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ABSTRACT: Solid proton and oxide ion conductors have key applications in several hydrogen-based and energy related 
technologies. Here we report on the discovery of significant proton and oxide ion conductivity in palmierite oxides A3V2O8 
(A = Sr, Ba), which crystallize with a framework of isolated tetrahedral VO4 units. We show that these systems present 

prevalent ionic conduction, with a large protonic component under humidified air (tH  0.6 – 0.8) and high protonic mobility. 
In particular, the proton conductivity of Sr3V2O8 is 1.0 x 10-4 S cm-1 at 600 °C, competitive with the best proton conductors 
constituted by isolated tetrahedral units. Simulations show that the three-dimensional ionic transport is vacancy driven 
and is facilitated by rotational motion of the VO4 units, which can stabilize oxygen defects via formation of V2O7 dimers. 
Our findings demonstrate that palmierite oxides are a new promising class of ionic conductors where stabilization of 
parallel vacancy and interstitial defects can enable high ionic conductivity.      

Introduction 
Solid proton and oxide ion conductors are important ma-
terials with applications in a range of hydrogen-based 
electrochemical energy technologies, from ceramic fuel 
cells (CFCs) to electrolyzers (SOECs) and chemical reac-
tors. 1, 2, 3, 4, 5, 6, 7, 8, 9 To make these technologies more eco-
nomical and durable, it is important to develop ionic con-
ductors with high conductivities at reduced temperatures 
(≤ 600 °C). Ionic conduction strongly depends on the char-
acteristics of the crystal structure, and the discovery of 
new solid proton and oxide ion conductors crucially de-
pends on exploring novel structure types and materials.   
Several oxide ion and proton conductors crystallize with 
the perovskite ABO3 structure, which is composed by a 
three-dimensional network of corner-sharing BO6 octahe-
dra. 10, 11, 12, 13, 14 In these perovskite-type materials, the de-
fects necessary for ionic transport are usually created with 
the insertion of extrinsic oxygen vacancies by acceptor 
doping. 10, 14, 15 The oxygen vacancies can enable oxide 
ion diffusion and provide sites for the dissociative absorp-
tion of water and creation of protonic defects. Oxide ion 
migration in perovskite-type oxides occurs via vacancy 
hopping between oxygen sites along a BO6 octahedron 
edge, 15, 16 whereas proton transport generally follows a 
Grotthuss mechanism characterized by the fast rotational 
diffusion of the protonic defect around an oxygen atom, 
followed by intra-octahedral hopping towards a neighbor-
ing oxide ion. 10, 17 Proton and oxide ion diffusion along 
frameworks of corner-sharing octahedral units is a 

common feature of several ionically conducting oxides. 18, 

19, 20  Reports of significant proton or oxide ion transport in 
oxide structures constituted by isolated tetrahedral units 
are on the other hand relatively scarce. Examples com-
prise proton conduction in acceptor-doped scheelite- and 
monazite-type oxides LaMO4 (M = P, V, As, Nb, Sb, Ta) 
21, 22, 23, 24, 25, 26, lanthanum-barium gallates of general for-
mula La1-xBa1+xGaO4-x/2,27, 28 and acceptor-doped 
Gd3GaO6.29 Similarly, oxide ion conduction has been re-
ported only in a few structural families constituted by iso-
lated tetrahedral units, namely apatites and scheelites. 30, 

31, 32  
We have recently reported proton and oxide ion conduc-
tion in a series of cation deficient hexagonal perovskite 
derivatives formed by a disordered combination of perov-
skite and palmierite-like layers 33, 34, 35, 36, 37, 38, 39, 40 . The 
latter are composed by isolated tetrahedral units which 
have a particular topology that allows water incorporation 
and fast ionic transport. This is demonstrated by the high 
proton and oxide ion conductivity  exhibited by the hexag-
onal perovskite derivative Ba7Nb4MoO20 (respectively 4.0 
x 10-3 S cm-1 and 2.0 x 10-3 S cm-1 at 500 °C), and the high 
oxide ion conductivity  of Ba3Nb0.9V0.1MoO8.5 (1.0 x 10-2 S 
cm-1 at 600 °C), both comparable to state-of-the-art doped 
perovskite-type ionic conductors. 39, 40 On the basis of 
such findings, we have investigated the ionic conductivity 
of palmierite oxides with composition A3V2O8 (A = Sr, Ba). 
The palmierite structure is a cation-deficient derivative of 
the 9R hexagonal perovskite polytype A3B2O9, where the  
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Figure 1. Comparison between the 9R hexagonal perov-
skite and palmierite structures. The palmierite s tructure 
is a cation deficient derivative of the 9R perovskite where 
the cubic [AO3] layer of the stacking sequence (hhc)3 is 
replaced by an oxygen deficient [AO2] layer (c’). Crystal-
lographically, the palmierite structure can be obtained 
from the 9R perovskite by shifting of the oxygen atom on 

Wyckoff position 9e (½,0,0,0) to 6c (0,0, ⅓). Note how 
the central octahedron of the metal trimers is unoccupied 
in the palmierite structure. 
 
 
cubic [AO3] layer of the stacking sequence (hhc)3 is re-
placed by a layer of composition [AO2], thus generating 
layers of isolated tetrahedral units spaced by empty octa-
hedral sites (Figure 1). 41, 42 Here, we report on the discov-
ery of significant proton and oxide ion conductivity in 
A3V2O8 for the first time, thus demonstrating that palmier-
ite oxides with isolated tetrahedral units can constitute a 
new family of ionic conductors. 
 
