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High Proton Conduction by Full Hydration in Highly Oxygen 
Deficient Perovskite 
Kei Saito,a Kensei Umeda,a Kotaro Fujii,a Kazuhiro Morib,c,d and Masatomo Yashima*a

Abstract: Ceramic proton conductors are important in various applications such as fuel cells. In contrast to the conventional 
acceptor doping into the perovskite-type oxide without oxygen vacancies, donor doping into highly oxygen deficient 
perovskite is a novel strategy to achieve reduced proton trapping. Here, we report high proton conduction (e.g., 10 mS cm−1 
at 235 °C) and chemical stability of highly oxygen deficient perovskite, W6+-donor-doped BaScO2.5 (BaSc0.8W0.2O2.8). The high 
conductivity is attributed to both high proton concentration and proton diffusion coefficient D. The high D at low and 
intermediate temperatures is attributed to its low activation energy, suggesting reduced proton trapping. The high proton 
concentration is ascribed to both high oxygen deficiency in BaSc0.8W0.2O2.8 and full hydration in hydrated BaSc0.8W0.2O2.8 
(BaSc0.8W0.2O3.0H0.4). A reason for the higher proton conductivity of BaSc0.8W0.2O2.8 compared with BaSc0.8Mo0.2O2.8 is higher 
fractional water uptake of BaSc0.8W0.2O2.8, which is attributable to the large lattice volume of BaSc0.8W0.2O2.8 due to the larger 
sized W cation than Mo cation. Present findings would open new avenues for clean energy societies.

Introduction
The need to improve energy efficiency has driven the 
development of fuel cell technology, of which solid oxide fuel 
cells (SOFCs) are a prime example.1–9 Widespread applications 
of commercially available yttria stabilized zirconia (YSZ) 
electrolytes in SOFCs are limited by their high operating 
temperature (700–1000 °C). Since the activation energy for 
proton (H+) conductivity is generally lower than that for oxide 
ion (O2−) conductivity, it is known that H+ conductors exhibit 
higher conductivity than O2− conductors at low and 
intermediate temperatures (50–500 °C).10–18 Therefore, as a 
technology alternative to the SOFCs, protonic ceramic fuel cells 
(PCFCs) have recently been attracting much attention.10–12,19 
Furthermore, there has been great interest in proton-
conducting electrolysis cells (PCECs), because they can 
effectively convert electrical energy into chemical energy.11,20–

22 Proton conducting oxides used in PCFCs and PCECs have a 
lower operating temperature than oxide ion conductors in the 
SOFCs and solid oxide electrolysis cells (SOECs), enabling a 
stable energy supply at a lower cost. To develop high-
performance PCFCs and PCECs, high proton conductivity of 
electrolytes is required. Thus, there is a need to search for 
proton conductors exhibiting high conductivities and high 

chemical stability at low and intermediate temperatures. 
Many salt, hydrate, and polymer materials exhibit high 

proton conductivity, however, decompose at intermediate 
temperatures.23–25 For example, CsH2PO4 shows high proton 
conduction from 230 to 254 °C, but decomposes above 254 °C.23 
In contrast, the oxides are generally chemically stable, but 
exhibit low proton conductivity at low and intermediate 
temperatures. Perovskite-type oxides such as BaCeO3- and 
BaZrO3-based materials are representative proton 
conductors.17,26–35 A major problem of these conventional 
proton conductors is proton trapping, which results in low 
proton conductivity at low and intermediate temperatures.18 
The conventional method to improve the proton conductivity is 
acceptor M3+ doping into Ba2+B4+O3 perovskite where M3+ is an 
acceptor with lower valence 3+ than 4+ of the host B4+ cation. 
Here, the acceptor is the dopant cation M with a lower valence 
than the host cation B and the δ is the amount of oxygen 
vacancies in BaB1−xMxO3−δ. Acceptor doping results in the 
formation of oxygen-deficient BaB1−xMxO3−δ (e.g., B = Ce, and M 
= Y for BaCe0.9Y0.1O2.95). Proton conduction is facilitated by 
hydration, forming the protons H+ in BaB1−xMxO3−δ+y/2Hy where 
y is proton concentration. However, the proton H+ is trapped by 
the dopant cation M3+ with effective negative charge of −1 
compared to the host B4+ cation via the electrostatic attraction. 
This proton trapping can result in proton-dopant cation 
association, higher apparent activation energy for proton 
conductivity and lower proton conduction at low and 
intermediate temperatures.18 Therefore, if the proton trapping 
is reduced, high proton conductivity is expected at low and 
intermediate temperatures. Another major problem of the 
conventional BaCeO3- and BaZrO3-based proton conductors 
might be the low proton concentration y due to small amount 
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of oxygen vacancies δ (e.g., y = 0.08 and δ = 0.05 in 
BaCe0.9Y0.1O2.95), leading to low proton conductivity. 

