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Abstract The transport properties of oxide ions (O2‒) and protons (H+) in ceramic materials are crucial to the development of fuel cells as a clean energy source. There are two main types of oxide-ion diffusion mechanism: the oxygen vacancy mechanism and the interstitialcy diffusion mechanism. Oxide-ion conduction by the oxygen vacancy mechanism is generally suppressed by hydration due to the decreased number of oxygen vacancies. Recently, the oxide-ion conduction via the interstitialcy diffusion mechanism has attracted much attention due to its high ion conductivity in both dry and wet conditions. However, the effect of hydration on the transport properties of the interstitial oxide-ion conductors is not well understood compared to conventional oxygen vacancy conductors. In this study, we demonstrate that hydration enhances both the oxygen conductivity and diffusivity in the interstitial oxide-ion conductor Ba7Nb4MoO20. Using both oxygen and water vapor concentration cells, we accurately determined the transport numbers of protons tH and oxide ions tO, showing that the predominant conducting species is the oxide ion, even in wet atmospheres (e.g., tO = 0.955, tH = 0.045 at 600 °C). The oxide-ion conductivity is higher in wet atmospheres than in dry conditions (e.g., twice as high at 500 oC), due to the higher oxygen diffusion coefficient in wet atmospheres. This is evidenced by measurements of both the tracer and conductivity diffusion coefficients, and by the self-diffusion coefficients from molecular dynamics (MD) simulations using a neural network potential. The MD simulations indicated that the higher oxygen diffusion coefficient in wet atmospheres is due to an increased number of (Nb/Mo)2O9 dimers. This is caused by an increased number of excess interstitial oxygen ions resulting from hydration. These findings may open up new avenues in the science and engineering of proton, oxide-ion, and dual-ion conductors.
	


Introduction
The development and optimization of clean energy technologies, such as solid oxide fuel cells (SOFCs) and proton ceramic fuel cells (PCFCs), are fundamental to achieving carbon neutrality.1–12 To improve the cost efficiency and operational stability of the SOFCs, it is essential to reduce the operating temperature, since elevated temperatures accelerate degradation via undesirable chemical reactions, leading to increased costs.13,14 Consequently, the development of oxide-ion conductors with high ionic conductivity at lower temperatures is crucial.15–20 In addition to oxide-ion conductors, proton-conducting materials have been extensively investigated due to their potential for high conductivity at intermediate and low temperatures, which is attributed to their low activation energy for ion migration.21–23 However, proton conductors employed as electrolytes in PCFCs face significant challenges, including poor chemical stability in CO2-rich environments, chemical expansion due to hydration, and the necessity for extremely high sintering temperatures.9,24–26 To overcome these challenges, dual-ion conductors have been proposed, because they enable the simultaneous diffusion of both oxide ions and protons.17,27–29 These electrolytes combine the advantages of both oxide-ion and proton-conducting materials. First, the concurrent transport of oxide ions and protons in the electrolyte significantly enhances the total of the oxide-ion and proton conductivities, thereby improving fuel cell performance.30 Second, water is generated at both the cathode and anode, eliminating the need for external gas humidification and simplifying system design.28 Recently, hexagonal perovskite-related oxides, such as Ba7Nb4MoO20-based materials, have garnered considerable attention due to their high oxide-ion and proton conductivities, making them promising candidates for dual-ion electrolyte applications.29,31–41
  Dual-ion, oxide-ion, and proton conductors generally exhibit both oxide-ion and proton conduction. The key transport properties of these charge carriers in oxide materials, such as transport number, oxide-ion conductivity, proton conductivity, oxide-ion diffusion coefficient, and proton diffusion coefficient, play a crucial role in the performance and applicability of these three types of conductors. In many proton-conducting materials, protons can be incorporated by hydration of dry materials. However, the transport properties in hydrated materials are unresolved issues.
  There are two important oxide-ion diffusion mechanisms.11,34,42 One is the conventional oxygen vacancy diffusion mechanism, and the other is the interstitialcy diffusion mechanism, also referred to as the kick-off or push-pull mechanism. Firstly, we consider an AOn–δ oxide-ion conductor via the oxygen vacancy mechanism. Here the A denotes cations, n represents the number of oxygen atoms, and the δ denotes the amount of oxygen vacancies (e.g., A = BaZr0.8Y0.2 and n = 3 for BaZr0.8Y0.2O2.9). By hydration, water (H2O) can be incorporated as follows:
[bookmark: _Hlk199647772]AOn−δVδ + xH2O → AOn−δ+xVδ−xH2x     (1)
where the x denotes the amount of water uptake and V represents the oxygen vacancy. Here, the contributions of electrons and electron holes are assumed to be negligible. An example of the defect reaction for hydration can be expressed using the Kröger-Vink notation as follows:
 +  + H2O → 2          (2).
