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Abstract

Dislocations are important for their effects on the chemical, electrical, magnetic, and transport properties of 

oxide materials, especially for electrochemical devices such as solid fuel cells and resistive memories, but these 

effects are still under-studied at the atomic level. We have developed a quantum mechanical/molecular 

mechanical (QM/MM)-based multiscale simulation program to reveal the diffusion properties of protons on <100> 

edge dislocations in BaZrO3 perovskite oxide. We find that the large free space and the presence of hydrogen 

bonds in the dislocation core structure lead to significant trapping of protons. The diffusion properties of protons 

in dislocation cores were investigated, and no evidence of pipeline diffusion was found from the calculated 

migration energy barriers, which not only did not accelerate ion diffusion but rather decreases the conductivity 

of ions. The proton diffusion properties of Y-doped BaZrO3 (BZY), with a dislocation core structure (BZY-D) and 

with a grain boundary structure (BZY-GB) were also compared. In all three structures, local lattice deformation 

occupies an essential part in the proton transfer and rotation processes. The change in bond order is calculated 

and it is found that the interaction with oxygen and Zr ions during proton transfer and rotation controls the 

energy barrier for local lattice deformation of the motion, which affects the proton diffusion in the structure. O-B-O

Our study provides insight into proton diffusion in dislocations in terms of mechanical behavior, elucidates the 

origin of the energy barrier associated with proton diffusion in dislocations, and provides guidance for the 

preparation and application of proton conductors.

Keywords: Dislocations, Energy barrier, Proton diffusion, Multiscale simulation, Lattice deformation

1. Introduction

Barium zirconate based perovskite ceramic materials have been active in the study of solid oxide fuel cell 

electrolytes due to their excellent chemical stability and high ionic conductivity[1-3]. Yttrium-doped barium 

zirconate (BaZr1−2δY2δO3−δ, BZY) is a typical class of solid electrolyte in which the zirconium ions (Zr4+) in the 

original lattice are replaced by large-radius, low-charge yttrium ions (Y3+), forming oxygen vacancy defects ( ). 𝑉••
𝑂

BZY materials can also form interstitial point defects[4, 5], line defects (edge dislocations)[6], and surface defects 

(grain boundaries)[7, 8] when subjected to actual hydrothermalization, high temperature sintering, or stress. 

Currently, experimental studies on the structure and diffusion properties of BZY defects are mostly focused on 

point defects, using scanning electron microscopy, electrochemical impedance spectroscopy, X-ray diffraction 

and other methods to investigate the effects of material structure, dopant type, concentration and local structure 

on carrier diffusion[9-11], while the effect of grain boundaries on ion transport properties has been investigated 

in a few studies[7, 12]. In addition, simulations related to BZY focus on its vacancy formation energy, carrier jump 

barrier, interaction with dopant ions and identification of diffusion paths[13-16].Dislocations, a prevalent defect 

in crystalline materials[17-19], significantly affect the material performance of  solid oxide fuel cells (SOFCs)[20]. 
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Currently, only a small number of studies have explored the chemical[21, 22], electrical[23, 24] and transport[25] 

properties of dislocations on oxides at the local level. Experiments have shown that dislocation-piping in metallic 

materials with edge-dislocation defects accelerates ion transport and increases the ion diffusion coefficient by 

several orders of magnitude[6, 26]. Moreover, dislocation-piping has a significant impact on the electrochemical 

and magnetic properties of metallic materials[27]. However, in perovskite materials such as SrTiO3 and CeO2, the 

dislocation defects have the opposite effect on the ion transport properties, instead of accelerating ion diffusion, 

they reduce the ion conductivity[28-30]. The mechanism of action of the edge dislocation defects at the 

atomic/molecular level is still unclear. Therefore, exploring the mechanism of proton transport in BZY materials 

with line defects is essential for understanding the defect structure and its role in macroscopic migration 

behavior, as well as providing theoretical basis and design solutions for the application of BZY-based proton 

conductor materials.