 
Experimental section 
Synthesis and characterization. Samples of A3V2O8 (with 
A = Sr, Ba) were synthesized by solid-state reaction 
method. Stoichiometric amounts of SrCO3 (99.995%, Al-
drich) or BaCO3 (99.999%, Aldrich) and V2O5 (99.95%, Al-
drich) were ground, pressed into a pellet, heated at 1100 
°C for 10h and then cooled to room temperature at 5 
°C/min. The heating step was repeated a second time to 
obtain a phase pure product. Sample purity was con-
firmed by laboratory X-ray diffraction (XRD), using a PAN-
alytical Empyrean diffractometer equipped with a Cu Ka 
tube and a Johansson monochromator. Data were rec-
orded in the range 10° < 2θ < 120° with a step size of 
0.013°. Thermogravimetric analysis (TGA) was performed 
with a Mettler Toledo TGA 2 on samples stored at ambient 
conditions. The samples were heated at 200 °C for 10 h 
prior the analysis in order to remove any adsorbed surface 
water.  

Impedance spectroscopy. The electrical properties of 
A3V2O8 (with A = Sr, Ba) were measured by AC imped-
ance spectroscopy, with a Solartron 1260 impedance an-
alyzer in the frequency range 0.1 Hz – 1 MHz with an ap-
plied alternating voltage of 0.1 V. Measurements were 

performed on platinum coated dense pellets ( 90% of the 

theoretical neutron diffraction density) of approximately  

1 mm thickness and 10 mm diameter, upon cooling from 
800 °C in a sealed tube furnace and allowing 2 hours of 
equilibration at each temperature step. Dry gaseous at-
mospheres, obtained by flowing the employed gas 
through a column of a commercial desiccant (Drierite) 
(pH2O < 10-4 atm), were employed for the measurements 
in air, O2, N2 and 5% H2/N2. For the measurements in hu-
midified air, the gas was bubbled through a water-filled 

Dreschel bottle at ambient temperature (pH2O  0.021 
atm). Total resistivity values (Rb + Rgb) were extracted 
from the high frequency intercept of the arcs on the real 
impedance axis. In addition, equivalent circuit analysis 
was used to extract the individual bulk and grain boundary 
responses for Sr3V2O8; a detailed description of the anal-
ysis can be found in the Supporting Information.    
Neutron diffraction and structural analysis. Room temper-
ature high resolution neutron diffraction experiments were 
performed on the time-of-flight (TOF) High Resolution 
Powder Diffractometer (HRPD) at ISIS (Rutherford Apple-
ton Laboratory, Harwell, Oxford, UK). 5 g of A3V2O8 (A = 
Sr, Ba) powder samples were loaded into a vanadium can 
and measured at room temperature (25 °C) with total scan 
time of 4 hours.   
Rietveld analysis was performed using the 
GSAS/EXPGUI package. 43 The palmierite structure re-
ported in ref. 42 was employed as the initial model for the 
Rietveld refinements. The metal A cations are on two dif-
ferent positions, A1 (at Wyckoff site 3a) and A2 (at 
Wyckoff site 6c), while the vanadium atom occupy a single 
position (at Wyckoff site 6c). The oxygen atoms are on 
two positions, O1 at Wyckoff site 6c and O2 at Wyckoff 
site 18h. Data from both the high-resolution back-scatter-
ing detector bank and the 90° detector bank were em-
ployed for the structural refinements of the measurements 
collected on HRPD. The background was fitted with the 
Chebyshev polynomial function and peak shapes were 
modelled using a pseudo-Voigt function.     
Bond-valence site energy (BVSE) calculations were per-
formed with the softBV program, 44, 45 using the structural 
models from Rietveld refinement as input. Bond-valence 
site energy landscapes for the interaction of test H+ and 
O2- ions were calculated for a dense grid of points with a 
resolution of 0.1 Å. Energy minimum equilibrium sites and 
diffusion pathways were identified with regions of low 
bond-valence site energy by direct visualization of the 
isosurfaces and by examination of the calculated energy 
profiles.  
Computational methods. Density functional theory simu-
lations were carried out with the Vienna ab initio simula-
tion package (VASP). A plane-wave cutoff energy of 520 
eV and a k-point mesh spacing smaller than 0.05 Å−1 were 
utilized for the geometry optimization calculations. The 
projector augmented wave method 46 and the PBEsol ex-
change-correlation functional 47 were employed for all cal-
culations. Single unit cells and 2×2×1 supercells of 
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Ba3V2O8 and Sr3V2O8 were used to calculate the hydration 
energetics, with the number of water molecules (nH2O) 
per formula unit equal to 0 (dehydrated), 0.0825 or 0.330. 
The unit cell parameters for the computed structures are 
reported in Table S1. Ab initio molecular dynamics (AIMD) 
simulations were utilized with a plane-wave cutoff energy 
of 400 eV and the k-space was sampled using the 
gamma-point only. To investigate proton transport, AIMD 
runs of 50 ps at 800, 1000 and 1200 K using the NVT 
ensemble with the Nose−Hoover thermostat 48 were used 
in 2×2×1 A3V2O8 · 0.0825H2O and A3V2O8 · 0.330H2O (A 
= Sr, Ba) supercells containing 168 and 159 ions, respec-
tively. A time step of 1 fs was used to account for the mo-
tion of the protons. To determine the oxide ion transport 
mechanism, 30-ps AIMD simulations of Sr3V2O8 with and 
without oxygen vacancies at 1200 K were carried out us-
ing a 2×2×1 supercell and a time step of 2 fs.   
 