The amount of water uptake x increases with hydration, thus, the amount of oxygen vacancies (δ−x) decreases with hydration (Eq. 1). Therefore, the oxide-ion conductivity is expected to decrease by hydration. Indeed, the hydration-driven reduction of oxide-ion conductivity and diffusion coefficient can be seen in the literature.43,44 
Next, we consider an AOn oxide-ion conductor via the interstitialcy diffusion mechanism. Here the A denotes cations and n is number of oxygen atoms (e.g., A = Ba7Nb4Mo and n = 20 for Ba7Nb4MoO20; A = Pr2Ni0.75Cu0.25 and n = 4.19 for Pr2Ni0.75Cu0.25O4.19 (Ref. 45)). By hydration, a water molecule H2O can be incorporated into the conductor making an additional oxygen atom and two protons H+ as follows:
AOn + xH2O → AOn+xH2x     (3)
where x is the amount of water uptake, and the contributions of electron and electron hole are assumed to be negligible. If the excess oxygen atoms are assumed to be located at the interstitial oxygen site i, an example of the defect reaction for hydration can be described as,
 +  + H2O →  +       (4).
The amount of water uptake x increases with hydration, therefore, the amount of excess interstitial oxygen atoms also increases with hydration (see Eq. 3). Therefore, the oxide-ion conductivity via the interstitialcy diffusion mechanism is expected to increase with hydration. However, the oxygen transport number has often been estimated assuming that the oxide-ion conductivity of a hydrated sample is equal to that of its dry one.29,35,38 The effects of hydration on the oxide-ion conductivity, the oxygen transport number, and oxygen diffusivity have not been explored for interstitialcy oxide-ion conductors. 
[bookmark: _Hlk199839732]  The first objective of this study is to determine the accurate oxygen and proton transport numbers by using both oxygen and water vapor concentration cells of a hexagonal perovskite-related oxide Ba7Nb4MoO20. This material was selected because Ba7Nb4MoO20-based materials exhibit the interstitialcy diffusion of oxide ions and negligible electron and hole electron contributions to the electrical conductivity,28 and have the oxygen transport number of unity in dry conditions.17,29,34,36,37 The second purpose of this work is to investigate both the accurate oxide-ion and proton conductivities using the total ion conductivity and transport number data. The third purpose is to study the diffusion coefficient using not only the conductivity data but also the tracer diffusion experiments. We demonstrate that hydration enhances both oxygen conductivity and diffusivity of Ba7Nb4MoO20. The fourth purpose of this work is to study the origins of this enhancement at the atomic scale. To this end, we performed molecular dynamics (MD) simulations using a neural network potential to enable the calculations of the large numbers of atoms over long time scales with an accuracy comparable to the ab initio MD simulations.46,47 Fop claimed that Ba7Nb4MoO20 exhibits high proton conductivity and a high proton transport number at 500 °C,7,29 and it is believed that this material is a proton conductor rather than oxide-ion conductor in wet atmospheres.36,37,48,49 However, the present work will also demonstrate that Ba7Nb4MoO20 is an oxide-ion conductor, even in wet atmospheres, rather than a proton conductor.
[bookmark: _Hlk162265751]Methods
Ba7Nb4MoO20 samples were synthesized by the solid-state reaction method.17,34,49 BaCO3, Nb2O5, and MoO3 (purity > 99.9%, Kojundo Chemical Co., Ltd.) were mixed and ground as ethanol slurries and dried powders using an agate mortar for 1 h. This was followed by calcination at 900 oC for 12 h in static air. The calcined powders were then ground for 1 h as ethanol slurries and dried powders, and then pressed uniaxially into pellets at approximately 150 MPa. These pellets were then sintered at 1100 oC for 24 h in static air. The product was crushed in a WC crusher, and then ground into powders in the agate mortar for 1 h. The powders were then ball-milled using yttria-stabilized zirconia (YSZ) balls (Fritsch, P7). These powders were then isostatically pressed into pellets at 150 MPa and sintered in static air at 1200 oC for 12 h.
  The X-ray powder diffraction pattern of the milled sample was measured using a laboratory-based X-ray diffractometer (Bruker AXS D8 Advance) with Cu Kα radiation. Thermogravimetric (TG) data were collected for a Ba7Nb4MoO20 pellet using a NETZSCH STA 449 F3. The pellet was heated to 900 oC at a rate of 10 oC min−1 in dry air (water vapor partial pressure: pH2O < 1.5 × 10‒4 atm) and held at 900 oC for 1 h. The dry air flow was then changed to a wet air flow (pH2O = 0.021 atm) and the sample was equilibrated at 100 oC intervals from 900 oC to 100 oC and 30 oC, with 4 h stabilization period at each temperature.