Density functional theory (DFT) has been successfully employed to study ion diffusion in perovskite materials, 

taking into account the principle of interaction between nuclei and electrons and their fundamental laws of 

motion, with good agreement between computational accuracy and experimental values[31-34]. However, it is 

very difficult to model complete dislocation defects at the DFT level, and there are few theoretical studies on the 

use of DFT to study proton diffusion in dislocations. Due to the symmetry breaking in the unitary dislocations, 

periodic boundary conditions (PBC) cannot be used in the DFT calculations. However, both free and fixed 

boundaries introduce virtual displacement fields to the dislocations if a clustering model is used, leading to errors 

in the dynamic studies. It is possible to fix the boundary mismatch by introducing another dislocation with the 

opposite Burgers vector, which makes it possible to apply the PBC again. However, this leads to the necessity of 

using larger models in the calculations, making the computational cost of using DFT for dynamics studies too 

high. Molecular dynamics (MD) simulations are employed to study the state of particle motion and interactions 

in a system over a period of time, and have been widely used to study ion diffusion in perovskite materials[35, 

36]. Stokes and Islam used MD simulations in combination with Coulomb and Buckingham potentials to study 

the interaction between point defects and dopants in BaZrO3 and BaPrO3 as well as the migration characteristics 

of oxygen ions[37]. In addition, the interaction between the edge dislocations and   in SrTiO3 at high 𝑉 ∙∙
𝑂

temperature and MgSiO3 at high pressure and its effect on the oxygen diffusion kinetics were investigated by the 

MD method[38, 39]. The MD method ignores the quantum effects brought about by electron motion and suffers 

a certain degree of loss in actuarial accuracy, but has advantages in computational efficiency and computational 

scale that are unmatched by first-principles methods. Therefore, a multiscale scheme combining DFT and MD 

simulations is expected to solve the problem of proton diffusion on dislocation cores.

In this work, we developed QM/MM multiscale simulation framework to study the diffusion dynamics of 

protons on BZY misaligned cores. This multiscale strategy significantly reduces the computational effort while 

maintaining accuracy at the DFT level[40, 41]. We found that a significant proton capture effect exists when the 

proton diffuses in the dislocation core, the proton forms an O-H bond with oxygen ion which prefers the position 

with larger free space, while a stronger hydrogen bond makes the proton more stable and more likely to cause 

an effective proton capture. In perovskite type materials with edge dislocation defects, no dislocation-pipeline 

effect similar to the accelerated ion transport in metallic materials is formed. In addition, the structural disorder 
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on the dislocation core leads to a stronger bond between O-B for proton transfer and between O-A for proton 

rotation, and this leads to an increased energy barrier to motion, which hinders proton migration in the O-B-O

dislocation core.  Here we paper investigates the proton trapping effect in dislocation cores, the dislocation-

pipeline effect in perovskite type materials, and the quantification of the activation energy source for proton 

transfer and rotation in BZY-D, providing a fundamental theory for industrial applications of perovskite oxides.

2. Calculation Details

The QM/MM multiscale approach, which combines quantum mechanical simulations with classical atomic 

simulations, was originally developed in the context of enzymatic reactions[42] and has since been widely used 

to help understand physical[43, 44], chemical[45, 46], and biological[47, 48] processes in complex environments. 

The application of the method to condensed-phase chemical reactions[49] and the development of open 

boundaries[50] are described in detail. The accuracy and efficiency of this multiscale scheme was demonstrated 

in the bulk and screw dislocations of aluminum by introducing the multiscale approach for the treatment of 

simple metallic systems[40]. Despite the success of this approach, the force mismatch and virtual surface effects 

at the DFT/MD boundary cannot be completely cancelled, which can lead to considerable errors introduced in 

the atomic positions and reduce the coupling at the boundary. The reconstruction method was further modified 

to enhance the coupling between the QM and MM regions[41]. The diffusion behavior of lithium impurities in the 

presence of dislocations in silicon was investigated using QM/MM theory by code-linking the SIESTA and 

LAMMPS packages[51, 52]. This multiscale approach was recently used to investigate how cracks affect the 

distribution and diffusion behavior of lithium in silicon anodes[53]. As shown in Fig.1, a region composed of 

several layers of B-atoms near the boundary is introduced between the QM and MM regions. The positions of the 

B-atoms are determined by the force field calculation in the MD and also appear as boundary atoms in the DFT 

calculation region I. They act as buffers to protect the internal DFT atoms from exposure to the virtual surface at 

the boundary, and this approach is more suitable for calculating lattice cross sections containing defects.