Recently, many oxides with “intrinsic oxygen vacancies” 
have attracted much attention due to high proton and oxide-ion 
conductivities.6,13,18,36–50 Here, the “intrinsic oxygen vacancies” 
v are the oxygen vacancies in a  parent material (e.g., v in high 
temperature cubic Bi2O3v).51 For example, several hexagonal 
perovskite-related oxides such as Ba2LuAlO5 have two-
dimensional intrinsically oxygen deficient layers and high 
proton conductivities.13,41,43–47,50 Very recently, we have 
reported quite high proton conduction (over 10 mS cm−1 above 
320 °C) and high chemical stability in the cubic perovskite-type 
BaSc0.8Mo0.2O2.8.18 The cubic BaSc0.8Mo0.2O2.8 perovskite is 
stabilized by Mo6+ donor-doping into the  parent material 
BaScO2.5 with three-dimensionally disordered intrinsic oxygen 
vacancies v in BaScO2.5v0.5. Here the donor is the cation dopant 
with higher valence compared with the host cation (6+ of Mo6+ 
is higher than 3+ of host Sc3+). In contrast to the conventional 
acceptor doping, the donor doping can reduce the proton 
trapping due to the electrostatic repulsion between the proton 
and the donor, which has a higher effective charge than the host 
cation.18 The reduced proton trapping in donor-doped 
perovskites leads to the low activation energy for the proton 
diffusion coefficient and high proton conduction at low and 
intermediate temperatures. The thermogravimetric (TG) and 
neutron powder diffraction (ND) analyses indicated that the 
BaSc0.8Mo0.2O2.8 is not fully hydrated. The full hydration in 
donor-doped perovskite with disordered intrinsic oxygen 
vacancies would yield higher proton conduction compared with 
BaSc0.8Mo0.2O2.8. Here, we report high proton conductivity (e.g., 
10 mS cm−1 at 235 °C) in the highly oxygen deficient perovskite, 
W6+-donor-doped BaScO2.5 (BaSc0.8W0.2O3.0H0.4). In this study, 
we have selected the chemical composition, because (i) donor-
doped BaScO2.5 exhibits high proton conduction, (ii) W6+ can be 
a donor as well as Mo6+, and (iii) W-containing oxides such as 
La28−xW4+xO54+δ exhibit significant proton conductivity.52–54

Methods
BaSc0.8W0.2O2.8−y/2(OH)y (BSW) sample was prepared by the 
solid-state-reaction method. Raw materials BaCO3 (Kojundo 
Chemical Laboratory Co., 99.95%), Sc2O3 (Shin-Etsu Chemical 
Co., 99.99%), and WO3 (Kojundo Chemical Laboratory Co., 
99.99%) were mixed and ground in an agate mortar for ~1 h as 
ethanol slurries and as dried powders. The powders thus 
obtained were calcined in static air at 900 °C for 12 h. The 
calcined powders were ground into fine powders in the agate 
mortar for ∼1 h as ethanol slurries and as dried powders. The 
fine powders were uniaxially pressed into pellets at ∼150 MPa 
and then sintered in static air at 1600 °C for 10 h on an alumina 
boat. The sintered products were crushed with a tungsten 
carbide crusher, ground with the agate mortar for ∼1 h as 
ethanol slurries and as dried powders. The obtained samples 
were uniaxially pressed into pellets at ∼150 MPa, isostatically 
pressed into pellets at ∼200 MPa, and sintered in static air at 
1600 °C for 10∼20 h on the alumina boat. The relative densities 

of the sintered pellets of BSW were 70~74%. The sintered 
pellets of BSW were used for the impedance and direct current 
(DC) electrical conductivity measurements. Parts of the sintered 
pellets were crushed and ground into fine powders (as-
prepared BSW powders) to carry out X-ray powder diffraction 
(XRD), X-ray fluorescence (XRF), inductively coupled plasma 
optical emission spectroscopy (ICP-OES), and TG 
measurements. The atomic ratio of the as-prepared BSW 
powders was determined to be Ba: Sc: W = 1.0: 0.8: 0.2 by XRF 
(NEX DE, Rigaku Co.) and ICP-OES analyses (SPS3500DD, Hitachi 
High-Tech Co.), which agreed with that of the nominal 
composition. Cu Ka XRD data of the as-prepared BSW powders 
were measured at 24 °C by a laboratory-based X-ray 
diffractometer (MiniFlex, Rigaku Co.). XRD data of the mixture 
of the as-prepared BSW powders and Si internal standard were 
also measured to investigate its lattice parameter. The lattice 
parameter of the as-prepared BSW powders was refined by 
Rietveld analyses of the XRD data using Z-Rietveld55 software. 
Scanning electron microscope (SEM) observation of a sintered 
pellet of BSW was performed using a VE-8800 SEM microscope 
(Keyence Co.) (Figure S1).

