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Abstract 
Sulfur-containing materials may be of importance in devices such as proton conducting fuel 
cells for energy conversion involving fossil or bio-derived fuels. First-principles calculations 
were employed to elucidate the thermodynamics of proton incorporation as well as proton 
migration barriers in selected sulfides, oxysulfides and oxysulfates. In this respect, dissolution 
of H2S and H2O into anion vacancies as SH- and OH-, respectively, was considered for 
La2O2S, La2O2SO4, and the perovskite sulfides SrZrS3 and BaZrS3. The structurally 
equivalent A-La2O3 and SrZrO3 were included for comparison. Protons were found to be most 
stable associated with oxide ions as OH- rather than with the sulfide or sulfate anions in 
La2O2S and La2O2SO4, respectively. The enthalpies of dissolution of H2O were calculated to -
1.31 and -1.21 eV, respectively. However, the low symmetry of the protonated structures 
implied insubstantial long-range proton transport. SrZrS3 and BaZrS3 both exhibit exothermic 
enthalpies of dissolution of H2S, -0.86 and -0.58 eV, respectively, which is comparable to 
dissolution of H2O in several perovskite oxide proton conductors. Furthermore, among the 
calculated proton migration barriers for an interoctahedral and a rotational pathway in the 
perovskite sulfides and oxide, BaZrS3 showed the lowest activation energy for proton 
transport, 0.25 eV.  
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1. Introduction 
Proton conducting ceramics constitute an important class of materials with novel applications 
in electrochemical energy conversion devices such as fuel cells, electrolyzers and hydrogen 
permeable membranes for gas separation and catalytic membrane reactors. One of the most 
significant advantages of ceramic fuel cells over those based on polymer electrolytes is their 
compatibility with alternative fuels and the high operating temperature facilitating reforming 
of hydrocarbons to H2 and CO on the electrode catalyst.1  

Biogas and natural gas are attractive fuels for use in ceramic fuel cells, but their H2S 
content – typically 1-10000 ppm in various feedstocks – poses significant challenges due to 
chemical stability of the ceramic components and many catalysts as well as poisoning of the 
electrodes. Hydrogen separation membranes for hydrogen production via steam methane 
reforming are similarly challenged by the presence of H2S. Extensive efforts have been 
devoted to optimizing the electrolyte and electrode composition in order to increase H2S 
tolerance, which is often limited to a few ppm.2,3 Another approach is to utilize novel sulfur 
containing ceramic components that are thermodynamically stable at higher H2S 



concentrations. These can then be considered also for use in electrochemical oxidation of H2S 
as a fuel and as a byproduct from fossil fuel refining.4 

Evaluating ceramic sulfides as proton conducting materials is also of fundamental 
interest considering that hydrogen generally dissolves into ceramic oxides as protons 
associated with an oxide ion. The defect species can then be described as hydroxide, OH#●  in 
Kröger-Vink5 notation, and the equivalent defect in sulfide materials would be SH%●. The 
stability of protons in an acceptor-doped oxide can be evaluated from the enthalpy of 
hydration, i.e., dissolution of water according to 
 

H&O(g) + v#●● + O#× = 2OH#●         
 (1) 

 
where v#●● denotes a fully ionized oxygen vacancy and O#× denotes a lattice oxide ion. The 
hydration enthalpy describes the relative stability of oxygen vacancies and protons in an 
oxide. An analogous reaction for a sulfide can be formulated according to dissolution of H2S 
into sulfur vacancies, v%●●, 
 
H&S(g) + v%●● + S%× = 2SH%●         (2) 

 
Oxysulfides are particularly enticing since stability of protons associated with both oxide and 
sulfide ions can be evaluated within the same structural and chemical environment. Protons 
and anion vacancies may be energetically preferred on different sites, leading to a 
combination of Eqs. 1 and 2. The thermodynamics of proton incorporation into perovskite 
nitrides and oxynitrides have also been investigated in a similar study; it was found that 
protons were preferentially associated with nitride ions in SrTa2O2N, and that the 
concentration of protons was significantly lower in ThTaN3 compared to isostructural 
SrZrO3.6 