Figure 1:  The division diagram of region I and region II in the multiscale approach. The atoms marked with 'D' indicate internal DFT 

atoms or core atoms with defects. Atoms marked with 'A' denote external MD atoms. Atoms marked with 'B' indicate boundary atoms.

In this paper, we choose to construct a BZY system with two symmetric line defect structures to ensure that 

the simulated system is large enough to form edge dislocations and that the structure is periodically symmetric. 

Firstly, the structure file of pure phase BZO (space point group  , cubic lattice parameter 4.256 Å)[54] was 𝑃𝑚3𝑚

obtained from the crystal database, and the BZO supercell was oriented in the [011] [100] [011] direction along 
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the slip plane <100>{011}. A 27×38×2 BZO supercell was constructed to obtain the bulk BZO model with x, y and 

z dimensions of11.402, 16.047 and 0.844 nm, respectively, with periodic boundary conditions along the z-axis 

direction; then, the middle two columns of BaO and ZrO2 lattices (A total of 32 BaZrO3)  are dug out along the z-

axis, after preliminary MD relaxation, dislocation dipoles are produced that have opposite Burgers vectors and 

are positioned as far away as possible to reduce internal interactions[51]. The 3D structure matrix of the BZY-D 

model is shown in Fig.2(a). The whole model includes 10,100 atoms and has two parts.:

(i) The QM region, which includes the dislocated cores, inserted protons, and boundary H-atoms, calculated 

in the DFT package;

(ii) The MM region, for the rest, is described by the empirical interatomic potential.

The B atoms in the atomic structure of region I is used as the boundary atoms, and these atoms are calculated 

jointly by DFT and MD simulations, an approach that eliminates fictitious surface effects and force mismatches 

between the QM and MM regions. Near the QM region the suspended bonds are passivated by H atoms. The 

suspended bonds near the QM region are passivated by H atoms, and the two parts of the structure are shown in 

Fig.2. In all models of this paper, Zr, H, Ba and O ions are marked in light blue, gray, green and red, respectively.

Figure 2: The dislocation models used throughout the multiscale calculations. (a) MD computational model; (b) structure near the 
dislocation core; (c) DFT computational model.

The DFT calculations in part (i) are performed using the Vienna Ab initio simulation package (VASP) code[55-

57]. Under the generalized gradient approximation (GGA)[58, 59], the electronic wave function is described by 

the Blochl’s projection augmentation wave (PAW) method[60, 61], using the Perdew-Burke-Ernzerhof (PBE) 

parameter exchange correlation energy[58]. In all calculations, the cut-off energy of the plane wave group is 500 

eV, and this is already widely used to study proton migration processes in perovskites[62, 63]. After optimization, 

the residual force per atom is less than 0.02 eV/A. The Bader charge calculation method is used to analyze the 

electronic structure near the dislocation structure. The energy barrier for proton diffusion is calculated by the 

climbing image nudge elastic band (CI-NEB) method[64],We used three images between initial and final state 

during each CI-NEB calculation. The overlapping electron density of the atomic structures was calculated using 

the DDEC6 method[65]. In addition, all structures use a 6 × 6 × 6 Monkhorst-Pack k-point grid. The Gaussian 

Smearing method is used, and the width of the smearing in 0.2 eV. The relaxation of the electronic degrees of 
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freedom stops if the total (free) energy change and the band-structure-energy change ('change of eigenvalues') 

between two steps are both smaller than EDIFF= 1.0E-4 eV; Also, the relaxation stops when the norm of all forces 

is less than the absolute value of EDIFFG = -0.04 eV/A.

Part (ii) and the boundary atoms were calculated using the LAMMPS code. The BZY system is an inorganic 

ionic compound whose interactions between ions are described using the Coulomb-Buckingham potential 

function [66, 67] in the form of Eq. 1, where the force field potential parameters ,  and  for different ion 𝐴𝑖𝑗 𝜌𝑖𝑗 𝐶𝑖𝑗

pairs are shown in Table 1. In the MD simulation system of BZY, the Nosé-Hoover algorithm was used to regulate 

the temperature and pressure; the velocity Verlet algorithm was used for data integration with a 1 fs time step; 

the PPPM algorithm was used for the long-range forces in K-space with a truncation radius of 12 Å; the energy 

minimization was performed by the fastest descent algorithm, and the convergence of the energy during 

relaxation was criterion is 10-6 and the convergence criterion for the force is 10-8. 
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Table 1 Potential parameters of Buckingham

Interaction 𝐴𝑖𝑗(eV) 𝜌𝑖𝑗(Å) 𝐶𝑖𝑗(eV Å6) Ref.