   To prepare the samples for measuring of the concentration cells and AC impedance spectra, platinum (Pt) paste and Pt wires were attached to the sintered pellets (sizes of pellets: 16 mm in diameter and 1.3 mm in height for the concentration cells and 4.0 mm in diameter and 12 mm in height for the impedance measurements). The pellets were then heated in static air at 1000 oC for 1 h to remove the organics from the Pt paste. The AC total conductivity of Ba7Nb4MoO20 was determined from the reciprocal of the total resistivity, which is the sum of the bulk and grain boundary resistivities. The AC total conductivity of Ba7Nb4MoO20 was evaluated as a function of temperature from 613 to 396 oC on cooling after heating up to 900 oC using AC impedance spectroscopy in flowing dry air (pH2O < 1.5 × 10‒4 atm) and wet air (pH2O = 0.021 atm), respectively, at a flow rate of 100 mL min−1. Impedance spectra were recorded using a Solartron 1260 impedance analyser in the frequency range of 1 MHz to 1 Hz at an applied alternating voltage of 100 mV.
  The oxygen transport number twet/O/EMF and the proton transport number tH/EMF of Ba7Nb4MoO20 were evaluated in wet atmospheres using electromotive force (EMF) measurements, with both oxygen and water vapor concentration cells at 500 and 600 oC. Measurements at 400 oC were unsuccessful due to slow kinetics. The concentration cell was heated in static air at 800 oC for 1 h to seal, then cooled to 600 oC, and the EMF was measured at this temperature. The cell was then cooled to 500 oC, and the EMF was measured at this temperature. The sum of the proton and oxygen transport numbers (tH/EMF + twet/O/EMF) was estimated using an oxygen concentration cell and the following Nernst equation:
EMF = (tH/EMF + twet/O/EMF)          (5)
where F is the Faraday constant, R is the gas constant, T is the absolute temperature. The  and  are the oxygen partial pressures of the first (I) and second (II) compartments, respectively. The cell representation of the oxygen and water vapor concentration cells can be written as follows: 
, , Pt |Ba7Nb4MoO20|Pt, , 
Here,  and  are the water vapor partial pressures of the first (I) and second (II) compartments, respectively. In the oxygen concentration cell illustrated in Fig. S1a, we set  =  = 0.021 atm and  = 0.2 atm, and then the EMF was measured at 600 and 500 oC at each  of 0.04, 0.10, 0.20, and 1 atm. In the oxygen concentration cell of Fig. S1b, we set   =  = 0.021 atm and  = 0.2 atm, and the EMF was measured at 500 oC at each  of 0.04, 0.10, 0.20, and 1 atm to confirm the accuracy of EMF values. 
In the water vapor concentration cell illustrated in Fig. S1c, we set  =  = 0.2 atm and  = 0.021 atm, and then the EMF was measured at 600 and 500 oC at each  of 0.009, 0.012, 0.016, and 0.021 atm. In the water vapor concentration cell of Fig. S1d, we set   =  = 0.2 atm and  = 0.021 atm, and then the EMF was measured at 500 oC at each  of 0.009, 0.012, 0.016, and 0.021 atm to confirm the accuracy of EMF values. The water vapor concentration cell and the following Nernst equation were used to estimate the tH/EMF:
EMF = – tH/EMF                    (6)
The isotope effect of a Ba7Nb4MoO20 pellet (size of the pellet: 4.3 mm in diameter and 11 mm in height) was evaluated by the direct current (DC) electrical conductivity measurements taken using the DC four-probe method in H2O- and D2O-saturated air with a water vapor partial pressure of 0.021 atm (pH2O = pD2O = 0.021 atm).
	Tracer diffusion experiments were carried out on Ba7Nb4MoO20 pellets using isotope exchange depth profiling (IEDP) coupled with secondary ion mass spectrometry (SIMS). Prior to the experiments, each Ba7Nb4MoO20 pellet was polished with diamond spray media down to a finish of 0.25 μm. The polished samples were pre-annealed in either 16O2 or H216O of natural isotopic abundance for 5 h. The samples were then annealed for 1 h in either 18O-enriched gas (200 mbar) or a mixture of 18O2 (200 mbar) and H218O (30 mbar). Following the exchange annealing, the samples were cut perpendicular to the original surface and the exposed cross sections were polished to 0.25 μm finish. The diffusion profiles were measured using Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) with a ToF-SIMS.5 instrument (IONTOF GmbH) with Bi+ ions at an energy of 25 keV. The oxygen tracer diffusion and surface exchange coefficient values were calculated by fitting the diffusion profiles to Crank’s solution of Fick’s second law of diffusion, using a Matlab application TraceX.50