Wet BSW powders for TG-MS, IR, and Raman scattering 
measurements were prepared as follows. The as-prepared BSW 
powders were heated to 1000 °C in dry air (P(H2O) < 1.5×10−4 
atm) and kept for 1 h to remove water, and then the 
atmosphere was switched to H2O-saturated air flow (water 
vapor partial pressure P(H2O) = 0.02 atm) at the same 
temperature 1000 oC. In cooling process, the sample was kept 
for 1 h at 1000, 900, 800, 700, 600, 500, 400, 300, 200, 100, and 
25 °C to reach equilibrium. TG-MS analyses of the wet BSW 
powders were performed using RIGAKU Thermo Mass Photo 
under He flow at a heating rate of 20 °C min–1 up to 1000 °C. The 
proton concentration of BSW was investigated from 1000 to 
100 °C by TG analysis (STA449 Jupiter, Netzsch Co.; Figure S2). 
The as-prepared BSW powders were first heated to 1000 °C in 
dry air (P(H2O) < 1.5×10−4 atm) and kept for 1 h to dehydrate. 
The gas subsequently switched to wet air (P(H2O) = 0.02 atm). 
In cooling process, the sample weight was recorded keeping the 
temperature at 1000, 950, 900, 850, 800, 750, 700, 650, 600, 
550, 500, 450, 400, 350, 300, 250, 200, 150, 100 and 50 °C for 
1 h to reach equilibrium. The proton concentration y in BSW was 
calculated from the weight increase assuming that the sample 
contains no protons (y = 0) at 1000 °C in dry air and that the 
weight increase was due to water incorporation only. The 
hydration enthalpy and entropy were estimated using the TG 
data (Table S1 and Figure S3). Raman spectrum of the wet BSW 
powders was collected using NRS-4100 (JASCO Co.) with 
excitation wavelength of 532 nm. IR data for the wet BSW 
powders were measured using FT/IR-4200 (JASCO Co.).

Impedance spectra of the sintered pellet of BSW (4.7 mm in 
diameter, 11 mm in thickness) with Pt electrodes were recorded 
with a Solartron 1260 impedance analyzer in the frequency 
range from 0.1 Hz to 10 MHz with an applied alternating voltage 
of 100 mV in wet atmospheres (water vapor partial pressure 
P(H2O) = 0.02 atm) and dry conditions (P(H2O) < 1.5×10−4 atm) 
on cooling. Equivalent-circuit analysis was performed to extract 
the bulk and grain-boundary conductivities using Zview 
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software (Scribner Associates, Inc.). Oxygen partial pressure 
P(O2) dependencies of the DC electrical conductivity of the 
sintered pellet of BSW (4.7 mm in diameter and 11 mm in 
length) were investigated by a DC four-probe method with Pt 
electrodes using a mixture of O2, air, N2 and 5% H2 in N2 under 
wet conditions (P(H2O) = 0.02 atm) where the P(O2) was 
monitored with an oxygen sensor placed at the outlet of the 
apparatus. The isotope effect of the sintered pellet of BSW was 
evaluated by the DC electrical conductivity measurements in 
D2O- and H2O-saturated air (water vapor pressure = 0.02 atm).

Neutron diffraction experiments of wet pellets of BSW were 
performed at −243 °C with time-of-flight (TOF) neutron 
diffractometer SPICA at the MLF of the J-PARC.56 The wet pellets 
of BSW for neutron diffraction measurements were prepared as 
follows. The sintered pellets of BSW were heated to 1000 °C in 
dry air  (P(H2O) < 1.5×10−4 atm) and kept for 1 h in order to 
remove water, and then the atmosphere was switched to D2O-
saturated air flow (water vapor pressure = 0.02 atm) at the 
same temperature 1000 oC. In cooling process, the sample was 
kept for 2 h at 1000, 900, 800, 700, 600, 500, 400, 300, 200, 100, 
and 25 °C to reach equilibrium. Rietveld analyses were 
performed with Z-Rietveld55 using neutron diffraction data 
taken with the backscattering  bank of the SPICA. Bond-valence 
based energy landscape (BVEL) for a test proton in BSW was 
calculated using refined crystal parameters at −243 °C with the 
SoftBV program.57,58