 
Results and discussion  
Ionic conductivity. A3V2O8 samples were synthesized via 
solid-state reaction at 1100 °C. The purity of the as pre-
pared phases was confirmed by laboratory X-ray diffrac-
tion (Figure S1). AC impedance spectroscopy measure-
ments under variable atmospheres were employed to in-
vestigate the ionic conductivity of A3V2O8. Typical com-
plex impedance Z* plots recorded in dry (pH2O < 10-4 atm) 

and humidified (pH2O  0.021 atm) air are shown in Figure 

2a and Figure S2. The plots for Sr3V2O8 show a broad and 
depressed grain arc constituted by the overlap of the bulk 

( 6.2 – 8.3 pF cm-1) and grain boundary ( 0.01 – 0.02 
nF cm-1) responses, which are clearly identifiable in the 
high and intermediate frequency regions of the complex 
modulus (M”) plots (Figure S3a, b) 49. The data of Ba3V2O8 
show a single signal which can be associated to the over-

all grain response ( 4.7 – 6.5 pF cm-1) (Figure S3c, d).  
The complex impedance plots display a clear reduction in 
resistivity on going from dry to humidified air. The Arrhe-
nius plots in Figure 2b show a marked increase in con-
ductivity, indicating proton conduction. The bulk conduc-
tivity of Sr3V2O8 in humidified air (1.0 x 10-4 S cm-1 at 600 
°C) is higher than the bulk conductivity measured in dry 
air (3.2 x 10-5 S cm-1). The conductivity of Ba3V2O8 shows 
an increase of nearly one order of magnitude in humidified 
air, from 1.8 x 10-7 S cm-1 to 1.6 x 10-6 S cm-1 at 600 °C. 
The presence of proton conduction is further corroborated 
by impedance spectroscopy measurements in air + D2O, 
which clearly show a reduction in conductivity due to the 
isotope effect (Figure 2c and Figure S6). The ratio be-
tween the resistivity values measured in air + D2O and air 

+ H2O is  1.3 – 1.4 (Figure 2d), approaching the expected 

theoretical value of √2 50. The proton transport number, 
tH, calculated from the total conductivity values in dry and 

humidified air atmospheres, 51 is in the range  0.6 – 0.8 

for Sr3V2O8 and  0.82 below 600 °C for Ba3V2O8, demon-
strating significant proton conductivity (Figure 2e). 

Figure 2. (a) Typical complex impedance plots for Sr3V2O8 collected under dry and humidified air. The line represents 
the equivalent circuit fitting to the data. (b) Arrhenius plots of the bulk and total conductivity of Sr3V2O8 and the total 
conductivity of Ba3V2O8 collected under dry and humidified air atmospheres with the respective activation energies (in 
eV). (c) Arrhenius plot showing a reduction of the total conductivity of Ba3V2O8 under air + D2O atmosphere due to the 
isotope effect. (d) Plot of the resistivity ratio of the sample in air + D2O and air + H2O. (e) Calculated proton transport 
number. 
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A low-slope electrode signal is observed at low frequen-
cies both in dry and humidified atmospheres (Figure 2a 
and Figure S4) and indicates finite length diffusion typical 
of a Warburg electrode response. This feature is diagnos-
tic of ionic conduction in a material with partially blocking 
electrodes 49. The presence of a prominent Warburg spike 
in dry air atmosphere (Figure 2a and Figure S4) would in-
dicate oxide ion conduction. Further measurements under 
a range of dry atmospheres (air, O2, N2, 5% H2 in N2) show 
that the total conductivity is independent of oxygen partial 
pressure at high and intermediate pO2 values (Figure S7), 
demonstrating that A3V2O8 presents predominantly oxide 
ion conductivity. There is an increase in conductivity in 5% 
H2 in N2 atmosphere, suggesting an electronic n-type 
component. However, the presence of clear War-
burg/electrode responses (Figure S7a), which would have 
been absent in the case of largely electronic transport, at 
all temperatures in the Z* plots recorded under the more 
reducing conditions indicates that the electronic compo-
nent is small and that the conductivity is predominantly 
ionic. 52  
These results demonstrate for the first time that A3V2O8 
presents significant proton and oxide ion conduction, with 
the A = Sr sample showing the highest conductivity. In 
particular, the bulk proton conductivity of palmierite 
Sr3V2O8 is competitive with the conductivities of acceptor 
doped La0.99Ca0.01MO4 (M = Nb, Ta) 22, 23 and 
La0.8Ba1.2GaO3.9 27, which are among the best proton con-
ductors constituted by isolated tetrahedral units. The con-
ductivity of Sr3V2O8 is also considerably higher than the 
proton conductivities of the oxygen deficient perovskite 
derivative Ba3YGa2O7.5 53 and of doped langasite  
La3Ga5SiO14 54, both containing tetrahedral units with only 
three of their four corners connected to other framework 
polyhedra, and of cuspidine La4Ga2O9-based oxides 55, 
which are formed by corner sharing tetrahedral units (Fig-
ure 3). A3V2O8 palmierite oxides are currently undoped so 
that targeted chemical doping should further enhance the 
proton and oxide ion conductivity.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 3. Arrhenius plot of the bulk proton conductivity of 
Sr3V2O8 in humidified air compared with the proton con-
ductivities of La0.8Ba1.2GaO3.9 (LBG) 27, La0.99Ca0.01NbO4 
(LNO) 22, La0.99Ca0.01TaO4 (LTO) 23, La0.99Ca0.01VO4 (LVO) 
24, La0.99Sr0.01AsO4 (LAO) 25, La0.99Ca0.01SbO4 (LSO) 26, 
Ba3YGa2O7.5 (BYG) 53, La3Ga5.06Si0.94O14 (LGS) 54, 
La4GaTiO9.5 (LGO) 55.  

