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Abstract: Barium zirconate (BaZrO3 or BZO) is a proton conducting perovskite material with a wide range of uses, 

including protonic ceramic fuel cells, electrolyzers, and catalytic membrane reactors that operate at temperatures ranging 

from 873 to 1073 K. A large number of experimental repertoires have established desired manipulations of structural and 

thermodynamic parameters such as grain size, sintering, etc. However, atomistic simulation studies such as molecular 

dynamics (MD) and density functional theory (DFT) have complemented the experimental findings and provided critical 

insight into proton conducting mechanism, electron hopping mechanism, and so on. Therefore, to comprehend proton 

conducting mechanism in atomic resolution, considering the MD works is necessary. It will not only pave the pathway for 

further improvement of proton conducting maneuvers but also facilitate regulating critical parameters at nanoscale. In this 

regard, this review work briefly reports the insights obtained from MD studies on BZO. 
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1. INTRODUCTION  

Perovskite materials are relevant in hydrogen pumps [6], 

hydrogen sensors [1], hydrogen isotope separator, tritium 

monitoring, tritium purification [2–7], and recovery [3,8–

12] in nuclear fusion reactors sectors. Among them, one 

of the most widely explored materials is BaZrO3 due to 

its diversified application and doping characteristics [13–

19]. Over the last four decades, their implementation has 

been recognized through different experimental 

synthesis techniques, and their utilization has been 

realized due to their desired structural and 

thermodynamic behavior in multifarious applications. 

However, in many cases, experimental techniques are 

useful at macroscale, while understanding the 

mechanism of specific functionality requires insight at an 

atomistic level. In this regard, MD simulation studies are 

highly relevant due to their capability of capturing 

structural, thermodynamic, and electronic configuration 

and exchange behavior. Therefore, this brief study 

reports the utility of MD simulation with regard to 

BaZrO3. 

 

2. APPLICATION OF PROTON CONDUCTORS 

IN RENEWABLE ENERGY FIELD 

Renewable energy can be introduced in a large scale 

and as a long-term stable main power source that may 

play a major role in the world's energy supply. 

Renewable energy has a low energy density and needs to 

be concentrated. Therefore, attention is being paid to 

electrolysis (electrolysis) technology of water and water 

vapor, which uses renewable energy as primary energy 

and converts it into hydrogen, which is secondary energy. 

Water electrolysis is classified according to the operating 

temperature, the type of electrolyte, and methods such as 

alkaline water electrolysis and solid polymer type water 

electrolysis have already been put into practical use. 

However, when water electrolysis is compared with the 

conventional hydrogen production method, it is known to 

be inferior in terms of cost. On the other hand, steam 

electrolysis is characterized by operating at high 

temperature using a solid electrolyte, and it may improve 

the energy efficiency of electrolysis, which is thought to 

lead to a reduction in the cost of hydrogen production. 

Normally, yttria-stabilized zirconia, which is an oxide 

ion conductive electrolyte, is used as a solid electrolyte, 

but the application of proton conductive electrolytes is 

being studied from the viewpoint of electrical 

conductivity. Fig. 1 shows the schematic diagram of 

steam electrolysis using an oxide ion conductor and a 

proton conductor. When an oxide ion conductor is used 

as an electrolyte (Fig. 1(a)), water vapor is introduced to 

the cathode side, water is electrochemically separated 

into hydrogen and oxide ions, and the oxide ions are 

oxidized on the cathode side to generate oxygen. On the 

other hand, in case of a proton conductor (Fig. 1(b)), 

water vapor is introduced not on the cathode side but the 

anode side and hydrogen are generated on the cathode 

side in a form separated from water vapor. When steam 

electrolysis is considered as a hydrogen production 

Fig. 1. Schematic diagram of steam electrolysis 

using (a) oxide ion conductor, and (b) proton 

conductor. 
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method, it is not necessary to separate hydrogen from 

high-concentration steam, which is considered to be one 

of the advantages of selecting a proton conductor as a 

solid electrolyte. 

 

3. OVERVIEW OF MD SIMULATION 

The conspicuous contribution of MD simulation to 

proton conductor studies can be grossly divided as 

below in terms of understanding specific attributes:  

a. Proton diffusion across grain boundary,  

b. Proton mobility,  

c. Doping mechanism,  

d. Transportation of oxygen ion,  

e. Manipulation of structural and thermodynamic 

properties.  

In the following sub-sections, these aspects are 

discussed without incorporating redundancy. 

3.1 Review on MD simulation of BZO 

In 2008, Van Duin et al. [20] developed a reactive force 

field (Reaxff) for bulk phase Y-doped BaZrO3 to study 

proton diffusion across the grain boundary using 

molecular dynamics (MD) simulations (Fig. 2). They 

concluded that grain boundaries increase the average 

distances between oxygens that are in separate interfaces 

which facilitate the increase in proton hopping barriers. 