Static DFT calculations and ab initio molecular dynamics 
(AIMD) simulations were performed for the 3 × 3 × 3 supercell 
Ba27Sc22W5O81H12 (~ [BaSc0.8W0.2O3H0.4]27) using the Vienna ab 
initio simulation package (VASP)59 code with the projector 
augmented wave (PAW) method and the Perdew–Burke–
Ernzerhof (PBE) functional in the generalized gradient 
approximation (GGA). To reduce the computational cost, the 
reciprocal space integration was carried out only at the Γ point 
and the cut-off energy was set to 400 eV for all the calculations. 
First, we optimized the structures for 36 structural models of 
Ba27Sc22W5O81 with different Sc and W arrangements using the 
background charge. We optimized the structures of all the 8 
structural models with only the W–W pairs longer than 5 Å. In 
addition, we optimized the structures of selected 28 structural 
models containing W–W pair(s) shorter than 5 Å. The total 
energies of the 8 structural models without W–W pairs shorter 
than 5 Å were significantly lower than those of the 28 structural 
models with W–W pair(s) shorter than 5 Å, which can be 
ascribed to the stronger repulsion between W6+ and W6+ cations 
compared with the repulsion between W6+ and Sc3+ cations.  
Then, the structural optimization of Ba27Sc22W5O81H12 was 
performed based on the structural model of Ba27Sc22W5O81 with 
the lowest total energy. Here, the hydrogen atoms were put 
near selected oxygen atoms and the OH distance was set to 
about 1 Å in the initial structure of Ba27Sc22W5O81H12. Figure S4 
shows the optimized structure of Ba27Sc22W5O81H12, which was 
used as the initial structure of the AIMD simulations. The AIMD 
simulations were performed at a constant temperature 1500 °C 
with a time step of 0.5 fs within the canonical ensemble (NVT) 
using a Nosé thermostat, after the heating process (1 °C fs−1) 
within the micro-canonical (NVE) ensemble. The AIMD 

snapshots and trajectories were visualized using the OVITO 
program.60 The refined crystal structure, BVEL, and the 
probability density distribution of H atoms from the AIMD 
simulations were drawn with VESTA 3.61

Results and Discussion
A white sample of cubic perovskite-type BaSc0.8W0.2O2.8−y/2(OH)y 
(= BaSc0.8W0.2O2.8·(y/2) H2O = BSW) was successfully synthesized 
via the solid-state reaction (Methods and Figure S5 in the 
Supporting Information). The formation of the cubic perovskite 
phase of BSW is reasonable, because its tolerance factor is close 
to unity (1.006). To show proton conduction, we carried out H/D 
isotope exchange experiments on BSW at 250 oC in D2O-
saturated and H2O-saturated air. Direct current (DC) electrical 
conductivity σDC of BSW was measured by the DC four-probe 
method, and exhibited a decrease from σDC(H2O) to σDC(D2O), as 
the atmosphere was changed from H2O-saturated air to D2O-
saturated air (Figure S6). Here, the σDC(H2O) and σDC(D2O) 
represent the DC electrical conductivity in H2O- and D2O-
saturated air, respectively. The σDC(H2O)/σDC(D2O) ratio was 
close to the value (1.41) from the classical theory.62 The σDC was 
almost independent of the oxygen partial pressure P(O2) in the 
wide P(O2) range between 10−20 and 1 atm at 300 and 100 oC 
under wet conditions (water vapor partial pressure = 0.02 atm), 
indicating the high chemical and electrical stability, and 
suggesting ionic conduction and no significant electronic and 
hole conduction (Figure 1a). The electrical conductivity of BSW 
in wet air σwet was much higher than that in dry air σdry (Figure 
S7a; e.g., σwet = 55 σdry at 193 oC), indicating the transport 
number (σwet – σdry)/σwet close to unity (Figure S7b).  These 
results show that protons are the dominant conducting species 
in BSW.

To examine the proton conductivity σb in bulk BSW, we 
performed impedance measurements (Figures 1b,c and 
S8−S11, Table S2). Typical impedance spectra of BSW are shown 
in Figures 1b and S9a, indicating two semicircles due to the bulk 
and grain-boundary (gb) responses. To determine the bulk and 
gb conductivities, we performed equivalent circuit analyses 
employing the models shown in Figure S10. We obtained 
reasonable fitting results (Figures 1b and S9), capacitance 
values (Table S2), and KK residuals (Figure S8, Supplementary 
Note 1 in ESI). BSW exhibited higher σb than the gb conductivity 
(Figure S11). It should be noted that BSW showed high σb in wet 
air within the “Norby gap”63 (e.g., 10 mS cm−1 at 235 °C) and 
higher σb compared with other proton conductors18,64−70 (Figure 
1c). BSW exhibited 10 times higher σb than that of 
BaZr0.8Y0.2O2.9−y/2(OH)y (BZY; Ref. 64), 73 times higher σb than that 
of BaCe0.9Y0.1O2.95−y/2(OH)y (BCY; Ref. 30), and 3.6 times higher σb 
than that of BSM (Ref. 18) at 235 °C. The higher σb of BSW 
compared with BZY, BCY, and BSM is attributable to the higher 
proton concentration y in BaB1−xMxO3−δ−y/2(OH)y and the higher 
proton diffusion coefficient D, as discussed below. The σb of 
BSW was 6.8 times higher than that of BaZr0.4Sc0.6O2.7−y/2(OH)y 
(BZS; Ref. 65) at 137 °C, which can be attributed to the higher D 
of BSW, as indicated below. Therefore, it is noteworthy that 
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BSW exhibits higher σb compared with the best ceramic proton 
conductors.