Ceramic sulfates represent distinctly different sulfur containing materials where 
protons can associate with oxide ions in SO4-groups. Several phosphates such as LaPO4 
dissolve significant amounts of protons when acceptor doped and exhibit appreciable proton 
conductivities.7–11 For sulfate materials, phosphorous can be considered as an anion acceptor 
dopant when substituting for sulfur, and in terms of the entire anion group this would be 
denoted PO0%#1

/ . The binding energy of the proton to the PO4-acceptor should then be 
considered. To our knowledge, phosphate acceptors in ceramic sulfates and the resulting 
charge compensating defects and its association to the dopant have not been considered in the 
literature. There are solid acids in the CsHSO4–CsH2PO4 system where fast proton transport is 
reported to proceed via both SO4 and PO4 groups in the superprotonic state, but this represents 
an already fully protonated and disordered case, where the effect of the solid solution is 
different from that of doping.12–14 

In the present work, we investigate the incorporation and migration of protons in 
selected oxysulfides, oxysulfates and sulfides. The enthalpies of the reactions in Eqs. 1 and/or 
2 are evaluated for La2O2S, La2O2SO4 and the orthorhombic perovskite sulfides SrZrS3 and 
BaZrS3. A-type La2O3 and SrZrO3 are considered for comparison as they are isostructural to 
La2O2S and the perovskite sulfides, respectively. Furthermore, the activation barrier for 
proton migration is evaluated for selected paths in the perovskite materials. As such, the 
difference in activation energy can be evaluated for oxides and sulfides in the same structural 
environment. The combination of first-principles methods and thermodynamic models is 
demonstrated as an effective approach to elucidate central parts of the defect chemistry and 
defect-dependent properties of the considered materials, in particular for the compositions 
with multiple anions.  



2. Computational procedure 
DFT calculations were performed using the projector-augmented wave (PAW) method15,16 as 
implemented in VASP17–19 and the generalized gradient approximation by Perdew, Burke and 
Ernzerhof (GGA-PBE).20 Geometric optimization of the unit cells was performed with a plane 
wave cut-off energy of 450 eV, and subsequent defect calculations were performed in 
supercells with fixed lattice parameters. The supercell size and k-point grid for the supercell 
are summarized in Table 1. All atomic positions and cell parameters were optimized until the 
residual forces on the relaxed atoms were within 0.02 eV Å-1. Electronic density of states 
(DOS) were evaluated from calculations using the hybrid functional due to Heyd, Scuseria, 
and Ernzerhof21 with a screening factor of 0.2 (HSE) as it provides significantly improved 
band gaps and band positions of semiconductors and insulators.22,23 For these calculations, the 
k-point grids were 4×4×3 for the perovskites, 5×5×3 for La2O3 and La2O2S, and 1×4×2 for 
La2O2SO4. 
 
Table 1: Space group, supercell size and gamma centered k-point grid for the supercell according to the Monkhorst-Pack 
scheme.24 

Material Space group Supercell Atoms k-points 
La2O3 P34𝑚1 5×5×3 375 1×1×1 
La2O2S P34𝑚1 5×5×3 375 1×1×1 
La2O2SO4 C2/𝑐 1×4×2 288 2×2×2 
SrZrO3 

P𝑏𝑛𝑚 3×3×2 360 2×2×2 SrZrS3 
BaZrS3 
 

Defects were mainly considered in their fully ionized charge states by adjusting the 
total number of electrons in the system. The Gibbs formation energies of point defects were 
calculated from the total energy difference between defective and perfect supercells according 
to 
 
∆𝐺=>?>@A? = 𝐸=>?>@AACA −𝐸E>F?>@AACA + ∑ ∆𝑛H𝜇HH + 𝑞𝜇>       (3) 

  
where ∆𝑛H is the number of constituent atoms exchanged upon defect formation, 𝜇H are the 
atomic chemical potentials, 𝑞 is the effective charge state of the defect and 𝜇> is the Fermi 
level. The relative stability of different defects with the same charge can be evaluated 
independent of the Fermi level. Environmental conditions are defined through the temperature 
and pressure dependent chemical potential of gases obtained from 
 