Ba2 + ⋯O2 ― 931.700 0.3949 0.000 [67]

Zr4 + ⋯O2 ― 985.869 0.3760 0.000 [67]

Y3 + ⋯O2 ― 4121.837 0.2804 0.000 [66]

O2 ― ⋯O2 ― 22764.300 0.1490 27.890 [67]

3. Results and discussion

3.1 Diffusion paths of proton in dislocation core

A necessary condition for fast proton transport is the integrity and continuity of the proton diffusion path. 

The long-range proton conduction is crucial for the application of BZO in electrolytes, and we can obtain high 

proton conductivity only when protons are able to transport freely in the dislocation core. Protons in perovskite 

oxides usually diffuse in a Grotthuss mechanism, which includes proton transfer between two adjacent oxide ions 

belonging to the same BO6-octahedron (intra-octahedral proton transfer) or between two adjacent oxide ions 

belonging to two BO6-octahedra (inter-octahedral proton transfer) and hydroxide ion rotation[68-70]. The 

detailed steps for each of proton transfer and proton rotation are given in Fig.3. With crossing the dislocation 

core as a criterion, we find four typical proton diffusion paths in BZY-D consisting of a combination of proton 

transfer and rotation. The four diffusion paths of protons in BZY-D are given in Fig.4. Proton diffusion is composed 

of different permutations and combinations of proton transfer and rotation. In the diagram, the straight blue 

arrows indicate proton transfer and the curved orange arrows indicate proton rotation. The path in Fig.4e is the 

longest and contains the most complex proton diffusion process, but when the proton is near the oxygen ion 

involved in the fg and gh steps, it prefers to diffuse toward the oxygen ion pointed by the black arrow in Fig.4d, 

resulting in the proton being trapping and unable to continue diffusion. The path in Fig.4f is the shortest, and the 
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whole process is the involvement of only two oxygen ions. The proton transfer in the cd process is more difficult 

due to the limitation of distance. In this paper we choose the paths in Fig. 4b and Fig. 4c as representative paths 

in order to ensure the continuity in the proton diffusion process. Path I and path II have each 7 migration steps 

(a-h), both consisting of three-steps of proton transfer and four-steps of proton rotation. 

Figure 3: Schematic diagram of the proton diffusion mechanism in ABO3 perovskite oxides. (a) Description of the proton transfer process: 
inward OBO bending motion and OD-H-OA interaction in the BO2 plane; (b) Description of proton rotation process: outward OBO bending 
motion and reorientation of hydroxide ions in the AO plane. The check mark in the diagram indicates that proton interact between OD and OA. 
The cross indicates that protons do not interact between OD and OA.
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Figure 4: The proton conduction path on the dislocation core. They are shown in detail in (b) path I, (c) path II, (e) path III and (d) path IV, 
respectively.

In order to understand more clearly the migration mechanism of protons in BZY-D, the minimum migration 

energy paths of protons in the dislocation core is calculated using the NEB method. Using the initial position of 

path I (binding point a) as the reference point, the energies of the binding points and transition states of the 

protons in the two migration paths in BZY-D were calculated, as shown in Fig.5. The maximum energy barriers in 

proton migration path I and path II are 0.50 eV (de) and 0.64 eV (cd), respectively, as seen in Fig.5. With respect 

to the energy barrier value in bulk BZY (0.2 eV)[70], it is much larger for the proton diffusion in the dislocation 

core. According to Arrhenius' law, the rate of particle transport is proportional to the term , exp ( ― 𝐸𝑏𝑎𝑟𝑟𝑟𝑖𝑒𝑟/𝑘𝐵𝑇)

where (absolute temperature) and  (Boltzmann's constant) are constant, so the larger the energy  barrier 𝑇 𝑘𝐵

 the slower the particle diffusion rate, which means that the proton diffusion rate becomes slower in the 𝐸𝑏𝑎𝑟𝑟𝑖𝑒𝑟

dislocation compared to in the bulk. The results are similar to those of other solid oxides such as SrTiO3 and CeO2, 

where the oxide ion diffusion is hindered by the dislocation defects and the conductivity of the ions is reduced 

[17-19]. This suggests that the proton conduction in the dislocation core plays a key role in the overall proton 

transport in BaZrO3 crystals. It can be seen from the fig.5 that when the proton diffuses from a to h, the maximum 

energy barrier is on path II and proton diffusion prefers to occur in path I. When the proton diffuses from h to a, 

the maximum energy barrier is on path I at this time and path II is the most favorable diffusion path.