 Electrochemical devices such as PCFCs require high 
chemical stability of proton-conducting electrolytes for long-
term use. For the investigation of the chemical stability in CO2, 

Figure 1. High proton conductivity, high electrical and chemical stability, and high chemical stability of BSW. (a) Oxygen partial 
pressure dependencies of the DC electrical conductivity σDC for BSW at 300 °C (red closed circles and solid line) and 100 °C 
(blue closed circles and solid line) under wet conditions. (b)  Complex impedance plots of BSW at 46 °C recorded in wet air. 
The number of each blue closed circle denotes the frequency. The red solid line represents the fitting curve, which indicates 
a semicircle due to bulk response and a part of semicircle due to grain-boundary response. The green dotted, high-frequency 
semicircle represents the bulk resistance. (c) Norby gap63 and Arrhenius plots of total AC conductivity of BaScO2(OH) (BS)68 
and BaZr0.4Ce0.4Y0.2O2.9−y/2(OH)y (BZCY442)69 and bulk conductivity of BSW, BaSc0.8Mo0.2O2.8−y/2(OH)y (BSM),18 
BaZr0.4Sc0.6O2.7−y/2(OH)y (BZS),65 BaZr0.8Y0.2O2.9−y/2(OH)y (BZY),64 and BaCe0.9Y0.1O2.95−y/2(OH)y (BCY),30 and 
BaZr0.4Ce0.4Y0.1Yb0.1O2.9−y/2(OH)y (BZCYYb4411)70 in wet atmospheres. XRD patterns of BSW after annealing at 250 °C for 240 
h under (d) CO2 and (e) 5% H2 in N2 and (f) before the annealing.
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BSW powders were annealed under CO2 flow at 250 °C for 240 
h. Between the X-ray powder diffraction (XRD) patterns before 
and after annealing, no significant difference was observed, 
indicating the high chemical stability of BSW against CO2 (Figure 
1d,f). High chemical stability of BSW was also confirmed in 5% 
H2 in N2 at 250 °C for 240 h, in H2 at 450 oC for 100 h, in CO2 at 
450 oC for 200 h, and in static air at room temperature for 100 
h (Figures 1e,f and S12).  No significant difference was observed 
between the XRD patterns before and after the impedance 
measurements in dry and wet air (three heating and cooling 
cycles), indicating also the high chemical stability of BSW (Figure 
S13).  Furthermore, the stability of the electrical conductivity of 
BSW in wet H2, wet air, and wet CO2 was investigated. There 
was no significant change of the electrical conductivity, 
indicating high conductivity stability of BSW (Figure S14). These 
high chemical stabilities, high proton transport number (Figure 
S7b), high chemical and electrical stability (Figure 1a), and high 
proton conductivity (Figure 1c) indicate that BSW is a superior 
proton conductor. 

Next, we delve into the reasons for the high bulk proton 
conductivity σb of BSW. The σb is proportional to the proton 
concentration y and proton diffusion coefficient D in bulk 
BaSc0.8W0.2O2.8−y/2(OH)y (BSW): σb  y × D.  To examine the y and 
hydration of BSW, thermogravimetric-mass spectrometric (TG-
MS) and TG measurements were performed. The TG-MS results 
of wet BSW powders showed that dehydration was the primary 
cause of the weight loss upon heating (Figure S15). Therefore, 
the y could be estimated from the weight change in TG curve. 
The TG data showed the typical behavior of hydration with 
higher proton concentration y at lower temperatures (Figures 
2a and S2).  The proton concentrations y of BSW (e.g., y = 0.40 
at 100 oC and y = 0.36 at 400 oC) were higher than those of BSM 
(e.g., y = 0.32 at 100 oC),18 BCY (e.g., y = 0.08 at 100 oC),30 and 
BZY (e.g., y = 0.17 at 400 oC)66 (Figure 2a). The higher y in BSW 
is a reason for its higher proton conductivity compared to BSM, 
BCY, and BZY. The y in hydrated perovskite 
BaB1−xMxO3−δ−y/2(OH)y increases with increasing the amount of 
oxygen vacancies δ in BaB1−xMxO3−δ without water (Figure 2b). 
Thus, the higher y in BSW can be due to higher oxygen 
deficiency δ = 0.2 in BSW without water compared with BCY (δ 
= 0.05) and BZY (δ = 0.1). These results indicate that one reason
for the high proton conductivity in BSW is the high oxygen 
deficiency δ = 0.2 in BSW without water. 