𝜇H(𝑇, 𝑝H) = 	𝜇H° + 𝑘Q𝑇	𝑙𝑛 S

TU
T°
V         (4) 

 
where the temperature dependency of 𝜇H°  is obtained from thermochemical tables.25 The 
chemical potential of oxygen is defined from the equilibrium between H2O and H2 in order to 
avoid using the O2 molecule which is problematic within GGA,26,27 and the same approach is 
taken for the chemical potential of sulfur 
 
𝜇# = 𝜇WX# − 𝜇WX          (5) 

 
𝜇% = 𝜇WX% − 𝜇WX          (6) 

 



Equilibrium gas partial pressures for given conditions are obtained from a thermodynamic 
database28 and inserted into Eqs. 4-6. 

Proton migration barriers were calculated using the nudged elastic band (NEB) 
method. This approach has been applied for evaluating proton migration in several oxide 
systems.29–37 The obtained energy barriers correspond to fully relaxed static barriers, meaning 
that the surrounding lattice is able to relax instantaneously around the proton throughout the 
migration event. As discussed by Hermet et al.38, this relaxed lattice configuration may be 
close to the one observed during a proton migration event in a dynamic simulation which 
takes into account collective effects and the different time scales of motion for protons and 
the lattice ions, as well as proton tunneling. Proton migration barriers have also been shown to 
be underestimated in hydrogen-bonded systems within GGA.39 Nevertheless, it is the relative 
differences in the proton migration barriers between the perovskite oxide and sulfides that are 
considered of most interest in the present work. The NEB calculations were performed with 
k-point sampling at the Γ-point only, resulting in energy barriers within 1-3 meV of selected 
calculations using a 2×2×2 k-point grid. 

3. Results and discussion 
3.1 Crystallographic and electronic structure 
Figure 1 and Figure 2 show the relaxed structure of La2O3, La2O2S, and La2O2SO4 and the 
perovskites, respectively. The relaxed structural parameters are summarized in Table 2 and 
found to be in good agreement with experimental values at room temperature, i.e., lattice 
parameters within 0.1-1.4 % and 0.1-0.8 %, respectively, for GGA and HSE type calculations. 
40–44 As expected, the band gaps from GGA calculations are significantly underestimated 
compared to those obtained by HSE calculations (Table 2). Notably, the oxysulfide and 
sulfides exhibit considerably lower band gaps than their isostructural oxide counterparts. The 
band gaps from the HSE calculations were found to be in good agreement with available 
experimental estimates, e.g., 6 eV for La2O3,45 5.35 eV for La2O2S,46 and 5.2 eV for SrZrO3.47 
 



       
Figure 1: Relaxed structure of La2O3 (a), La2O2S (b) and La2O2SO4 (c). In La2O3, the O1 and O2 sites are the 1a and 2d 
Wyckoff positions, respectively. La2O2SO4 contains an isolated O-site and two O-sites in the SO4 group, all in the 8f 
Wyckoff symmetry. 

       
Figure 2: Relaxed structure of SrZrO3 (a), SrZrS3 (b) and BaZrS3 (c). The degree of octahedral tilting is most similar between 
SrZrO3 and BaZrS3. The anion sites denoted 1 and 2 are the 4c and 8d Wyckoff positions, respectively. 

 
Table 2: Relaxed lattice parameters and band gap from GGA/HSE calculations. The perovskite sulfides exhibited direct band 
gaps. The β angle for La2O2SO4 was 107.19/107.16 ° compared to the experimental value of 107.0 °.42 

Material Lattice parameters Band gap 
a / Å b / Å c / Å eV  

La2O3 3.93 / 3.91 –  6.16 / 6.10 4.02 / 5.54 
La2O2S 4.06 / 4.03 – 6.95 / 6.91 3.14 / 4.39 
La2O2SO4 14.43 / 14.33 4.30 / 4.27 8.42 / 8.35 4.79 / 6.95 
SrZrO3 5.81 / 5.78 5.87 / 5.82 8.24 / 8.19 3.73 / 5.34 
SrZrS3 6.79 / 6.75 7.16 / 7.13 9.84 / 9.79 1.23 / 2.04 
BaZrS3 7.06 / 7.03 7.16 / 7.12 10.04 / 10.00 1.05 / 1.82 
 