Crystal structure. The structures of A3V2O8 (A = Sr, Ba) 
were investigated by Rietveld refinement employing the 
previously reported model 42.  Preliminary refinement of 
the crystal structures from high resolution X-ray diffraction 
(see Figure S8 and Table S2) showed that A3V2O8 crys-

tallizes with the palmierite structure (space group R3̅m) 
which is composed by layers of isolated VO4 tetrahedral 
units spaced by empty cationic vacancies. X-ray differ-
ence Fourier maps confirmed that V occupies only the 6c 
Wyckoff site and that the vacancies are ordered (Figure 
S9), in contrast with what seen in some hybrid hexagonal 
perovskite-palmierite Ba3M’M”O8.5 (M’ = Nb; M” = Mo, W) 
materials, where the cation vacancies are disordered 38, 

39, 56, 57. Previous neutron diffraction studies have shown 
that materials reported to have the palmierite structure 
can have more complex oxygen ordering leading to the 
formation of hexagonal polytype structures with face- or 
corner-sharing octahedral units, e.g. Ba3Nb2O8 58. For this 
reason, neutron diffraction, which is more sensitive to the 
oxygen sub-lattice, was performed on the High Resolution 
Powder Diffractometer (HRPD) at the ISIS Neutron and 
Muon Source at room temperature 59. Refinement of the 
crystal structures from neutron diffraction data resulted in 
an excellent fit to the data (see Figure S10 and Table S3), 
thus confirming that A3V2O8 (A = Sr, Ba) indeed crystallise 
in the palmierite structure with layers of isolated tetrahe-
dral units (Figure 4a, b). 
To investigate the possible proton positions, the energy 
landscape for a test H+ was calculated by the bond-va-
lence sum (BVS) method with the software softBV 44, 45, 
using the structural models from Rietveld refinement as 
input. The lowest energy (0.0 eV, absolute BVSE mini-
mum) proton site H1 was identified around the apical tet-

rahedral oxygen O1, at Wyckoff position 18h ( 0.11,  

0.22,  0.32) (Figure 3b). This was also confirmed by DFT 
calculations for both Sr3V2O8 and Ba3V2O8, with protons 
either occupying Wyckoff position 18h or a site between 
adjacent oxide ions that acts as a transition state for pro-

ton migration. The O1–H1 bond length is  1.09 Å and 
~1.02 Å from BVS calculations and DFT simulations, re-
spectively, in agreement with values determined in other 
proton conductors 60, 61.  
 
Ionic conduction mechanism. AIMD simulations at a 
range of temperatures (800, 1000 and 1200 K) on two dif-
ferent hydrated compositions (A3V2O8·0.0825H2O and 
A3V2O8·0.330H2O), were used to further investigate the 
level and mechanism of proton conduction in these palm-
ierite materials. The AIMD trajectory plot for protons in 
Sr3V2O8·0.0825H2O at 1200 K in Figure 5a shows a three-
dimensional percolation network, with long-range proton 
rotation and hopping primarily along the ab plane. Proton 
hopping occurs across the O1 anions and also from O1 to 
O2, but the protons can become trapped by the intrinsic 
cationic vacancies. BVSE calculations for the interaction 
of a probe H+ ion confirmed the lowest-energy 2-dimen-
sional proton conduction pathway, with proton exchange 

between the H1 positions (BVSE barrier  0.20 eV) and  
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Figure 4. (a) Crystal structure of A3V2O8 (A = Sr, Ba). (b) 
Distribution of the VO4 units within two adjacent tetrahe-
dral layers as seen along the [001] direction. (c) Proton 
equilibrium position in relation to the VO4 tetrahedron as 
obtained by BVSE and DFT calculations. BVSE isosur-
face levels are at 0.0 eV.  
 