As shown in Fig.5, the proton has a minimum relative energy of -0.72 eV at the d site on path I. The migration 

barrier at the cd stage on path I is 0.179 eV, indicating that the proton can easily diffuse to the lowest energy point 

in the dislocation core. The migration barrier for the proton jumping out of the energy minimum is much higher 

(0.54 eV for the de step on path I), resulting in the proton being more easily trapped in the dislocation core. It can 

be seen that the proton is more stable at the d site of path I. Next, we analyze the proton trapping mechanism in 

the dislocation core by comparison different local atomic structures.
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Figure 5: The relative energies of binding site and transition state of the protons in the two diffusion paths. The upper triangle is the transition 

state energy during proton transfer and the lower triangle is the transition state energy during proton rotation. The remaining points are the 

relative energies of the binding points. a' is the position in the periodic structure corresponding to a.

3.2. Proton trapping in dislocation core 

In order to understand the high stability of protons at the d site of path I, we considered the hydrogen bond 

configuration of oxygen ion in the local structure. In addition, we calculated the Voronoi volume for several 

representative structures, which represents the available space for each atom and which is only affected by the 

nearest atom around the target atom. Fig.6 shows calculations for typical O-H stable conformations of oxygen 

ions in dislocations and bulk. O1 is located in the bulk structure, O2 is located in the maximum Voronoi volume 

in the dislocation core, O3 is located in the lowest energy in the dislocation core and O4 is similar to O3 in 

structure. As shown in the partial enlargement of O1, in the perfect bulk structure, the bond length of O-H is 0.99 

Å. The proton is located between the bound oxygen ion and two neighboring Ba ions [36, 57]. At this position, the 

proton is farthest away from the surrounding Ba and Zr ions, resulting in the least Coulomb repulsion. It is clearly 

seen in the local magnification of O2, O3 and O4 that there is a significant local lattice deformation owing to the 

presence of protons. The Voronoi volume of O2 (24.038 Å3), O3 (23.715 Å3) and O4 (21.546 Å3) in the dislocation 

core are larger than those of O1 (15.102 Å3), which favors the residence of protons in these positions. The protons 

on the dislocation core prefer locations with more free space to decrease the repulsive forces of nearby Ba and 

Zr ions.

Furthermore, we have analyzed the hydrogen bond configuration in the local structure in detail. In the 

hydrogen bonds structure, the shorter the bond length, the stronger the hydrogen bond is when the bond angle 

is close to 180◦. In the hydrogen bond configuration of O1, a symmetric nonlinear hydrogen bond configuration 

is formed with a bond angle of 120◦ and a bond length of 2.25 Å, and this is in agreement with the results of 

reference [71]. In the hydrogen bond configuration of O2, the oxygen is in a suspended bond state and the O-H 

bond formed over it is unstable. In the hydrogen bonding configuration of O3 and O4, two symmetrical nonlinear 

hydrogen bonds are formed, and compared to the hydrogen bonds of O1 and O4, the bond length on O3 is larger 

(2.44 Å) and the bond angle is similar (110◦). This implies that the combined effect of free space and local 

hydrogen bond configuration results in high stability of protons at the lowest energy point (O3) position.
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Figure 6: The hydrogen bond configurations near O1, O2, O3 and O4. The dashed line between H and O atoms in the local structure indicates 

hydrogen bonding. Vo indicates the Voronoi volume in the vicinity of the oxygen ion. The area enclosed by the yellow solid line is a 

schematic of the Voronoi volumes of O1 and O2 (O2, O3 and O4 are similar).

3.3 Activation energy of proton diffusion in dislocation core

In this section we focus on the sources of energy barriers in the proton diffusion process and study two 

representative diffusion processes in detail.  In the proton transfer process (cd in path I), we divide the whole 

proton transfer process into three independent steps (Fig.7a, 7b and 7c), taking the structure at point c as the 

initial state (relative energy of 0). In the proton rotation process (bc in path I), we divide the whole proton 

rotation process into three independent steps (Fig.7d, 7e and 7f), taking the structure at point b as the initial state 

(relative energy is 0).