 The site projected DOS of La2O3, La2O2S and La2O2SO4 are shown in Figure 3. The 
valence band of La2O3 consists primarily of O 2p states while the valence band of La2O2S 
consists of O 2p and S 3p states with the latter located at slightly higher energy. In the case of 
La2O2SO4, the valence band consists mainly of O 2p states of the regular oxide ions. The S 
and O states of the sulfate group are located at lower energy, indicating that oxygen vacancies 
are preferred on the regular oxide ion site rather than in the sulfate group.  
 



 
Figure 3 Site projected DOS for La2O3 (top), La2O2S (middle) and La2O2SO4 (bottom). The valence band maximum (dashed 
lines) of La2O3 is referenced to 0 eV, and the Zr 4s states (not shown) are aligned between the materials. 

Figure 4 shows the site projected DOS of the perovskite oxide and sulfides, which 
exhibit rather similar characteristics apart from the significant difference in band gap (Table 
2). In general, the electronic structure of the oxides exhibit somewhat sharper peaks indicative 
of states that are more distinct and ionic in nature compared to the sulfides and oxysulfide, as 
previously reported for BaZrS3.48 
 

 
Figure 4: Site projected DOS for SrZrO3 (top), SrZrS3 (middle) and BaZrS3 (bottom). The valence band maximum of SrZrO3 
(dashed lines) is referenced to 0 eV, and the La 5s states (not shown) are aligned between the materials. 

The thermodynamic stability of BaZrS3 and SrZrS3 can be estimated based on the 
enthalpies of reaction between the respective oxides and H2S, e.g., according to 

 
BaZrO3 + 3H2S(g) = BaZrS3 + 3H2O(g)       (7) 

 
These enthalpies were found to be quite endothermic at 0.56 and 0.84 eV for BaZrS3 and 
SrZrS3, respectively, based on HSE type calculations. The perovskite sulfides were estimated 

La
O

D
en

si
ty

of
st

at
es

/a
.u

.

La
O
S

�4 �2 0 2 4 6 8
Energy / eV

La
O
O (SO4)
S

La2O3

La2O2S

La2O2SO4

Sr
Zr
O

D
en

si
ty

of
st

at
es

/a
.u

.

Sr
Zr
S

�4 �2 0 2 4 6 8 10
Energy / eV

Ba
Zr
S

SrZrO3

SrZrS3

BaZrS3



to be stable for 𝑝WX%/𝑝WX# ratios of the order of 1020 and 1040 at 1073 K and 523 K, 
respectively. Reports on the synthesis of BaZrS3, SrZrS3 and similar perovskite sulfides 
therefore involve quite severe conditions such as firing alkaline-earth carbonates and 
transition-metal dioxides in a stream of H2S in carbon crucibles,44 or reaction of the ternary 
oxide with CS2-saturated Ar in carbon crucibles,49 at up to 1373 K in both cases. 
 The calculated reaction enthalpy of a corresponding reaction for formation of La2O2S, 
i.e., 

 
La2O3 + H2S(g) = La2O2S + H2O(g)        (8) 

 
was found to be quite exothermic, -1.14 eV. La2O2S can be prepared by heat treating 
La2O2SO4 in inert gas with a few percent H2 and H2S at 1273 K.50 

3.2 Defect thermodynamics 
In order to evaluate the predominant reaction for proton incorporation in the considered 
materials, the most stable proton sites and type of anion vacancies must be determined. 
Subsequently, the enthalpies of Reactions 1 and 2 can be evaluated for the most stable defect 
configurations. 