[bookmark: _Hlk203309549][bookmark: _Hlk203228958][bookmark: _Hlk203229186][bookmark: _Hlk199839676][bookmark: _Hlk203229763][bookmark: _Hlk203300150]Molecular dynamics (MD) simulations of the dry material Ba63Nb36Mo9O180 ~ (Ba7Nb4MoO20)9 and the hydrated compound Ba63Nb36Mo9O183H6 ~ (Ba7Nb4MoO20·0.3 H2O)9 were performed with 3 × 3 × 1 supercells at a high temperature 1200 K to accelerate the oxide-ion diffusion and to investigate the effect of hydration on oxide-ion diffusivity. The MD simulations were carried out using universal interatomic potentials based on graph neural networks with three-body interactions (M3GNet).46 We refer to these simulations as M3GNet-MD simulations. These simulations were carried out using a home-made MD program and the Atomic Simulation Environment (ASE).51 We employed structural models in which the Mo atoms exclusively occupy the M2 cation site near the oxygen-deficient cubic close-packed layer, additional oxygen atoms due to hydration exist near the Mo atoms, and protons exist in the palmierite blocks. These models were constructed based on the minimum-energy structure and ab initio molecular dynamics results reported in the literature.15,52 First, the atomic coordinates were optimized using static DFT calculations in the P1 space group, with a convergence condition of 0.02 eV Å–1. Static DFT calculations were performed using the Vienna ab initio simulation package (VASP)53 for (Ba7Nb4MoO20)9 and (Ba7Nb4MoO20·0.3 H2O)9. A 1 × 1 × 1 set of k-point meshes was used in the Monkhorst–Pack scheme. Projector augmented wave (PAW) potentials were used for Ba, Nb, Mo, O, and H atoms, as well as plane-wave basis sets with a cutoff of 400 eV and Perdew–Burke–Ernzerhof (PBE) GGA functionals. The structures were then relaxed using M3GNet. The resulting structures were consistent with those obtained from the aforementioned DFT optimizations as well as with experimental structures reported in the literature.52 M3GNet-MD simulations were performed at 1200 K in the NVT ensemble with a time step of 1 fs. Mean-square displacement (MSD) was calculated by averaging the dynamic heterogeneity using a shifted time series of several thousand initial times to smooth fluctuations.54 The OVITO program was used to visualize the snapshots from the M3GNet-MD simulations.55
 Results and Discussion
[bookmark: _Hlk186639348] Dense pellets of Ba7Nb4MoO20 were synthesized by the solid-state-reaction method (Relative density > 97%). The cation ratio of Ba7Nb4MoO20, as analyzed by inductively coupled plasma-optical emission spectroscopy (ICP-OES), was found to be Ba: Nb: Mo = 7.0: 4.0: 1.0, which was the same as that of the nominal composition. The X-ray diffraction (XRD) pattern of Ba7Nb4MoO20 powders indicated that it was a single primitive hexagonal phase with the 7H polytype (Fig. 1a), which is consistent with the literature.29,52,56,57 Thermogravimetric (TG) data indicated hydration of a Ba7Nb4MoO20 pellet in wet air on cooling (water vapor partial pressure pH2O = 0.021 atm),  showing the increase of the numbers of oxide ions and protons during cooling (Fig. 1b,c). The SEM observation showed the average grain size to be 1.8 µm (Fig. S2).[image: ] 
Fig. 1 (a) X-ray powder diffraction pattern of Ba7Nb4MoO20 at room temperature. (b) Thermogravimetric (TG) data of Ba7Nb4MoO20 obtained by an equilibrium isotherm on cooling in wet air (pH2O = 0.021 atm). (c) Temperature dependence of the numbers of oxide ion 20+y and proton 2y in Ba7Nb4MoO20∙y H2O in wet air, calculated from panel (b).


To investigate the total alternating current (AC) electrical conductivity of Ba7Nb4MoO20, its AC impedance spectra were measured at high temperatures in wet air (pH2O = 0.021 atm) and in dry air (pH2O < 1.5 × 10–4 atm) (Figs. 2 and S3). Equivalent circuit analyses were performed to extract the total AC conductivity (Fig. S4). Fig. 2c shows the Arrhenius plots of total AC conductivities for Ba7Nb4MoO20 in wet air wet and in dry air dry. The obtained wet and dry values (solid lines in Fig. 2c) were close to those reported in the literature (dashed lines in Fig. 2c).29 The wet was higher than dry at each temperature. The apparent oxygen transport number was calculated by the following simple equation (7):
tO/app =      (7).
The apparent oxygen transport number tO/app (= 0.27–0.39) was low (Fig. 3a). The apparent proton transport number tH/app was estimated using the following equation (8). 
tH/app =      (8)
The tH/app values (= 0.73–0.61) were large (Fig. 3b), which was consistent with the literature.29 At first glance, it appears that protons are the main conducting species in Ba7Nb4MoO20 in wet atmospheres. However, we will show below that this is not the case.  [image: ]
Fig. 2 Complex impedance plane plots of Ba7Nb4MoO20 (a) at 512 °C in dry air and (b) at 501 °C in wet air (pH2O = 0.021 atm). A black rhombus represents the measured data and a red line denotes the curve obtained by equivalent circuit analysis. (c) Arrhenius plots of the total AC electrical conductivity total of Ba7Nb4MoO20 in wet air (pH2O = 0.021 atm; blue closed circles and line) and dry air (red closed squares and line). The activation energy in dry conditions, 0.60(3) eV, is comparable with that in wet atmospheres, 0.508(5) eV, suggesting that the mobile ionic species remain similar in both conditions.