This increase in proton hopping barriers consequently 

results in reduction of proton diffusions. Their findings 

using reaxff MD simulation are in good agreement with 

experimental results which validates the force field to use 

in atomistic modelling and analysis of bulk BYZ phase 

[20]. This study also paved the way for a decade of 

simulation-based studies using this force field.  

Cammarata et al. [21] studied structural changes and 

proton mobility for undoped, singly and doubly Y-doped 

BaZrO3 with varying temperature (100 to 1200 K) using 

reaxff MD simulation. First of all, the relation of cell 

parameter a is found to be linear and positive with 

temperature. The extrapolated value of a at 77 K, 4.22 Å 

and coefficient of thermal expansion 2.42 x 10-5 /K were 

very close to experimental findings. Radial distribution 

function of O-O couple had different means for different 

temperature and Y-doping content which indicate that the 

oxygen subnetwork is temperature and doped yttrium 

content dependent. Protonation also caused softening in 

the matrix and as a result the force becomes constant 

between different couples. The calculated activation 

energy for undoped, singly and doubly doped structures 

were 0.32, 0.40 and 0.47 eV which were in good 

agreement with corresponding experimental values of 

0.46, 0.43 and 0.43 eV respectively [22]. For oxygens in 

singly doped structure, three stable sites were found 

having activation energies of 0.05, 0.23, and 0.28 eV 

respectively, whereas for doubly doped structures these 

energies were e 0.17, 0.45, and 0.31 eV respectively. 

Yttrium clustering was also evident in doubly doped 

structure that enabled two of the three stable oxygen sites 

in structure to be multilevel protonic traps resulting in a 

delayed protonic diffusion.   

Li et al. [23] studied fast oxygen transport in Y-doped 

BaZrO3 using reactive molecular dynamics simulation 

(Fig. 3). The effect of yttrium concentration and 

dislocations on oxygen ion conduction, migration 

mechanism, and structural properties was thoroughly 

investigated. For bulk structure, the diffusion coefficient 

(D0) increased when yttrium mol % concentration 

increased from 10 to 20 and then gradually decreased 

Fig. 2. ReaxFF MD simulation on Y-doped BaZrO3 at T =1000 K, t = 1.5 ns shows 

the trajectory of one hydrogen atom (represented by tiny white spheres) [20]. 
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when yttrium mol % was increased to 36. In the case of 

structures with dislocations, D0 increased with yttrium 

mol % up to 30 and then decreased except for 25 mol % 

yttrium. These indicate that 20 and 30 mol % yttrium 

yielded the highest value of D0 for bulk and line 

dislocated structures respectively. D0 ranges from 6.22 × 

Fig. 3. (a) In edge dislocation, the profile of a double-bottle diffusion channel for 30% Yttrium-doped barium 

zirconate (Y30), (b) mechanism of O2- diffusion in Y30 around the dislocation core has been identified  [23]. 
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10−7 to 8.19 × 10−7 cm2s−1 and 2.90 × 10−7 to 8.85 × 10−7 

cm2s−1 for Bulk structures and structures with 

dislocations respectively. These values of D0 are close to 

the experimentally achieved value of 6.6 × 10−8 cm2s−1 at 

1073 K [24]. The relation between D0 and temperature 

was found to be linear and positive. Below 1173.15 K, 

the D0 of dislocated 30 mol % yttrium containing 

structure is higher than 20 mol % yttrium containing bulk 

structure which was previously confirmed for SrTiO3 at 

1200 K. Below 1173.15 K, dislocation facilitates forming 

of a double bottle-like channel that accelerates oxygen 

ion diffusion by reorienting oxygen polyhedron. The 

ionic conductivity of oxygen ions, beyond 1073.15 K 

increased with mol % yttrium content up to 20 and then 

decreased gradually, whereas, below 1073.15 K, the 

highest ion conductivity was at 10 mol % yttrium content 

and declining afterward. At critical temperature 1073.15 

K, the highest ionic conductivity was found for 15 mol % 

yttrium.  

Kurosaki et al. [25] calculated the coefficient of 

thermal expansion using molecular dynamics simulation 

with a semi-empirical two-body potential and found it to 

be 7.91 × 10−6 K−1 which was close to the theoretical 

results [26]. They also figured that the thermal 

conductivity decreases with increasing temperature also 

supporting the experimental trend [26].  

Goh et al. [27] used mixed potential consisting 

coulombic interaction, c, short-range repulsion, and 

morse type covalent interaction to enable non-

equilibrium molecular dynamics simulation of BaZrO3. 