3.2.1 Anion vacancies 
The stability of oxygen vacancies in La2O3 was found to be more stable on the O2 site by 0.41 
eV as compared to the O1 site. For La2O2S, the relative thermodynamic stability of sulfide 
and oxide ion vacancies must be compared for defined chemical potentials of oxygen and 
sulfur. At 800 K, the Gibbs formation energy of v#●● is 0.56 eV lower than for v%●● when 𝑝WX# 
and 𝑝WX% are the same (constant 𝑝WX), and the stability of v#●● and v%●● become equivalent for, 
e.g., 3×10-5 bar H2S and 0.1 bar H2O. Furthermore, v#●● is favored at lower temperatures by 
approx. 0.1 eV per 100 K due to the different temperature dependence of the chemical 
potential of H2O and H2S. In La2O2SO4, v#●● was found to be more stable on the isolated O1 
site by 2.4 eV relative to the two inequivalent O-sites in the SO4-group. Although slightly 
more stable, an oxygen vacancy in the form of a pyrophosphate group, (S&OY)&%#1

●● , was still 2 
eV higher in energy relative to the O1 site. However, entire sulfate group vacancies, v%#1

●● , 
was found to be the most stable anion vacancy by several eV per defect, even under oxidizing 
conditions such as air with 1% H2S at 500 K. The Gibbs formation energy of v%#1

●●  is highly 
dependent on the oxygen chemical potential due to the large oxygen content of the sulfate 
group. For the perovskites, the stabilities of v#●● and v%●● were found to be quite similar on the 
4c and 8d sites, i.e., within 2 meV for SrZrO3 and 60-62 meV for the sulfides. 

3.2.2 Protons 
The stability of protons associated with the different anions in the La2O3, La2O2S and 
La2O2SO4, as well as in different structural orientations, was found to exhibit rather large 
variations. In La2O3, protons were more stable associated with the O1 oxide ion by 0.60 eV 
with coordinates (x=0.18, y=0.09, z=0.11). In La2O2S, the proton was more stable associated 
with the oxide ion compared to the sulfide ion by 0.56 eV with coordinates (x=0.66, y=0.33, 
z=0.20), and the energy difference between various positions around the oxide ion was up to 
0.52 eV. In La2O2SO4, the proton was found to be most stable associated with the isolated O1 
oxide ion with coordinates (x=0.32, y=0.48, z=0.32) and was up to 0.86 eV higher associated 
with the sulfate group oxide ions. The interaction energy between PO0%#1

/  and a proton 
associated with the PO4 group was calculated to be 0.15 eV, i.e., non-binding. On a general 
basis, this may indicate that phosphates are suitable as acceptor dopants to introduce proton 
conduction in sulfates.  



For the perovskites, the proton was found to be most stable associated with the O2/S2 
anion by 0.22-0.44 eV over the O1/S1 anions. The relaxed O-H and S-H bond lengths in the 
most stable configurations were consistently 0.99-1.00 Å and 1.36-1.39 Å, respectively, in all 
materials. The effectively positive charge state of hydrogen was ensured for the lowest band 
gap sulfide (BaZrS3), i.e., HZ× dissociated to SH%● and a delocalized electron in the conduction 
band. This was also the case for the transition state from Section 3.3, where one otherwise 
may speculate whether proton-electron interaction can lower the proton migration barrier. 

 

3.2.3 Enthalpies of proton incorporation 
The enthalpies of the reactions in Eqs. 1 and 2, describing dissociative absorption of H2O and 
H2S, respectively, are summarized in Table 3 for the most stable defect sites described in the 
previous sections. All enthalpies are significantly exothermic meaning that the acceptor-
doped materials can be predominated by protons as the charge-compensating defect up to 
intermediate temperature. La2O2SO4 may be an exception due to its preference for sulfate ion 
vacancies and a viable proton incorporation reaction is uncertain. The calculated hydration 
enthalpy of SrZrO3 corresponds well with previous DFT calculations, -1.05 to -1.25 eV,51 and 
thermogravimetric studies, -1.10 eV.52 Selected defect calculations were also performed for 
BaZrS3 using the HSE functional (2×2×1 supercell, Γ-point sampling), and a resonable 
agreement was obtained for ∆𝐻&, -0.53 eV compared to -0.58 eV in Table 3. The difference of 
0.05 eV between PBE and HSE based calculations can be considered rather small and can 
partly be attributed to the different cell sizes and corresponding difference in spurious 
interactions between the periodic images of the defects. 
 