 [image: https://lh7-rt.googleusercontent.com/docsz/AD_4nXd_yDKn8p71uYX16GMRjLTGD_r4PhMPEZbcsCrgrFhHiPkTgen9bIhX2cjiD3MCfwm45c091apwYj-ZWcDQQvsxOVgvt8cOkh5DJ-4JovnyGfxqOZ7zNbnbUL2EK95b4uSjnY7t0w?key=zV7M9g_tRA0UYAh7g34G8w]
Fig. 3 (a) Oxygen and (b) proton transport numbers at different temperatures. In panel (a), the red and squares and dashed line denote the apparent oxygen transport number tO/app, which is estimated using equation (7). In panel (b), the blue squares and dashed line represent the apparent proton transport number tH/app, which is estimated using equation (8). In panel (a), the red circles and solid line denote the accurate oxygen transport number obtained from the EMF measurements twet/O/EMF. In panel (b), the blue circles and solid line represent the accurate proton transport number obtained by the EMF measurements tH/EMF. Results of the EMF measurements of (c,d) the oxygen concentration cell ( =  = 0.021 atm) and (e,f) the water vapor concentration cell ( =  = 0.20 atm) of Ba7Nb4MoO20 at 600 oC (c,e) and 500 oC (d,f). The black dashed line stands for the theoretical values for (c,d) tH/EMF + tO/wet/EMF = 1 and (e,f) tH/EMF = 1. Red circles in panels (c)-(f) represent the measured EMF data.


[bookmark: _Hlk199140143]To accurately determine the oxygen and proton transport numbers of Ba7Nb4MoO20 in flowing wet O2/Ar atmospheres, the electromotive force EMF was measured using both a water vapor concentration cell and an oxygen concentration cell. The EMF values measured for the oxygen concentration cell in wet O2/Ar (pH2O = 0.021 atm; represented by the red closed circles in Fig. 3c and d) were in good agreement with the theoretical values for the sum of the oxygen and proton transport numbers equalling unity (twet/O/EMF + tH/EMF = 1). Here, the twet/O/EMF and tH/EMF are the oxygen and proton transport numbers, respectively, in wet O2/Ar, which were obtained by the EMF measurements. The (twet/O/EMF + tH/EMF) was estimated to be 0.965(18) at 500 oC and 1.052(11) at 600 oC using the equation (5), where the number in the parenthesis denotes the estimated standard deviation in the last digit. Therefore, the sum of proton and oxygen transport numbers at pH2O = 0.021 atm is 1.00 at 500 and 600 oC, indicating pure ionic conduction: [image: ]
Fig. 4 H/D isotope effect on the DC electrical conductivity DC of Ba7Nb4MoO20 at different temperatures. The DC(H2O) and DC(D2O) represent the DC of Ba7Nb4MoO20 in H2O-saturated air (pH2O = 0.021 atm) and D2O-saturated air (water vapor partial pressure, pD2O = 0.021 atm), respectively.


tH/EMF + twet/O/EMF = 1.00     (9). 
[bookmark: _Hlk193298171][bookmark: _Hlk199742960][bookmark: _Hlk199743157][bookmark: _Hlk199743193]The EMF was also measured with the water vapor concentration cell under an oxygen partial pressure pO2 of 0.2 atm. The proton transport number tH/EMF was then estimated using the EMF value and equation (6). The experimental slope of EMF against the logarithm of the water vapor partial pressure ratio corresponds to tH/EMF = 0.24(3) at 500 oC and 0.045(5) at 600 oC (see Fig. 3e and f), which indicates that the tH/EMF is lower than 0.25. It should be noted that the accurate proton transport number tH/EMF is much lower than the apparent one tH/app (see Fig. 3b; e.g., tH/EMF = 0.045(5) << tH/app = 0.61 at 600 oC). The oxygen transport number twet/O/EMF was calculated using equation (9) to be 0.76(3) at 500 oC and 0.955(5) at 600 oC. This indicates that the predominant conducting species in Ba7Nb4MoO20 is not the proton but the oxide ion at 500 and 600 oC even in the wet atmospheres (pH2O ≤ 0.021 atm, pO2 = 0.2 atm). The small proton transport number was supported by the small H/D isotope effect on the electrical conductivity measured using the direct current (DC) four-probe method. Specifically, the DC conductivity of Ba7Nb4MoO20 in H2O-saturated air (pH2O = 0.021 atm) was 1.05‒1.13 times higher than that in D2O-saturated air (water vapor partial pressure, pD2O = 0.021 atm), which is much smaller than 1.41 for the classical theory (Fig. 4).