To examine the hydration and proton concentration of bulk 
BSW, we performed the Rietveld analyses of neutron diffraction 
(ND) data of hydrated (deuterated) BSW (= 
BaSc0.8W0.2O2.8−y/2(OD)y = BaSc0.8W0.2O2.8·(y/2) D2O) at −243 °C. 
The calculated intensities based on the cubic 𝑃𝑚3𝑚 perovskite-
type structure were in good agreement with the observed ones 
(Figures 2c, 2d, and 2e), giving reasonably small reliability 
factors (Rwp = 5.08%, RB = 2.84%, RF = 3.32%; Table 1). The 
refined lattice parameter of BSW (4.153511(13) Å) was in 
agreement with that optimized by the DFT calculations (4.18 Å). 
The refined atomic coordinates of D atom in BSW were in 
agreement with those of BaSc0.8Mo0.2O2.8−y/2(OD)y (Ref. 18) and 
optimized by the DFT calculations (Table S3, Figure S4). The OD 
bond length calculated for the refined structure of BSW (1.03(3) 

Å) agreed with the OH bond length values estimated from the 
infrared (IR) spectroscopy data of wet BSW powders (1.00 Å; 
Figure S16a) and Raman scattering data of wet BSW powders 
(0.99 Å; Figure S16b) and from the optimized structure by DFT 
calculations (0.99 Å; Figure S4) within two estimated standard 
deviations. These results indicate the formation of hydroxide 
ions OH in BaSc0.8W0.2O2.8−y/2(OH)y and OD in 
BaSc0.8W0.2O2.8−y/2(OD)y. The bond-valence sums (BVSs) for Ba 
atom (2.1) and O atom (2.1) were in good agreement with their 
formal charges (Table 1). The average BVS of the cations at 
Sc/W site (3.2) was consistent with the average oxidation 
number (3.6). The BVS (0.8) for defective D atom was also 
consistent with its formal charge. These results indicate the 
validity of the refined crystal structure of BSW (Figure 2e). It 
should be noted that the occupancy factor of O atom was 
1.000(4), indicating the full hydration where the O site was fully 
occupied by O atoms. Furthermore, the proton (deuteron) 
concentration y calculated from the refined occupancy factor of 
D atom y = 0.40(2) in bulk BaSc0.8W0.2DyO2.8+y/2 agreed with the 
value obtained from TG data y = 0.40. Therefore, these 
structural and TG analyses indicated that the chemical formula 
of bulk BSW was BaSc0.8W0.2O3.000(12)D0.40(2) and water D2O was 
fully incorporated as OD hydroxide ions in bulk BSW. Here, we 
define the fractional water uptake Fw as follows: 

Fw = y/2δ (1)   
where y and δ are the proton concentration and the amount of 
oxygen vacancies, respectively, in BaB1−xMxO3−δ−y/2(OH)y.  The Fw 
of BSW (1.00) was higher than those of leading proton 
conductors (Table S4). The Fw of BaSc1−xMxO3−δ (M = Mo, W) 
increased with increasing the experimental lattice volume 
(Figure S17a). Therefore, the higher Fw of BSW (1.00) than that 
of BSM (0.8) can be attributed to the larger lattice volume of 
BSW compared with BSM due to larger ionic radius of W6+ 
cation compared with Mo6+ (Figure S17; See the Supplementary 
Note 2 in ESI). Using Eq. (1), the proton concentration y can be 
expressed as y = 2Fwδ, thus, y increases with increasing Fw and 
δ. Both Fw and δ of BSW are high and y = 2Fwδ of BSW is higher 
than those of other proton conductors BaB1−xMxO3−δ−y/2(OH)y 
(Figure 2f), leading to high proton conductivity. The BSM is not 
fully hydrated, while the BSW is fully hydrated due to its larger 
lattice volume compared with BSM, which would be a reason 
for higher proton conductivity of BSW compared with BSM.
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Table 1. Results of refined crystal parameters and reliability factors in Rietveld analysis of the ND data of BaSc0.8W0.2O2.600(12)(OD)0.40(2) (= 
BaSc0.8W0.2O2.8 0.200(12) D2O = BaSc0.8W0.2O3.000(12)D0.40(2)) at −243 °C. 

Site, atom label X atom Y ga Wyckoff position x y z Uiso or Ueq (Å2)b BVSc

Ba Ba 1d 1b 1/2 1/2 1/2 0.00881(16) 2.1

Sc/W Sc 0.8d 1a 0 0 0 0.00881(12)

Sc/W W 0.2d 1a 0 0 0 0.00881(12)