Table 3: Enthalpies of the reactions in Eqs. 1 and 2 (H&O(g) + v#●● +O#× = 2OH#● and H&S(g) + v%●● + S%× = 2SH%●, 
respectively) based on the most stable defect configurations described in Sections 3.2.1 and 3.2.2. 

Material ∆𝑯𝟏 / eV ∆𝑯𝟐 / eV 
La2O3 -0.86 – 
La2O2S -1.31 -0.90 
La2O2SO4 -1.21 – 
SrZrO3 -1.08 – 
SrZrS3 – -0.86 
BaZrS3 – -0.58 

3.3 Proton migration 
The considerable variation in the stability of protons on the different anion sites in La2O2S 
and La2O2SO4, as well as the rather low symmetry of the protonated structures, signify that 
long-range proton transport would exhibit substantial activation energies and low mobilities 
in these materials. Extensive analysis of proton migration pathways and energy barriers were 
therefore not considered further. The perovskites exhibit a larger number of nearly equivalent 
proton sites with relatively small variations in energy. Proton migration barriers were 
considered for SrZrO3, SrZrS3 and BaZrS3 along an interoctahedral jump and a rotational path 
for a proton in its lowest energy position associated with the 8d anion. The intraoctahedral 
path has been shown to be less favored in orthorhombic perovskites and was therefore not 
considered for the rather heavily distorted structures in the present work.29,38 Figure 5 shows 
the calculated migration barriers, bond lengths and structural distortion for the interoctahedral 
path. In all cases, the interoctahedral transition state involves the proton being equidistant to 
the anion at the initial and final positions (which move towards each other) while the rest of 
the Zr-octahedra remain rather undistorted. The magnitude of the migration barriers may be 
associated with the jump distance relative to anion-proton bond length and the corresponding 



displacement of the initial and final anions. SrZrS3 exhibits the largest rhombohedral 
distortion and the proton jump distance is only slightly longer than for SrZrO3 despite the 
rather large difference in lattice parameters (Table 2). SrZrS3 further exhibits the longest 
proton bond length, 𝑑%`W = 1.39	Å, which is elongated by 21 % in the transition state to 1.67 
Å. In comparison, the proton bond length in SrZrO3, 𝑑#`W = 1.00	Å, is elongated by 25 % in 
the transition state to 1.25 Å, and the proton jump is accompanied by a larger displacement of 
the oxide ions (see Figure 5b). BaZrS3 exhibits a significantly longer jump distance and a 
slightly shorter proton bond length compared to SrZrS3, 𝑑%`W = 1.36	Å. Thus, for BaZrS3 the 
proton jump involves both a larger elongation of the transition state proton bond length (24 
%) and a stronger distortion of the structure in terms of sulfide ion displacement. 
 

   
Figure 5: Proton migration barriers and bond lengths to the anions at the initial and final position of an interoctahedral jump 
(a), and superimposed images of the local structure around the migrating proton (b). The proton migration barriers amount to 
0.14, 0.19 and 0.25 eV for SrZrS3, SrZrO3 and BaZrS3, respectively. The energy profiles are fitted with a Gaussian function. 

 Figure 6 shows the calculated migration barriers, bond lengths and structural distortion 
for proton rotation around the 8d anion. The rotational path is asymmetric and the proton ends 
up in a higher energy position by 0.06, 0.15, and 0.07 eV for SrZrO3, SrZrS3, and BaZrS3, 
respectively. The larger energy difference between the proton positions in the case of SrZrS3 
may be associated with the larger rhombohedral distortion and corresponding structural 
differences between the two 8d sulfide ion sites. Notably, the proton-anion bond length 
remains essentially constant throughout the rotation for all three materials (Figure 6b). The 
rotation brings the proton closer to the Sr/Ba cations and the steric repulsion leads to 
displacement of both the Sr/Ba cations and the OH/SH species (see Figure 6b), and the proton 
path curves too some extent to further increase the distance to the Sr/Ba cation. The lower 
energy barrier for proton rotation in the BaZrS3 seems therefore to relate to the larger lattice 
volume and larger polarisability of Ba. For SrZrO3 and SrZrS3, the rotational barrier is higher 
than the interoctahedral barrier. The obtained rotational energy barrier for SrZrO3 is 
somewhat larger than that obtained by a similar approach in smaller supercells, 0.22 eV.33  
 

a



   
Figure 6: Proton migration barriers and bond lengths to the anion and Sr/Ba cation for a rotational path (a), and superimposed 
images of the local structure around the migrating proton (b). The proton migration barriers amount to 0.30, 0.30 and 0.21 eV 
for SrZrS3, SrZrO3 and BaZrS3, respectively. The energy profiles are fitted with polynomial eye guides. 