 

hopping onto an adjacent O1 atom (BVSE barrier  0.20 
– 0.23 eV) (Figure S11). While the 2D proton conduction 
pathway dominates in both Sr3V2O8·0.0825H2O and 
Ba3V2O8·0.0825H2O, the AIMD simulations for the mate-
rials with a higher water content (A3V2O8·0.330H2O) show 
a transition towards a more isotropic 3D hopping mecha-
nism. To quantify the levels of proton transport in these 
materials, we calculated the mean squared displace-
ments of the protons and used them to derive proton dif-
fusion coefficients. The calculated diffusion coefficients 
are presented through Arrhenius plots in Figure 5b and 
Figure S12. We obtained proton diffusion coefficients of 
1.96 × 10-6 and 3.42 × 10-6 cm2 s-1 at 800 K for 
Sr3V2O8·0.0825H2O and Sr3V2O8·0.330H2O, respectively. 
In agreement with our conductivity analysis, lower values 
of 7.89 × 10-7 and 1.47 × 10-6 cm2 s-1 at 800 K were found 
for Ba3V2O8·0.0825H2O and Ba3V2O8·0.330H2O, respec-
tively. These values are comparable with other high-per-
formance proton conductors 10, 62 and the hexagonal per-
ovskite derivative Ba7Nb4MoO20, 63  which also contains 
palmierite-like layers, thus confirming the high mobility of 
the protonic defects in the A3V2O8  structure.  
The observed enhancement in proton diffusion as a result 
of increased hydration in these materials may represent a 
potential route to their increased conductivity. However, 
this is reliant on achieving high proton concentrations in 
the materials experimentally, possibly through acceptor 
doping strategies. Thermogravimetric analysis (TGA) 
demonstrate that A3V2O8·nH2O samples stored at ambi-
ent conditions have water concentrations of n = 0.008 for 
A = Sr and n = 0.013 for Ba (Figure S13), considerably 

lower than the value of  0.80 H2O molecules per formula 
unit found for Ba7Nb4MoO20. 40, 63 The low concentrations 
of water measured in the samples are commensurate with 
our DFT calculations that predict endothermic hydration 
enthalpies in the range 10.61 to 87.80  kJ mol-1 (Table 
S5). 

 
 
Figure 5. (a) AIMD trajectory plot for protons in 
Sr3V2O8·0.0825H2O at 1200 K. (b) Arrhenius plot of the 
calculated proton diffusion coefficient for Sr3V2O8·nH2O, 
with n = 0.0825 and 0.330. The diffusion coefficients for 
perovskite-type proton conductors BaCe0.98Y0.02O3-δ 
(BCY) and BaZr0.9Y0.2O3-δ (BZY) 62 and for 
Ba7Nb4MoO20·nH2O with n = 0.125 and 0.5 (Ba7) 63 are 
also plotted for comparison.     
 
 
These large positive values illustrate the weak hygrosco-
picity of the materials, particularly when compared to the 
typically strong exothermic values found for other well-
known solid-state proton conductors, including those with 
palmierite-like layers, such as Ba7Nb4MoO20 63. In our pre-
vious study of Ba7Nb4MoO20 we found that water is ab-
sorbed on the intrinsic oxygen vacancies present on the 
palmierite-like layer, and that hydration is linked to a shift 
from the tetrahedral NbO4 and MoO4 units in the palmier-
ite-like layer to the equivalent NbO6 and MoO6 octahedra 
by filling of the adjacent cation vacancy, resulting in a 
strong increase in the exothermic hydration enthalpies. 63 
DFT geometry optimization calculations on A3V2O8 with a 
VO4 unit changed to a VO6 unit as well as with a proton 
located in a close vicinity to a vanadium ion in an attempt 
to “push” it from the tetrahedral to octahedral coordination 
demonstrate that this phenomenon does not occur on 
these palmierite oxides. This fundamental difference in 
the behavior between A3V2O8 and Ba7Nb4MoO20 helps to 
explain why hydration of the former is severely limited. 
The hexagonal derivative Ba3VWO8.5, which is constituted 
by layers of isolated V/W polyhedral units spaced by or-
dered cationic vacancies analogous to the palmierite 
structure, similarly does not exhibit significant water ab-
sorption because of the strong preference of V5+ for tetra-
hedral geometry 64. It is likely that the as-prepared A3V2O8 
materials present a small oxygen non stoichiometry (not 
visible by neutron diffraction and generated by heating or 
the high temperature synthesis) which enables low con-
centrations of water absorption. To confirm this, we con-
sidered the possibility of water molecules absorbing at 
pre-existing oxygen vacancy sites by comparing the ener-
getics of the materials with an oxygen vacancy with those 
of the hydrated (0.0825H2O) phases. This resulted in ex-
othermic hydration enthalpies of -63.00 and -32.81 kJ mol-
1 for Sr3V2O8 and Ba3V2O8, respectively, suggesting that 
the hydration of these materials can become favorable 
when they are sufficiently oxygen deficient.      
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AIMD simulations were also used to determine the mech-
anism of oxide ion transport in these materials. We con-
sidered two models of Sr3V2O8, i.e., with and without oxy-
gen vacancies. In the pristine system without defects, no 
long-range ion diffusion or VO4 rotational disorder is ob-
served. In contrast, in the system with an oxygen vacancy 
concentration of 6.25%, both long-range ion diffusion and 
VO4 rotational disorder are found, and our simulations re-
veal that they are unequivocally linked. As shown in Fig-
ure 6a, oxide ion transport in these materials is vacancy 
driven and occurs via the formation of V2O7 groups, where 
an oxygen atom from a VO4 group transitions to the va-
cant site of an oxygen-deficient VO3 group. Given the rel-
atively large interatomic distances between the V ions in 
Sr3V2O8 and Ba3V2O8 (> 3.76 and 3.95 Å, respectively), 
the rotation of VO4 groups is pivotal in facilitating ion 
transport in these materials. Such mechanism of oxygen 
migration via the synergic rotation and deformation of VO4 
units to allow the breaking and reforming of V2O7 dimers 
is analogous to the one reported in La1-xBa1+xGaO4-x/2  and 
scheelite Bi1-xSrxVO4-0.5x, both formed by isolated tetrahe-
dral moieties. 28, 31 It is likely that the high dynamical and 
rotational flexibility of the isolated tetrahedral moieties 
also assist the proton transport, in analogy with the case 
of Ba7Nb4MoO20 and the solid-acid protonic conductor 
CsH2PO4. 63, 65   The AIMD simulations show a three-di-
mensional oxide-ion diffusion pathway, with exchange be-
tween O1–O1, O1–O2 and O2–O2 positions (see circled 
areas in Figure 6b). This is in contrast with the two-dimen-
sional oxide ion diffusion pathway along the ab plane re-
ported for hexagonal perovskite derivatives containing 
palmierite-like layers 63, 66, 67. Bond-valence site energy 
calculations similarly evidence three-dimensional connec-
tivity across the different oxygen positions (Figure S14). 
The relative BVS energy barriers for O1–O2 and O2–O2 