3.2

O O 1.000(4) 3d 1/2 0 0 0.00992(15) 2.1

D D 0.0166(10) 24m 0.449(6) 0.248(6) 0 0.062(6) 0.8

Crystal system: cubic, Space group: 𝑃𝑚3𝑚, Rwp = 5.08%, RB = 2.84%, RF = 3.32%, Lattice parameter: a = 4.153511(13) Å.
a Occupancy factor of Y atom at the X site. x, y, and z: atomic coordinates.
b Uiso = Uiso(Y; X): Isotropic atomic displacement parameter of Y atom at the X site, Ueq: Equivalent isotropic atomic displacement 
parameter of Y atom at the X site. Linear constraints in the Rietveld analysis: Uiso(Sc; Sc/W) = Uiso(W; Sc/W). U11(O; O) = 0.01000(4) 
Å2, U22(O; O) = U33(O; O) = 0.00989(17) Å2. Here, Uij(Y; X): Anisotropic atomic displacement parameter of Y atom at the X site.
c BVS: Bond valence sum. Here, the bond-valence parameters (Ref. 71) were used for the calculation of BVSs for Ba, O, and Sc/W. 
The bond-valence parameter of D atom in Ref. 72 was used for the calculation of BVS. 
d Since the refined occupancy factors of Ba, Sc and W atoms agreed with 1, 0.8 and 0.2, respectively, within three standard 
deviations in preliminary analyses, they were fixed to these values. 
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Figure 2. High proton concentration y in bulk BSW evidenced by TG and ND analyses. (a) Temperature dependencies of 
proton concentration y in BaB1−xMxO3−δ−y/2(OH)y (red circles and curve: BSW of this work. black curve: BZY.66 pink curve: 
BCY.30 blue curve: BSM.18), which were obtained by TG measurements. (b) Correlation between the amount of oxygen 
vacancies δ and y in BaB1−xMxO3−δ−y/2(OH)y.18,30,73,74 Red closed circle stands for the BSW data. (c,d) Rietveld patterns of ND 
data of BSW in the d ranges of (c) 0.60‒3.70 Å and (d) 0.60‒1.23 Å, which were taken at −243 °C. Blue lines and red crosses 
are calculated and observed intensities, respectively. Green tick marks denote calculated Bragg peak positions of cubic 𝑃𝑚
3𝑚 BSW. The light blue line is the difference pattern. (e) Refined crystal structure of BSW, which was represented using 
(Sc0.8W0.2)O5.60(2)(OD)0.40(2) octahedra. Ba, O, and D atoms are denoted by the green, red, and gray spheres, respectively. 
The red/gray lines denote the OD bonds. The isotropic displacement spheres of Ba, O, and D atoms are plotted at the 10% 
probability level. (f) Plot of δ vs fractional water uptake Fw of BSW (yellow closed circle), BSM (blue closed circle), and other 
proton conductors (white closed circles).18,30,73,74 Each dot line in panel (f) represents the inverse proportional relationship 
between Fw and δ  (Fw = y/2δ) for a constant proton concentration y in BaB1−xMxO3−δ−y/2(OH)y (y = 0.1, 0.2, and 0.3).
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Next, we investigate high bulk proton diffusion coefficient D 
of BSW. The experimental D was estimated using the Nernst-
Einstein equation 

D = σbRT/F2y      (2)    
where σb is the bulk conductivity, R is the gas constant, T is the 
absolute temperature, F is the Faraday constant, and y is the 
proton concentration obtained from the TG measurements. The 

D of BSW was higher than those of BZS, BZY, and BCY (Figure 
3a). Ab initio molecular dynamics (AIMD) simulations supported 
the high D in BSW (Figure S18). From Eq. (2), the bulk 
conductivity σb can be expressed as σb = DF2y/RT. Since both D 
and y of BSW are high (Figures 2a,b,f and 3a), the σb of BSW is 
higher than σb of other proton conductors.