From the above calculations, it is obtained that the d site in path I has the smallest relative energy and the 

most stable proton structure. To explain the origin of the minimum activation energy, we performed a detailed 

analysis of the proton transfer process (cd) near the d site. Combined with the previous analytical calculations 

for BZY and BZY-GB[70, 72], we analyzed the local structural deformation among the initial structure, saddle 

structure and final structure during the proton transfer of BZY-D to obtain the three basic steps of proton transfer: 

inward motion, interaction and bending recovery. The relative energies of these three O-B-O D AO -H-O O-B-O

fundamental steps are given in Fig.7a-Fig.7c. The horizontal coordinate, relative O-B-O angle, represents the 

actual angle change of the O-B-O angle. O-B-O angle is bent inward and the angle decreases, which is denoted as 

negative; O-B-O angle is bent outward and the angle increases, which is denoted as positive. For the reaction 

coordinate in Fig. 7b, we consider the position change of the proton in the  interaction as a unit, and the D AO -H-O

horizontal coordinate represents the relative position of the proton during the movement, which is a normalized 

value. The maximum energy barrier during motion is given as 0.132 eV in Fig.7a (∠ODBOA in the inset), O-B-O

which involves lattice deformation on the local structure. The energy barrier of the OD and OA interaction is 

maximum (0.047 eV) at the intermediate position between OD and OA for proton is given in Fig.7b. The relative 

energy changes during the relaxation is given in Fig.7c, where the energy barrier does not occur throughout O-B-O

the process. It can be noted that in the proton transfer of step cd of path I, the total energy barrier of the two first 

steps obtained by the decomposition is 0.179 eV, which is equal to the calculation of NEB, indicating that the 
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source of the total energy barrier is associated with motion and interaction. This is similar to the O-B-O D AO -H-O

proton transfer calculated in BZY and BZY-GB, further verifying the applicability of our proposed three-steps 

theory. In addition, the energy barrier for the motion is greater in BZY-D compared to BZY (0.132 eV for O-B-O

BZY-D and 0.122 eV for BZY), whereas the interactions are reversed (0.047 eV for BZY-D and 0.072 eV D AO -H-O

for BZY). We will analyze this phenomenon in detail using bond deformation and electron density distribution in 

later sections. Furthermore, we find that in BZY and BZY-D, the energy barrier for motion is larger than O-B-O

that for interaction, implying that the local lattice deformation significantly affects  proton transfer D AO -H-O

process.

Figure 7: Three decomposition processes of proton transfer and rotation with relative energies. (a) Inward motion. (b) O-B-O D AO -H-O

interaction. (c) Recovery of motion. (d) Outward motion. (e) Redirection of the hydroxide ion. (f) Lattice relaxation. The inset O-B-O O-B-O

shows the deformation process of the structure. The gray ball represents the protons, and the red and brown balls represent the initial 

structure position and the position after deformation, respectively.

In order to compare with the proton transfer process, we investigated in depth the activation energy origin of 

proton rotation at the bc step of path I. Combining the previous analytical calculations for BZY and BZY-GB [70, 

72], we analyzed the local structural deformation among the initial structure, saddle structure and final 

structure during the rotation of the hydroxide ion of BZY-D and obtained three basic steps: outward O-B-O

motion, reorientation of the hydroxide ion and lattice relaxation. In Fig.7d-Fig.7f the relative energies of these 

three fundamental steps are given. For the reaction coordinate in Fig. 7e, we consider the angular change of 

proton rotation in hydroxide ion reorientation as a unit, and the horizontal coordinate represents the relative 

position of the proton during the rotation, which is a normalized value. Fig.7d gives the relative energy in the

motion (∠ODBOA in the inset), and the maximum energy barrier for lattice deformation is 0.110 eV. The O-B-O

relative energy for the reorientation of the hydroxide ion is given in Fig.7e (energy barrier is 0.042 eV). The 

relative energy changes during the lattice relaxation is given in Fig.7f, where the energy barrier does not occur 

throughout the process. It can be noted that in the proton rotation of step bc of path I, the total energy barrier 

of the two first steps obtained by the decomposition is 0.152 eV, which is similar to the calculation of NEB 
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(0.154 eV), indicating that the source of the total energy barrier is associated with motion and hydroxide O-B-O

ion reorientation, while provides more clarity on the source of activation energy for the proton rotation 

process. In addition, the energy barrier of the motion in BZY-D is larger compared to BZY (0.269 eV in O-B-O