[bookmark: _Hlk203286128]Why is the oxygen transport number from EMF measurements is higher than the apparent one (twet/O/EMF > tO/app)? To answer this question, the oxide-ion conductivities in wet and dry atmospheres were calculated using the following equations (10) and (11):
[bookmark: _Hlk199743001]wet/O/EMF = wet × twet/O/EMF     (10)
dry/O/EMF = dry × tdry/O/EMF       (11).
[bookmark: _Hlk191820313][bookmark: _Hlk191820388]Here, tdry/O/EMF (1.0) is the oxygen transport number estimated by EMF measurements with an oxygen concentration cell in dry atmospheres reported in the literature.29 Interestingly, the oxide-ion conductivity in wet atmospheres σwet/O/EMF (5.2×10‒4 S cm‒1 at 500 oC; 1.6×10‒3 S cm‒1 at 600 oC) was higher than that in dry conditions dry/O/EMF (2.5×10‒4 S cm‒1 at 500 oC; 6.4×10‒4 S cm‒1 at 600 oC) (Fig. 5). In contrast, the apparent oxygen transport number tO/app is calculated by assuming that the oxide-ion conductivity in wet atmospheres equals to that in dry conditions.   Therefore, the oxygen transport number from EMF measurements is higher than apparent one (twet/O/EMF > tO/app, Fig. 3a). The higher oxide-ion conductivity in wet atmospheres than that in dry conditions indicates the enhancement of oxide-ion conductivity by hydration.  [image: ]
Fig. 5 Arrhenius plots of oxide-ion conductivity σO/EMF for Ba7Nb4MoO20 in wet air (blue circles and line) and dry air (red squares and line) at 500 and 600 oC. The activation energy was 0.55 eV in dry conditions and 0.63 eV in wet atmospheres.


[bookmark: _Hlk203287064]    To discuss the origins of the higher oxide-ion conductivity in wet atmospheres compared with dry conditions (σwet/O/EMF > σdry/O/EMF), we estimated the carrier concentration (number of oxide ions per volume) and oxygen diffusion coefficient using the oxide-ion conductivity and Nernst-Einstein equation: 
Ddry/O/σ = kTσdry/O/EMF/(4e2ndry/O)
Dwet/O/σ = kTσwet/O/EMF/(4e2nwet/O). 
[bookmark: _Hlk203287175]Here, k is the Boltzmann constant, T is the absolute temperature, e is the elementary charge, ndry/O is the number of oxide ions per volume in dry conditions, nwet/O is the number of oxide ions per volume in wet atmospheres. The Haven ratio is assumed to be unity. The carrier concentrations in wet and dry conditions were almost the same (nwet/O  ndry/O), although the former was slightly higher than the latter (nwet/O = 1.0014 ndry/O at 600 oC, nwet/O = 1.0021ndry/O at 500 oC). In sharp contrast, the oxygen diffusion coefficient in wet atmospheres Dwet/O/σ was significantly higher than that in dry conditions Ddry/O/σ (Dwet/O/σ = 2.5Ddry/O/σ at 600 oC, Dwet/O/σ = 2.8Ddry/O/σ at 500 oC, open circles in Fig. 6b). Therefore, the higher oxygen diffusion coefficient in wet atmospheres compared with the dry conditions is the origin of the higher oxide-ion conductivity in wet atmospheres.
The direct experimental evidence for the higher oxygen diffusion coefficient in wet atmospheres compared with the dry conditions was obtained by investigating the oxygen tracer diffusion and surface exchange coefficients of Ba7Nb4MoO20 pellets using the isotope exchange depth profiling (IEDP) technique coupled with secondary ion mass spectrometry (SIMS).58,59 Ba7Nb4MoO20 pellets were annealed at 500 oC in dry 18O2 (p18O2 = 0.20 atm) and wet 18O2 (pH218O = 0.030 atm, p18O2 = 0.20 atm) for 1 h. The 18O tracer diffusion profiles show that the 18O ions in a Ba7Nb4MoO20 pellet annealed in wet 18O2 penetrated deeper than those in dry 18O2 (Fig. 6a). Indeed, the oxygen tracer diffusion coefficient of Ba7Nb4MoO20 in wet 18O2  = 2.6×10‒9 cm2/s was significantly higher than that in dry 18O2  = 5.6×10‒10 cm2/s ( = 4.6). This is the direct experimental evidence that the oxygen diffusivity of Ba7Nb4MoO20 is enhanced by hydration. This is also supported by M3GNet-MD simulations, as shown below. The tracer diffusion coefficient obtained using the IEDP technique was in good agreement with the diffusion coefficient obtained from the conductivity data (Fig. 6b), thus validating these diffusion coefficient values.