Based on the considered interoctahedral and rotational migration paths, BaZrS3 
exhibits the most favorable combination of energy barriers for long-range transport (0.25 and 
0.21 eV). On the other hand, BaZrS3 exhibits a less exothermic enthalpy of proton 
incorporation than the other perovskite sulfides (-0.58 eV, Table 3). In comparison to a state-
of-the-art proton conducting oxide such as BaZrO3, the theoretical migration barriers and 
hydration enthalpy are in the same range for the pristine material, i.e., 0.25-0.27 eV29,33 and -
(0.69-0.79) eV,51,53,54 respectively. These values can be significantly influenced by the type 
and concentration of acceptor dopant as noted in several experimental and theoretical studies. 
The acceptor dopants can act as proton traps with binding energies exceeding the bulk 
migration barriers.31,34,55–58 Trapping can thereby account for the higher activation energies 
observed experimentally, e.g., 0.43-0.48 eV for Y-doped BaZrO3.57,59,60 Experimentally 
obtained standard hydration enthalpies are also found to be somewhat more exothermic, e.g., -
(0.77-0.86) eV for Y-doped BaZrO3.60–63 

The mobility of protons (like other ions) is enhanced by structure symmetry, which for 
perovskites can be represented by the Goldschmidt tolerance factor (0.95 for BaZrS3). In this 
respect, the cubicity of BaZrS3 may be increased by substituting smaller B-site cations such as 
Ga3+ as an acceptor dopant, or Ti4+ as long as the perovskite structure is kept from 
transitioning to the BaNiO3-type structure of BaTiS3.49 Nevertheless, chemical stability is a 
decisive factor for the potential application of BaZrS3 based materials as proton conducting 
ceramics, and it seems to be very limited in the presence of trace amounts of H2O according 
to our calculations (Section 3.1). One may speculate whether BaZrO3-BaZrS3 exhibits solid 
solubility with O/S disorder and thermodynamic stability at lower 𝑝WX%/𝑝WX# ratios than that 
required for the BaZrS3 phase. 

4. Conclusions 
The enthalpies of dissociative absorption of H2S or H2O into anion vacancies in La2O2S, 
SrZrS3 and BaZrS3 imply that the acceptor doped materials can dissolve significant amounts 
of protons as SH%● in the sulfides or OH#●  in La2O2S. For La2O2SO4, the sulfate group vacancy 
was determined to be the energetically favored anion defect even under oxidizing conditions, 
and a prospective proton incorporation reaction is uncertain at this stage. For La2O2S, oxygen 

a



vacancies were energetically favored over sulfide ions vacancies over a quite broad range of 
environmental conditions. By considering the symmetry of the protonated structures and 
variation in proton stability associated with the different anion sites, long-range proton 
transport can be expected to be slow in La2O2S and La2O2SO4. A low binding energy between 
PO0%#1

/  and a proton associated with the PO4 group in La2O2SO4 indicates that phosphates are 
suitable as acceptor dopants for proton conducting sulfates. 

The calculated proton migration barriers of a selected interoctahedral and rotational 
path in perovskite SrZrS3 and BaZrS3 indicate that proton migration is comparable or more 
favorable in the sulfides than the isostructural oxide, SrZrO3. The larger lattice volume of the 
perovskite sulfides, as well as a longer and relatively flexible S-H bond was found to facilitate 
proton migration. BaZrS3 exhibited the most favorable combination of migration barriers, i.e., 
0.25 and 0.21 eV for the interoctahedral and rotational barrier, respectively.  
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