BZY-D and 0.109 eV in BZY), and the same is true for the hydroxide ion reorientation (0.354 eV in BZY-D and 

0.083 eV in BZY),  a phenomenon that will be described in detail in the next section on bonding deformation 

and electron density distribution. Furthermore, we find that the energy barrier for motion is larger than O-B-O

the energy potential for hydroxide ion reorientation in BZY and BZY-D, which implies that the lattice 

deformation plays a rather important part during proton rotation.

Figure 8: Comparison of structural changes before and after motion. Proton rotation in BZY, BZY-GB and BZY-D are indicated in (a), O-B-O

(b), (c); proton transfer in BZY, BZY-GB and BZY-D are indicated in (d), (e), (f). The blue balls and clubs represent the position after the 

bending motion. 

3.4. Effect of dislocation core on proton migration

From the decomposition of BZY and BZY-D in proton transfer and rotation, we observed that motion O-B-O

process in BZY-D has a greater relative energy. To understand more clearly the properties of proton transfer and 

rotation in BZY-D, we compared the effects of bond deformation on motion in BZY-D and previously O-B-O

studied BZY[70] and BZY-GB[72]. The structural changes in motion during proton migration in BZY, BZY-O-B-O

GB and BZY-D are given in Fig.8.  We analyzed the properties of lattice deformation by calculating the bond order. 

Table 2 and Table 3 summarize the bond order variations of motion (bond order variations between the O-B-O

initial and final positions of motion) with energy barriers of proton rotation or proton transfer duringO-B-O

motion in BZY, BZY-GB and BZY-D, respectively. When the value of bond order difference is negative, the O-B-O

bond length increases and the bond strength decreases. For proton transfer or rotation, it can be found that the 

energy barrier of motion is smaller in BZY and BZY-D, and the bond order difference sum is smaller, while O-B-O

the energy barrier of  motion is larger in BZY- GB, and the bond order difference sum is larger. It can be O-B-O

seen from Table 2 that bond order changes in proton rotation process are focused on OD-Ba and OD-Ba'.  The 

oxygen ion in BZY has four Ba ions evenly distributed around it and is subject to more uniform interactions , while 
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in both BZY-GB and BZY-D the oxygen ion is subject to two A ions, and the oxygen ion is closer to the A ion, but 

the proton in BZY-GB is more biased toward the Ba ion, resulting in stronger interactions. Therefore, the increase 

in the energy barrier during motion is due to the increase in the binding strength between O-A, which O-B-O

hinders the rotation of the hydroxide ion. From Table 3, it can be seen that the bond order changes are mainly 

focused on ,  and .during the proton transfer process. Compared to the two O-Zr bonds 𝑂𝐷 ― Zr 𝑂𝐷 ― 𝑍𝑟′′ 𝑂𝐷 ― 𝑍𝑟′′′

in the oxygen donor structures of BZY and BZY-D, there is an additional O-Zr bond interaction in BZY-GB. The 

increase in the number of O and Zr ions and bond strength in the GB structure leads to an increase in the energy 

barrier for local lattice deformation, which hinders the proton transfer in the GB.

Table 2
Bond order changes in  motion in proton rotation process.O-B-O

System Barrier(eV) Bond order differences Sum
𝑂𝐷—Zr 𝑂𝐷—𝑍𝑟′ 𝑂𝐴—Zr 𝑂𝐴—𝑍𝑟′′ 𝑂𝐷—𝐵𝑎 𝑂𝐷—𝐵𝑎′

BZY 0.109 -0.002 -0.005 0.012 -0.022 0.014 0.012 0.009
BZY-
GB

0.269 0.008 -0.011 0.025 -0.030 0.064 0.057 0.113

BZY-D 0.110 0.003 -0.008 0.016 -0.035 0.021 0.016 0.013

Table 3
Bond order changes in motion in proton transfer process.O-B-O

System Barrier(eV) Bond order differences Sum
𝑂𝐷—Zr 𝑂𝐷—𝑍𝑟′′ 𝑂𝐷—𝑍𝑟′′′ 𝑂𝐴—Zr′ 𝑂𝐴—Zr 