Figure 3. High proton diffusion coefficient of BSW and its structural origins. (a) Arrhenius plots of experimental bulk proton diffusion 
coefficient D of BSW (red circles and line), BSM (blue line),18 BZS (yellow line),65 BZY (black line),66 and BCY (pink line),67 which were estimated 
using bulk conductivity data and Eq. (2). (b) Blue trajectories of hydrogen atoms in Ba27Sc22W5O81H12 (~ [BaSc0.8W0.2O3H0.4]27) from AIMD 
simulations at 1500 °C.  (c) Blue isosurface of the proton probability density at 0.001 Å−3 in the Ba27Sc22W5O81H12 viewed along the c axis from 
the AIMD simulations at 1500 °C (−0.2 ≤ x ≤ 1.2; −0.2 ≤ y ≤ 1.2; 0.45 ≤ z ≤ 0.85). The red, green, and gray spheres represent O, W, and Sc 
atoms, respectively. The green and gray squares denote WO6 and ScO6 octahedra, respectively. (d) Bond-valence based energy landscape 
(BVEL) for a test proton with the yellow isosurface at 0.43 eV, which was calculated for the crystal parameters refined using the ND data of 
BSW. Energy barrier for proton migration was estimated to be 0.41 eV from the BVEL, which agreed with the experimental activation energy 
for bulk diffusion coefficient 0.430(10) eV within two standard deviations. Black lines in panels (b) and (c) stand for the 3×3×3 supercell and 
the black lines in panel (d) denote the unit cells.
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  Next, we discuss the origins of high D of BSW. The 
activation energy Ea for D of the present W6+-donor-doped 
BaScO2.5 (BSW) was estimated to be 0.430(10) eV, which was 
close to that of the Mo6+-donor-doped BaScO2.5  (BSM) (0.41 
eV)18 and lower than those of the acceptor-doped proton 
conducting oxides such as BZY (0.48 eV),66 BZS (0.47 eV),65 
BaZr0.8Sc0.2O2.9−y/2(OH)y (0.50 eV),65 and BCY (0.54 eV)67 at low 
temperatures (50−170 oC). The low Ea of BSW suggests the 
reduced proton trapping, due to the repulsion between the 
donor and proton. To show the repulsion between the W6+ 
donor and protons, the trajectory and probability density 
distribution of protons in Ba27Sc22W5O81H12 (~ 
[BaSc0.8W0.2O3H0.4]27) were investigated using the AIMD 
simulations (Figure 3b,c), which indicates the long-range proton 
migration. It is noteworthy that most of protons are not near 
the oxide ions coordinated to a W and a Sc cation but to two Sc 
cations, indicating that the protons migrate around the ScO6 
octahedra while avoiding the WO6 octahedra (Figure 3b,c). This 
result clearly indicates the repulsion between the W6+ donor 
and protons, supporting the reduced proton trapping. Since the 
protons migrate around ScO6 octahedra, higher Sc 
concentration 1−x in BaSc1−xMxO3−δ−y/2(OH)y might be benefit for 
the high proton diffusivity. The Sc concentration in BSW (0.8) is 
higher than that in BaSc0.6Zr0.4O3−δ (BZS: 0.6), which would be a 
reason for the higher D of BSW compared with BZS (BZS in 
Figure 3a). Also for BSM, the AIMD simulations showed similar 
Mo6+ donor-proton repulsion and proton migration around ScO6 
octahedra.18

It is interesting to point out that the trajectory from AIMD 
simulations shows the three-dimensional (3D) proton diffusion 
(Figure 3b), which was supported also by the bond-valence 
based energy landscape (BVEL) obtained for the refined crystal 
structure of BSW (Figure 3d). In contrast to Ba2ScAlO5 (Ref. 46), 
Ba2LuAlO5 (Ref. 50), and BaY1/3Ga2/3O2.5 (Refs. 48,49) with the 
ordered oxygen vacancies, the cubic perovskite-type BSW 
without water exhibits the occupational disorder of oxygen 
vacancies, which results in the 3D network of oxygen atoms and 
3D proton diffusion in hydrated BSW. The 3D proton diffusion 
might be beneficial for the polycrystalline electrolytes in 
electrochemical devices.

Conclusions
In conclusion, we have demonstrated high proton conductivity 
(over 0.01 S cm−1 above 235 °C) in the novel material, cubic 
perovskite-type BSW (= BaSc0.8W0.2O2.8−y/2(OH)y = 
BaSc0.8W0.2O2.8+y/2Hy = BaSc0.8W0.2O2.8·(y/2) H2O) stabilized by 
W6+ donor-doping into BaScO2.5 with disordered intrinsic 
oxygen vacancies. BSW exhibits high chemical stability under 
CO2 H2, and 5% H2 in N2 atmospheres at high temperatures and 
in ambient atmosphere at room temperature. The high bulk 
proton conductivity of BSW is attributable to its high 
concentration y and diffusion coefficient of protons. The high 
proton concentration is ascribed to both large amount of 
oxygen vacancies δ = 0.2 in BSW without water (BaSc0.8W0.2O3−d) 
and the full hydration in hydrated BSW (δ = 0.00 in 
BaSc0.8W0.2O3−δHy = BaSc0.8W0.2O3.0H0.4). The BSM is not fully 

hydrated, but in BSW, which can be ascribed to the larger sized 
W6+ compared with Mo6+. Since the proton hopping occurs 
between oxygen atoms, the presence of oxygen vacancies 
would lower the proton conductivity. Therefore, the full 
hydration in BSW enhances the proton conduction. The high 
proton diffusion coefficient D at low and intermediate 
temperatures is attributed to the low activation energy for D 
(0.43 eV), which suggests the reduced proton trapping due to 
the repulsion between the W6+ donor dopant and protons. The 
repulsion was indicated by the probability density distribution 
and trajectory of protons obtained in the AIMD simulations. 
High D was supported by the AIMD simulations. The high Sc 
concentration in BSW (0.8) can also be a reason for the high 
proton diffusion coefficient. “Stabilization of the perovskite 
with disordered intrinsic oxygen vacancies and full hydration by 
large-sized donor doping” would be an effective strategy 
towards next generation proton conductors.
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