hopping ( 0.30 and  0.55 eV, respectively) are compa-

rable with the barrier for O1–O1 hopping ( 0.23 eV), and 
considerably lower than the analogous BVSE barriers for 
oxygen migration along the c-axis reported for 
Ba3M’M”O8.5 (M’ = V, Nb, Ge; M” = Mo) hexagonal deriv-
atives (> 0.70 and > 1.1 eV), 39, 68  thus demonstrating that 
these pathways can offer a sizeable contribution to the 
oxide ion diffusion in A3V2O8 probably due to the ease of 
rotation of the polyhedral units.  
 

 
 
Figure 6. (a) Schematic of the oxygen migration mecha-
nism via the formation of a V2O7 group via condensation 
of a VO4 tetrahedron with an oxygen-deficient VO3 group. 
Rotation of the polyhedral units facilitates the ionic 
transport. (b) AIMD trajectory plot for oxide ions in  
Sr3V2O8 with an oxygen vacancy concentration of 6.25% 
at 1200 K. The circled areas evidence exchange between 
O1–O1 (1), O1–O2 (2) and O2–O2 (3) positions.    

Conclusions 
In summary, we reported significant proton and oxide ion 
conductivity in palmierite oxides A3V2O8 (A = Sr, Ba). 
These systems present prevalent ionic conduction with a 

large protonic component under humidified air (tH  0.6 – 
0.8).  In particular, the proton conductivity of Sr3V2O8 is 
competitive with other proton conductors constituted by 
isolated tetrahedral units. Protons incorporated in the 
A3V2O8 structure have high mobility and our results sug-
gest that the introduction of extrinsic oxygen vacancies by 
chemical acceptor doping can favor water absorption and 
further increase both the proton and oxide ion conductiv-
ity. Proton and oxide ion conduction through stabilization 
of oxygen vacancy defects in oxide-type structures con-
stituted by isolated tetrahedral units is rare, with only ex-
amples constituted by scheelite-type oxides and doped 
La1-xBa1+xGaO4-x/2. 28, 31 Studies on hexagonal perovskite 
derivatives have evidenced that oxygen interstitial defects 
can also be stabilized within palmierite-like motifs result-
ing in increased ionic conductivity. 69 Palmierite oxides 
constitute a promising new family of ionic conductors 
where stabilization of parallel vacancy and interstitial de-
fects can be employed for the design of materials with im-
proved conductivities.      
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Table S1. Lattice parameters for the computed structures at 0 K. The calculated unit cell parameters 

are in good agreement with the experimental values (see Tables S2 and S3).  

 a (Å) c (Å) 

Sr3V2O8 5.590 20.079 

Sr3V2O8·0.0825H2O 5.621 20.060 

Sr3V2O8·0.330 H2O 5.651 20.059 

Ba3V2O8 5.762 21.357 

Ba3V2O8·0.0825H2O 5.777 21.355 

Ba3V2O8·0.330H2O 5.843 21.303 
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Figure S1. Laboratory X-ray diffraction patterns of as prepared A3V2O8 (A = Sr, Ba). 
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Figure S2. Complex impedance plot of Ba3V2O8 collected under dry and wet air at 600 °C. The data show 

a clear reduction in resistivity on going from dry to humidified air. The complex impedance plot collected 

under wet air presents a Warburg response at low frequencies.  
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Figure S3. Complex impedance plot (a) and complex modulus (M”) and impedance (Z”) spectroscopic 

(Bode) plots (b) of Sr3V2O8 collected under dry air at 350 °C. The complex modulus plot shows two peaks, 

one associated to the bulk response (high frequency) and the other associated to the grain boundary 

response (intermediate frequency). The most resistive part of the sample (grain boundary) is highlighted 

by the Z” spectroscopic plot, while the modulus plot highlights the element with the smallest capaci-

tance (bulk) 1. The lines represent the equivalent circuit fitting to the data. Complex impedance plot (c) 

and Bode plots (d) of Ba3V2O8 collected under dry air at 500 °C. The complex modulus and impedance 

spectroscopic plots show a single peak which is associated to the overall grain response.  
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2. Equivalent circuit analysis 

An equivalent circuit (EC) fitting procedure was employed to extract the individual bulk, grain boundary 

and electrode responses for the impedance data of Sr3V2O8 collected under dry and humidified air at-

mosphere. The following equivalent circuit was used to model the impedance data,   

 

 

 

where R indicates a resistor, CPE a constant phase element; the subscript b stands for bulk, gb for grain 

boundary and el for electrode. 