Fig. 4. Proton density maps for 1% Y-doping on the cation B-site determined at T = 2000 K at isotropic pressures of 

10, 0, and 10 GPa. (a) The two planes in which the proton density is indicated are represented schematically in the 

perovskite structure. The spheres indicate atomic locations, with gold, blue, and red representing Ba, Zr, and O, 

respectively. (b) Maps of proton density for plane n°1 with oxygen–oxygen bonds. (c) Density maps of protons in 

plane n°2 with oxygen and barium atoms (note: only the density of protons is displayed). The density is color coded 

here from blue (zero density) to red (high density) (high density) [31]. 

Fig. 5. (a) For barium zirconate with 12.5 percent Y doping, proton diffusion coefficients were calculated as a 

function of isotropic pressure at various temperatures. (b) For barium zirconate with 12.5 percent Y doping, proton 

diffusion coefficients were calculated as a function of biaxial pressure at various temperatures [31]. 



Proceeding of International Exchange and Innovation Conference on Engineering & Sciences (IEICES) 7 (2021)   

 

5 
 

Their calculated cell parameter 4.292 Å and coefficient 

of thermal expansion 8.16 × 10−6 K−1 are very close to the 

experimentally obtained value of 4.1928 Å [28] and 7.13 

× 10−6 K−1 [29]. They calculated isothermal 

compressibility, heat capacity, thermal conductivity were 

7.34×10−12 Pa−1, 110.8 J mol−1K−1, and 4.26 Wm−1K−1 at 

room temperature respectively which are also in close 

agreement with experimental findings [26,29,30].  

Ottochian et al. [31] used reactive molecular 

dynamics simulation to study the effect of isotropic and 

biaxial strain on proton conduction in yttrium doped 

BaZrO3 at different temperatures (1500 to 2000 K) (Figs. 

4 and 5). In general, the proton diffusion coefficient D0 

increased with temperatures. For low concentration of 

yttrium doping (1%) and isotropic strain, D0 increased 

from 1.19 x 10-3 cm2s−1 to 1.27 x 10-3 cm2s−1 and 

activation energy decreased from 0.51 eV to 0.39 eV with 

pressure changing from -10 to 10 GPa. An increase in 

isotropic pressure reduces the O-O distances and thus 

increasing proton diffusion coefficient. But in the case of 

biaxial pressure, at first, D0 increases by ~2 times up to 

2.5 GPa and then gradually decreases, and activation 

energy decreased from 0.59 eV to 0.42 eV and then again 

increasing to 0.52 eV. This is because an increase in 

pressure results in the localization of the protons strongly 

away from the B-cation. At excessive-high biaxial 

pressure, the cause of reduction if D0 results from both 

increases in O-O distance and proton localization. Their 

study exhibits the limitation of strain engineering in 

BaZrO3.  

Kitamura et al. [32] studied the effect of zinc and yttrium 

doping in BaZrO3 using DFT-based molecular dynamics 

simulation. Their study demonstrated that without doping 

the value of D0 was 1.3 x 10-5 cm2s−1 which is close to 

experimental results [26]. They showed that Zn- and Y-

doping caused protons to be localized more around Zn 

than Y which consequently increased proton trapping and 

ultimately reducing the coefficient of proton diffusion to 

3.9 x 10-5 cm2s−1 

 

3.2 Prospects and challenges of MD simulation for 

BZO 

From the previous section, it is evident that FP, DFT, and 

MD simulation studies have provided appropriate 

validations for experimental works on BaZrO3 in terms 

of explaining the proton conduction mechanism, proton 

hopping, and ion exchange mechanism, thermal and 

structural attributes, and so on. These contributions will 

certainly play an instrumental role to explore further 

criteria of implementation of this perovskite material, 

especially from the doping perspective, as atomistic 

simulation captures mechanical and structural behavior 

at atomic resolution. Although the utilization of MD is 

mostly found for BaZrO3 due to its vast application 

among other perovskites, such validation-focused 

maneuvers can certainly be expanded for other 

perovskite and rare earth materials, especially to explore 

their interaction with target materials with required 

properties. However, the main challenge from the 

simulation front is the lack of appropriate force fields for 

each scenario, which is one of the points of interest of 

computational material scientists. As the theoretical 

groundwork of MD simulation mostly depends on 

empirical characterization, a fast-paced experimental 

advancement in the next few years will come at aid to 

address this particular challenge. 

4. CONCLUSIONS 

The findings of the study are summarized as below:  

a) MD simulation studies on BZO facilitated 

explaining critical research questions involving 

proton diffusion across grain boundary, proton 

mobility in doped conformation, ion transport, and 

non-bonded interactions. 

b) For the validation of the significant number of 

experimental works going on focusing on BaZrO3, 

MD simulation holds a prospective ground, 

provided that the limitations of the force field are 

addressed in a timely manner. 
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