with a 3+ oxidation state. For both 

approaches to calculation/assessment of configurational entropy illustrated in Figure 3, two 

groups of materials can be differentiated: one with 5 cations which have more exothermic 

enthalpies of formation from oxides, and one with 8 and 10 cations. Table 6 summarizes the values 

of enthalpies of formation from oxides and drop solution enthalpies for all studied compositions. 
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According to Dippo and Vecchio, materials with EM > 1.5 should be considered as high entropy, 

while between 1 and 1.5 as medium entropy oxides. Figure 2 shows that samples that can be 

assigned to a group with high entropy exhibit far less exothermic enthalpies of formation from 

oxides than the ones with lower EM/configurational entropy. 

The materials with EM < 1.5 have similar and more exothermic enthalpies of formation. The 

maximum value of configurational enthalpy means the maximization of random configurations of 

atoms within the structure. However, in multicomponent oxide systems, the ideal mixing 

assumption is often violated due to short-. mid-. and long-range ordering of cations and/or 

anions.9 Therefore, the assumption of “high entropy” can be therefore altered by this, and the free 

energy of formation can be different from that calculated assuming random mixing. This aspect 

can be especially important in a view of multiple works describing “high- entropy oxides” without 

any in-depth thermodynamic analysis.32 Deviations from randomness leading to clustering of like 

atoms generally make the enthalpy of formation less exothermic. Deviations leading to order 

make it more exothermic. Both types of deviations diminish the configurational entropy. Because 

of this complexity, one needs to study the effects of clustering and ordering on different length 

scales on the thermodynamics of a given system carefully to effectively design new HEOs, 

especially new ionic conductors. One can compare the current values with the one obtained by 

Goncalves et al. for yttrium-doped barium zirconate BaZr1-xYxO3. In their study, the enthalpy of 

formation for doping range x = 0 to 0.5 becomes less negative when increasing yttrium content 

from undoped (-115.12 ± 3.69 kJ/mol) to x = 0.5 (-77.09 ± 4.31 kJ/mol). The comparison between 

multi-constituent BZHST_Y sample with nominal 20% yttrium in the zirconium sublattice and 

BaZr0.8Y0.2O3 exhibit ΔHf, ox equal to -100,75 ± 6.51 kJ/mol and -92.84 ± 3.87 kJ/mol respectively. 

This shows that the introduction of multiple cations into the zirconium sublattice does not 

influence the energetics of formation significantly. This is extremely important because of the 

possibility of the introduction of high concentrations of dopants without compromising stability, 

thus allowing the tunability of properties of the barium zirconate system. By using high 

concentrations of particular dopants, we will be able to tune both ionic and electronic 
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contributions to conductivity. Therefore, we will be able not only to address issues with 

electrolytes but also electrodes for operating devices. Moreover, the values for high-entropy 

materials, BZHST_Y_In_Sm_Yb (total of 0.875 mole content of other cations in Zr sublattice) and 

BZHST_Ce_Y_In_Sm_Yb_Zn (total of 0.9 other cations), being -62.57 ± 6.81 kJ/mol and -58.66 ± 

6.49 kJ/mol, are in the same range as that for BaZr0.5Y0.3O3 (-78.82 ± 3.88 kJ/mol). It has been 

reported for barium zirconate that for higher yttrium substitution the perovskite structure is 

destabilized due to lattice distortions and the formation of oxygen vacancies.4 We do not observe 

this in the case of the studied compositions. Tsvetkov et al. reported the enthalpy of formation 

from oxides for barium cerate to be -51.65 kJ/mol while Matschkevich reported -36.2 ± 3.4 kJ/mol 

for indium doped barium cerate.33,34 The enthalpies of formation for all studied compositions show 

that the energetics of the formation of barium zirconate-based multi-constituent oxides have 

similar values to those for the base BaZrO3 composition. The introduction of multiple cations on 

one of the sublattices does not significantly change the energetics in comparison to the classic low 

entropy perovskite even for a high concentration of acceptor substituents.  
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Figure 3 Enthalpies of drop solution formation from the oxides at 25 °C as a function of unit cell 

parameter (a), average ionic radius of B-cation (b), and extended Goldschmidt factor35 (c), ionic 

radii according to Shannon.36 The experimental uncertainties are indicated.

Figures 3 a) and b) depict the relationship between the enthalpy of formation from oxides and the 

unit cell parameter of the cubic structure computed from Rietveld refinement and average ionic 

radii on the B site, respectively. The unit cell parameters are the highest for the samples with the 

largest number of cations. For these samples, we also observe less negative enthalpies of 

formation. The highest value of average B-site ionic radii is correlated with less exothermic ΔHf, ox. 

This is contrary to the general trend observed for low entropy perovskites in which the larger 

ionic radii correspond to higher thermodynamic stability. Figure 3c shows the relation of enthalpy 

of formation and extended structural factor 

  where nA is the oxidation state of A, ri is the ionic radius of ion i, rA>rB by 𝜏 =
𝑟𝑥

𝑟𝐵
― 𝑛𝐴(𝑛𝐴 ―

𝑟𝐴
𝑟𝐵

ln (
𝑟𝐴

𝑟𝐵
)

definition, and τ<4.18 indicates stable perovskite.35 All studied samples have calculated τ values 

lower than 3.5. For compositions with similar τ and the same number of cations, the enthalpies of 

formation are similar. For samples with a higher number of cations, namely BZHST_Y_In_Sm_Yb 

and BZHST_Y_In_Sm_Yb_Zn, the thermodynamic stability decreases (enthalpy of formation from 

oxides become less exothermic). This all shows that the introduction of the chemical complexity 

does not lead to the significantly lower stability of the perovskite structure given the enthalpy of 

formation from oxides, which are for all studied compositions strongly exothermic. The 

introduction of multiple cations on the zirconium sublattice does not decrease the stability 

significantly in comparison to yttrium-doped barium zirconate, which gives high hopes to tuning 

the system properties without paying a thermodynamic price.

Conclusion

Multicomponent oxides based on barium zirconate have been successfully synthesized by the 

solid-state synthesis route. The energetics of formation and hydration have been measured by 
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calorimetry. The formation energetics of the materials with low and medium entropy metrics 

follow the same trend as undoped and low doped barium zirconate, while the compositions with 

high entropy metrics share similar values as highly doped yttrium doped barium zirconate. The 

hydration energetics of samples with high entropy metrics show hydration enthalpies like those 

for acceptor-doped barium zirconates and cerates. Their water uptake is also in the same range 

as barium zirconate. This all shows that it is possible to introduce high amounts of other 

constituents to the zirconium sublattice to potentially change various properties without paying 

a significant price in thermodynamic stability. 
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