[bookmark: _Hlk199843436][bookmark: _Hlk196683644]   To investigate the reasons why the oxygen diffusion coefficient is higher in wet atmospheres than in dry conditions at the atomic level, we performed the M3GNet-MD simulations at 1200 K. MD simulations for both dry and hydrated Ba7Nb4MoO20 were carried out using the 3×3×1 supercells and the graph neural network potential (NNP) implemented in the M3GNet.46 The NNP method is capable of calculating of the large numbers of atoms over long time scales with an accuracy comparable to ab initio molecular dynamics (AIMD) 
 [image: ]
Fig. 7 Results of M3GNet-MD simulations of dry and hydrated Ba7Nb4MoO20. Trajectories of oxygen atoms of (a) dry and (b) hydrated Ba7Nb4MoO20 at 1200 K. (c) Mean square displacement (MSD) of oxygen atoms in dry Ba7Nb4MoO20 (red line) and hydrated Ba7Nb4MoO20 (blue line) at 1200 K. The oxygen self-diffusion coefficient was estimated to be 1.0×10‒6 cm2/s in hydrated Ba7Nb4MoO20 and 5.6×10‒7 cm2/s in dry Ba7Nb4MoO20 from the MSD data in the diffusion region (Fig. S6). Therefore, the oxygen diffusion coefficient in the hydrated Ba7Nb4MoO20 was 1.8 times higher than that in the dry Ba7Nb4MoO20, which is consistent with experimental data. 
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[bookmark: _Hlk199751972]Fig. 6 (a) 18O tracer diffusion profiles of Ba7Nb4MoO20 pellets annealed at 500 oC in dry 18O2 (p18O2 = 0.20 atm, red circles) and wet 18O2 (pH218O = 0.030 atm, p18O2 = 0.20 atm, blue squares). (b) Arrhenius plots of the oxygen diffusion coefficient (Do) of Ba7Nb4MoO20. The red and blue open circles denote the conductivity diffusion coefficients in dry atmospheres (Ddry/O/σ) and wet conditions (Dwet/O/σ), respectively, which were calculated assuming the Haven ratio (correlation factor) to be unity. The red and blue closed squares represent the tracer diffusion coefficients in dry conditions () and wet atmospheres (), respectively. The surface exchange coefficients k* of the samples annealed at 500 oC in dry and wet 18O2 were 9.1×10‒8 and 7.2×10‒8 cm/s, respectively. The arrow in panel (b) indicates the enhancement of oxygen diffusivity by hydration.

[bookmark: _Hlk203223392]simulations.47 In contrast to the short-range migration observed in previous AIMD simulations,17,57,60 the trajectories of oxygen atoms via the present M3GNet-MD simulations using the NNP indicated the long-range oxide-ion diffusion in the oxygen-deficient cubic close-packed c' layer of both hydrated and dry Ba7Nb4MoO20 materials at 1200 K (Fig. S5). No migration of hydroxide ion OH‒ was observed. Instead, the proton H+ migrates by the Grotthus mechanism in the MD simulations. The oxygen trajectories in the hydrated Ba7Nb4MoO20 were more significant compared with the dry material (Fig. 7a and b).  Indeed, the mean square displacement (MSD) of the oxygen atoms in the hydrated Ba7Nb4MoO20 was greater than that in the dry Ba7Nb4MoO20 (Fig. 7c). Therefore, the oxygen diffusion coefficient of hydrated Ba7Nb4MoO20 was higher than that of dry Ba7Nb4MoO20. This is consistent with the experimental results for the tracer and conductivity diffusion coefficients (Fig. 6). Figs. 8 and S7 show snapshots from the present M3GNet-MD simulations of hydrated and dry Ba7Nb4MoO20, respectively, which enables the investigation of the local dynamics. Oxide ions migrate through the breaking and reforming of M2O9 dimers, MO5 monomers and MO4 tetrahedra (M: Nb/Mo). This process is essential for oxide-ion migration in both hydrated and dry Ba7Nb4MoO20, which is consistent with the oxide-ion migration in Ba7Nb3.8Mo1.2O20.1.17 The number of M2O9 dimers in the hydrated Ba7Nb4MoO20 was approximately twice that in the dry material. This is because there are more excess interstitial oxygen atoms in the hydrated form (0.3) compared with the dry form (0.0).  The presence of the interstitial oxygen ions in the hydrated Ba7Nb4MoO20 is consistent with the reported crystal structures.52,57 As there are more excess oxygen atoms in hydrated Ba7Nb4MoO20 compared with dry material, there are more M2O9 dimers in the hydrated Ba7Nb4MoO20 than in dry material. At the atomic level, this is the reason why the oxygen diffusion coefficient is higher in wet atmospheres compared with dry conditions.