The complex impedance data of Sr3V2O8 are composed by overlapping bulk and grain boundary arcs, 

together with a pronounced Warburg signal in the low frequency region. Equivalent circuit fits at se-

lected temperatures are presented in Figure S4. The good match between the observed and calculated 

spectra is evident from the graphs.  

 

 

Figure S4. Complex impedance plots of Sr3V2O8 recorded under dry (grey symbols) and humidified (blue 

symbols) air at 400 °C (a) and 600 °C (b). The lines represent the equivalent circuit fitting. The right panel 

in (b) is a magnification of the wet air data.  

 

The validity of the equivalent circuit analysis can be further evaluated by inspection of the distribution 

of the EC residuals (ΔZ’EC, ΔZ”EC) versus the logarithm of the frequency. The residuals from the equivalent 

circuit analysis present small values, with a variation generally smaller than 2% for the dry air data and 

smaller than 0.5% in the case of the data collected under humidified air (Figure S4). The values are also 

reasonably scattered along log(f), further validating the quality of the employed model 2. 
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Figure S5. Typical residual plots of the equivalent circuit fitting procedure for the impedance data of 

Sr3V2O8 at selected temperatures. The good match between observed and calculated impedance data, 

and the generally random distribution of the residuals indicate that the employed equivalent circuit 

model adequately represents the collected data. 
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Figure S6. Arrhenius plot showing a reduction of the total conductivity of Sr3V2O8 under air + D2O atmos-

phere due to the isotope effect. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

17 

 

Figure S7. (a) Complex impedance plots of Sr3V2O8 recorded under dry atmospheres (air, O2, N2 and 5% 

H2 in N2) at 650 °C. The right panel shows a magnification of the data collected under dry hydrogen 

atmosphere. The sample response is independent of the atmosphere at high-intermediate partial pres-

sure of oxygen. The behaviour of the low-frequency electrode signal is consistent with oxygen ion con-

duction and Warburg diffusion 1. (b), (c) Arrhenius plots of the total conductivities of Sr3V2O8 and 

Ba3V2O8 under dry atmospheres. The total conductivity does not depend on the oxygen partial pressure 

at high and intermediate pO2 values, demonstrating that the A3V2O8 samples present predominantly 

ionic (oxide ion) conductivity under dry atmospheres. There is an increase in the conductivity in 5% H2 

in N2 (which is particularly pronounced for Ba3V2O8) revealing an electronic n-type component under the 

more reducing conditions.  
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Figure S8. Rietveld histograms for the X-ray diffraction data of A3V2O8 (A = Sr, Ba). 
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Table S2.  Refined atomic parameters from Rietveld fit of the high-resolution X-ray diffraction data of 

A3V2O8 (A = Sr, Ba) collected at room temperature (25 °C). Data were refined in the space group R3̅m. 

The fractional occupancies of the different atoms refined within ± 1% of the full occupancy and were 

fixed to 1. All atoms were refined with isotropic displacement parameters, Uiso (Å2). 

   Sr    Ba 

 a (Å)  5.61801(2) 5.78366(2) 

 c (Å)  20.10050(9) 21.32148(9) 

 V (Å3)  549.420(5) 617.667(5) 

    Sr  Ba 

A1  3a   (0,0,0) Uiso  0.0098(3) 0.0118(2) 

A2 6c   (0,0,z) z 0.202071(4) 0.205288(2) 

  Uiso 0.0015(5) 0.0009(1) 

V1 6c   (0,0,z) z 0.4059(2) 0.40699(9) 

  Uiso 0.0025(5) 0.0014(2) 

O1 6c   (0,0,z) z 0.3230(1) 0.3315(6) 

  Uiso 0.0288(5) 0.0455(6) 

O2 18h   (x,x̅,z) x 0.1698(2) 0.1541(7) 

  z 0.5666(3) 0.5661(5) 

  Uiso 0.0189(6) 0.0191(3) 

    Sr  Ba 

 χ2  6.34 5.09 

 Rp (%)  4.26 3.42 

 Rwp (%)  6.63 5.27 
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Figure S9. Section of X-ray difference Fourier map for Sr3V2O8 as seen along the [100] direction at a y  

0.333. The metal V cations are represented by blue spheres, while the oxygen atoms are in red. The Ba 

atoms are omitted for clarity. Examination of X-ray difference Fourier maps shows no evidence of sig-

nificant missing electron scattering density between the two V positions, indicating that the site is empty 

and the cation vacancies are fully ordered.  
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Figure S10. Rietveld histograms for the neutron diffraction data of A3V2O8 (A = Sr, Ba) collected on HRPD. 