BZY 0.122 0.056 -0.072 -0.026 0.060 0.018
BZY-
GB

0.233 0.037 -0.033 0.028 -0.038 0.073 0.067

BZY-D 0.132 0.048 -0.052 -0.034 0.063 0.025

We next investigated the valence electron density distribution of local atoms in the vicinity of D AO -H-O

interactions and hydroxide ion reorientation in BZY, BZY-GB, and BZY-D (Fig.9). Fig.9a illustrates the electron 

density distribution near the hydroxide ion reorientation. The bond lengths of the hydroxide ions in BZY-GB and 

BZY-D increase from 0.978 Å in BZY to 0.985 Å and 0.979 Å, respectively, since there are only two O-A bond 

interactions in BZY-GB and BZY-D, this provides a larger proton free space. Moreover, the bond strength of O-A 

gradually decreases in BZY-GB, BZY and BZY-D (O-Ba bond lengths of 2.816 Å, 3.423 Å and 3.668 Å, respectively). 

Therefore, the stronger O-A bond in BZY-GB inhibits the reorientation of the hydroxide ion and produces a larger 

energy barrier (0.354eV), while the energy barrier for hydroxide ion reorientation in BZY-D is much smaller 

(0.042eV). In summary, the strength of the O-A bond controls the energy barrier for the reorientation of the 

hydroxide ion. Fig.9b shows the electron density distribution around interaction in proton transfer D AO -H-O

process. The presence of three O-A bonds in BZY-GB reduces the Voronoi volume near O. In BZY-D, similar to the 

structure in BZY, but the presence of the dislocation core leads to an increase in the Voronoi volume near the

interactions. The larger Voronoi volume on the local structure reduces the proton binding strength to D AO -H-O

the oxygen donor (1.023 Å, 1.029 Å and 1.050 Å for BZY-GB, BZY and BZY-D, respectively), which leads to easier 

proton movement from the oxygen donor to the oxygen acceptor and facilitates proton transfer, leading to a 

smaller energy barrier to interactions. D AO -H-O
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Figure 9: Electronic density distribution of the local structures of (a) hydroxide ion reorientation in proton rotation and (b)  D AO -H-O

interaction in proton transfer.

4. conclusions

We have investigated the process and mechanism of proton crossing through the dislocation core in BaZrO3 

by writing stub code using the multiscale simulation theory of QM/MM in combination with LAMMPS and VASP 

packages. We find that there is proton capture at the dislocation core, and this results in a higher energy barrier 

for proton crossing the dislocation. Meanwhile, the origin of activation energy for proton migration in BZY-D was 

analyzed in comparison with the previously proposed "three-steps" method of proton transfer and rotation, and 

the local lattice deformation was found to have an important effect in proton diffusion processes.
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The proton diffusion in the dislocation core has a significant capture effect, in order to minimize the Coulomb 

effect of nearby cations, the proton prefers to stay at the position with larger free space. Meanwhile, As the O-H 

bond formed is more stable, the stronger the hydrogen bonding effect and the more easily the proton is trapped. 

In addition, in the perovskite type materials with edge dislocation defects, there is no dislocation-pipeline effect 

formed to accelerate the ion transfer, and the edge dislocation defects instead reduce the proton diffusion. During 

the proton transfer, the local configuration between the oxygen ion and the surrounding B ion significantly affects 

the motion, and as the number of OD-Zr bonds increases the interactions to which the oxygen donor is O-B-O

subjected, the local lattice deformation is suppressed. During the interaction, the larger bond length of D AO -H-O

OD -H facilitates proton transfer, resulting in a smaller energy  barrier for the whole process. For the proton 

rotation process, the presence of grain boundaries and dislocation defects leads to a larger free space for the 

proton migration process, and although this facilitates the small angle proton rotation , the bond strength among 

the oxygen and the adjacent Ba ions is strong enough that the protons need to overcome these interactions to 

achieve the reoriented motion of the hydroxide ion. In this paper, the diffusion mechanism of protons on the 

dislocation core of BaZrO3 is described at the atomic level, which is a guideline for further improvement of the 

proton diffusion properties of the material.
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