  Next, we will discuss the reasons for the low proton transport number and conductivity of hydrated Ba7Nb4MoO20. The proton conductivity diffusion coefficient DH/σ (e.g., 4.3×10‒7 cm2/s at 500 oC) was higher than the oxygen conductivity diffusion coefficient Dwet/O (e.g., 1.8×10‒9 cm2/s at 500 oC), which was also supported by the trajectories of protons (Fig. S8).  However, the proton carrier concentration (e.g., 1.7×1020 cm‒3 at 500 oC) was much lower than the oxide-ion carrier concentration (e.g., 4.0×1022 cm‒3 at 500 oC). Here the DH/σ was estimated using the equation, DH/σ = kTwet × tH/EMF /(4e2nH), where nH is the proton concentration obtained from TG measurements. In addition, the oxide-ion conductivity is enhanced by hydration (Fig. 5). The low proton concentration compared with oxide-ion concentration and enhanced oxide-ion conductivity by hydration are the reasons for the low proton transport number and conductivity.   [image: ]
Fig. 8 Snapshots of oxygen diffusion process of hydrated Ba7Nb4MoO20 at 1200 K. The blue spheres (M) represent Nb or Mo cation. The red spheres (O) denote oxide ions. 



Conclusions and Discussion
[bookmark: _Hlk203227539]Understanding oxide-ion and proton conduction in ceramic oxide-ion, proton, and dual-ion conductors is vital for clean energy. There are two main types of oxide-ion diffusion mechanism: the oxygen vacancy mechanism and the interstitialcy diffusion mechanism. Oxide-ion conduction by the oxygen vacancy mechanism is generally suppressed by hydration due to the decreased number of oxygen vacancies. However, the effects of hydration on the oxide-ion conductivity and diffusivity were not known for the interstitialcy diffusion mechanism. This study has demonstrated that hydration enhances both oxygen conductivity and diffusivity in the dual-ion conductor Ba7Nb4MoO20, which exhibits interstitialcy diffusion of oxide ions. This was demonstrated using the EMF, total electrical conductivity, and IEDP measurements, as well as the M3GNet-MD simulations. The oxide-ion conductivity in wet atmospheres (σwet/O/EMF = 5.3×10‒4 S cm‒1 at 500 oC; 1.6×10‒3 S cm‒1 at 600 oC) is higher than that in dry conditions (dry/O/EMF = 2.5×10‒4 S cm‒1 at 500 oC; 6.4×10‒4 S cm‒1 at 600 oC) (Fig. 5). The enhancement of oxide-ion conductivity was found to be attributed to that of oxygen diffusion coefficient by hydration. The oxygen diffusion coefficient is higher in wet atmospheres than in dry conditions (Dwet/O/σ = 2.5Ddry/O/σ at 600 oC, Dwet/O/σ = 2.8Ddry/O/σ at 500 oC, and  = 4.6 at 500 oC, see Fig. 6b). The present M3GNet-MD simulations using the NNP have shown that enhanced oxygen diffusivity by hydration is attributable to an increased number of M2O9 dimer (M = Nb, Mo). This is due to an increased number of excess interstitial oxygen atoms by hydration. The present oxide-ion conductivity and conductivity-diffusion coefficient were estimated based on the total conductivity data, as the tracer diffusion coefficient and transport number were obtained using polycrystalline pellets, and therefore include the effects of grain boundaries. These values were also estimated based on the bulk conductivities under dry and wet conditions, yielding consistent conclusions. The results showed both the enhancements of bulk oxide-ion conductivity and bulk oxygen diffusivity by hydration (Fig. S9b,c). For details, see the Supplementary Note and Fig. S9 in the ESI.
This work has also demonstrated that Ba7Nb4MoO20 is not proton, but oxide-ion conductor even in wet atmospheres. The apparent proton and oxygen transport numbers obtained from the simple estimates using equations (3) and (4) are greater than 0.6 and less than 0.4, respectively. These estimates assume that the oxide-ion conductivity of the hydrated sample is equal to that of the dry sample without water. In sharp contrast, the present accurate proton and oxygen transport numbers obtained from the EMF measurements are lower than 0.3 and higher than 0.7, respectively. Fop claimed that Ba7Nb4MoO20 exhibited high proton conductivity of 4.0 × 10−3 S cm−1 and high (apparent) proton transport number of 0.8 at 500 °C.7 However, the conductivity of 4.0 × 10−3 S cm−1 at 500 °C is not the proton conductivity, but the total conductivity (= oxide-ion conductivity + proton conductivity). The present accurate proton conductivity wet × tH/EMF is as low as 1.6 × 10−4 S cm−1 at 500 °C, which is much lower compared with leading perovskite-type proton conductors (e.g., 1.2 × 10−2 S cm−1 at 500 °C in BaZr0.8Y0.2O2.9).61 Since the oxide-ion conductivity is higher in wet atmospheres than in dry conditions, the apparent proton transport number is higher than the accurate proton transport number. The proton diffusivity is higher than oxygen one, however, since the number of protons is smaller than that of oxide ions, the proton conductivity is relatively low compared with the oxide-ion conductivity. These new findings may advance the science and engineering of oxide-ion, proton, and dual-ion conductors.
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Hydration of an interstitialcy oxide-ion conductor enhances oxygen conductivity and diffusivity, as evidenced by water vapor and oxygen concentration cell, TG, conductivity, and tracer diffusion measurements and neural network MD simulations.
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