The TOF neutron diffraction data for the high-resolution backscattering detector of HRPD is shown. 
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Table S3.  Refined atomic parameters from Rietveld fit of the high-resolution neutron diffraction data of 

A3V2O8 (A = Sr, Ba) collected at room temperature (25 °C). Data were refined in the space group R3̅m. 

The fractional occupancies of Ba and O refined within ± 1% of the full occupancy and were fixed to 1. 

The fractional occupancies of V were fixed to 1 from the results of the refinements of the structure from 

X-ray diffraction. The U13, U23 anisotropic displacement parameters are zero for A1, A2, V1 and O1 due 

to the symmetry of the unit cell. 

   Sr    Ba 

 a (Å)  5.61913(1) 5.784345(9) 

 c (Å)  20.10422(7) 21.32742(5) 

 V (Å3)  549.740(2) 617.984(2) 

    Sr  Ba 

A1  3a   (0,0,0) U11 = U22   0.0092(4) 0.0159(4) 

  U33  0.0053(5) 0.0071(5) 

  U12 0.0046(2) 0.0080(2) 

A2 6c   (0,0,z) z 0.201981(8) 0.205054(3) 

  U11 = U22   0.0100(3) 0.0107(3) 

  U33  0.0016(4) 0.0092(4) 

  U12 0.0050(1) 0.0054(1) 

V1 6c   (0,0,z) z 0.4070(4) 0.4063(4) 

  U11 = U22   0.0132(3) 0.0068(1) 

  U33  0.0135(2) 0.0072(1) 

  U12 0.0066(2) 0.0034(2) 

O1 6c   (0,0,z) z 0.32244(3) 0.327876(2) 

  U11 = U22   0.0315(4) 0.0331(3) 

  U33  0.0050(3) 0.0079(4) 

  U12 0.0157(2) 0.0166(1) 

O2 18h   (x,x̅,z) x 0.16762(5) 0.16144(5) 

  z 0.56528(3) 0.565546(1) 

  U11  0.0242(2) 0.0167(2) 

  U22 0.0040(3) 0.0167(2) 

  U33  0.0082(3) 0.0164(3) 

  U12 0.0020(1) 0.0120(2) 

  U13 0.0010(1) 0.0006(1) 

  U23 -0.0010(1) -0.0006(1) 

    Sr  Ba 

 χ2  4.21 2.35 

 Rp (%)  4.70 3.60 

 Rwp (%)  4.78 3.16 
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Table S4.  Selected bond lengths and angles for A3V2O8 (A = Sr, Ba).  

 

 Sr Ba 

A1–O1 (Å) 3.25179(7) 3.34162(2) 

A1–O2 (Å) 2.6096(7) 2.7599(4) 

A2–O1 (Å) 2.4192(13) 2.6195(7) 

A2–O2 (Å) 2.8736(2) 2.9501(1) 

 2.5972(8) 2.8070(7) 

V1–O1 (Å) 1.703(1) 1.673(8) 

V1–O2 (Å) 1.708(5) 1.725(3) 

O1–V1–O2 (°) 109.0(4) 110.4(2) 

O2–V1–O2 (°) 109.9(2) 108.6(2) 
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Figure S11. Connectivity between BVSE isosurfaces reveals a lowest energy 2-dimensional proton con-

duction pathway (isosurface levels at < 0.3 eV) composed by H1–H1 exchange and hopping onto adja-

cent oxygen atoms. BVSE model of proton migration barriers for proton exchange (S1) and hopping (S2) 

for Sr3V2O8.  
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Figure S12. Arrhenius plot of the calculated proton diffusion coefficient for Ba3V2O8·nH2O, with n = 

0.0825 and 0.330. The diffusion coefficients for perovskite-type proton conductors BaCe0.98Y0.02O3-δ 

(BCY) and BaZr0.9Y0.2O3-δ (BZY) 3 and for Ba7Nb4MoO20·nH2O with n = 0.125 and 0.5 (Ba7) 4 are also plotted 

for comparison.     
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Figure S13. Results of thermogravimetric analysis on A3V2O8·nH2O (A = Sr, Ba) samples stored at ambient 

conditions. The weight losses correspond to water concentration of n = 0.008 for A = Sr and n = 0.013 

for Ba. 
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Table S5. Hydration enthalpies of A3V2O8·nH2O (A = Sr, Ba) obtained by DFT calculations for different 

water uptakes (n). Hydration enthalpies were calculated based on the energy differences between the 

hydrated and dehydrated materials. For the materials with the lower water content (0.0825H2O), we 

also considered the possibility of water molecules absorbing at pre-existing oxygen vacancy sites by 

comparing the energetics of the materials with an oxygen vacancy with those of the hydrated phases. 

 

A nH2O  Hydration enthalpy (kJ mol-1) 
 

Sr 0.0825  +10.61 

 0.330  +87.80 

 0.0825 Oxygen vacancy site -63.00 

Ba 0.0825  +68.51 

 0.330  +77.19 

 0.0825 Oxygen vacancy site -32.81 
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Figure S14. BVSE map for a test O2- ion in Sr3V2O8 showing three-dimensional connectivity suggesting 

exchange between O1–O1 (1), O1–O2 (2) and O2–O2 (3) positions. The panel on the left shows the BVSE 

path at z = 0 as seen along the [001] direction evidencing a curved trajectory around the A1 cations. 

Isosurfaces levels are drawn at < 0.6 eV.  
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