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The understanding of protonic defect transport mechanism in Ba(Ce,Zr)O3 perovskites oxides and its proper temperature range of conductivity are fundamentals for materials design and their technological applications as electrolyte for solid oxide fuel  and electrolyzer cells, isotopic separation membranes and hydrogen sensors. Structural features of the material, as well as the lattice distortions and proton diffusion, are key factors defining the protonic conduction. The crystal structure of protonated and deuterated BaCe0.4Zr0.4Y0.2O3−δ (BCZY) perovskite and its correlation with protonic transport was studied by in situ Neutron Powder Diffraction (NPD) and complementary Thermogravimetry (TG), Quasi-Elastic Neutron Scattering (QENS) and Isotope Exchange Depth Profiling (IEDP) techniques. A 2nd order phase transition from rhombohedral to cubic symmetry takes place at intermediate temperatures (400 - 600 ºC). Dynamic measurements of NPD allowed the detection of the temperature of the phase transition for BCZY at around 520 ºC. Crystallographic and microstructural parameters, including deuterium occupancy and anisotropic thermal parameters, were determined from high resolution NPD data. The deuterium (and oxygen) occupancy for pre-hydrated BCZY is maximum at low temperature and decreases above 400 ºC, even through the phase transition and beyond 600 ºC. By contrast, proton diffusion increases with temperature above the phase transition. The combination of both effects, deuterium content and diffusion coefficient, explains previous results showing that the proton conductivity dominates the ionic conductivity over the oxygen vacancy mechanism until 600 ºC. The phase transition is mainly related to oxygen sublattice relaxation and does not impact on the protonic transport mechanism.
	
	
	
Introduction

Protonic conductors based on Ba(Ce,Zr)O3 perovskites have been proposed as electrolytes and electrodes for Proton Conducting Solid Oxide Cells (PC-SOC), i.e. Fuel Cells (PC-SOFC) and Electrolyzer Cells (PC-SOEC) 1–8 as well as other electrochemical applications, such as isotopic separation membranes and hydrogen sensors 9–14. These compounds are distinguished by their low activation energy of proton hopping through oxygen lattice sites 15 and high proton solubility between 400 and 600 ºC 1,16. Otherwise, Ba(Ce,Zr,Y)O3-δ perovskites present several crystal structures, monoclinic (), orthorhombic (), rhombohedral () and  cubic () symmetries according to the Zr content and temperature range 17. 
Our attention is focused on its use as electrolytes for PC-SOFC (or commonly called as Proton Conducting Fuel Cell (PCFC), H+-SOFC, H-SOFC, or Low Temperature SOFC (LT-SOFC))  devices, which have gain increasing attention in recent years due to their  due their high efficiencies, low environmental impact, low operating temperatures, fuel flexibility, good stability and durability 18–21.    Particularly, proton conducting electrolytes play a crucial role during development of these electrochemical devices. For example, PC-SOFC based on Ba(Ce,Zr,Y,Yb)O3-δ electrolyte were scaled up from button-cells to small-stack and reached power density values at 600 °C of  0.69 and 0.47 Wcm−2 under H2 and CH4 fuels, respectively 22. The efforts have been focused mainly to improve chemical, crystallographic, microstructural, thermodynamic and electrical properties, which represent new challenges and opportunities during materials development 23. Other strategies have been applied to reduce the proton conducting electrolyte thicknesses and decrease the ohmic overpotentials of electrolytes. PC-SOFCs are typically prepared by combining different methods, such as tape casting, rapid laser sintering, spray coating, lamination, co-firing, etc. 24–28. Thin films based on Ba(Ce,Zr)O3 perovskites were also explored and characterized 29. Ab initio, first-principles, (kinetic) Monte-Carlo, density functional theory (DFT) investigations, quantum molecular dynamics, simulations, and experimental/theoretical data combining have been done in order to understand, predict material properties and improve and optimize the development of these materials 30313233343536373839404142. Advanced manufacturing techniques are promising due their significant commercial future for the fast and economic production of protonic ceramic electrochemical cells 43. However, these materials have not been widely manufactured on industrial scale 44. The feedback between fundamental and applied sciences is needed for the continuous development of this technology. In this sense, neutron techniques, such as Neutron Powder Diffraction (NPD) 45–48 and Quasi-Elastic Neutron Scattering (QENS) 49–54, are ideal for the characterization of protonic conductor materials 55 due to the fact that these techniques are highly sensitive towards proton or deuterium content, in contrast with the usually employed techniques for material characterization. Particularly, the BaCe0.4Zr0.4Y0.2O3−δ (BCZY) perovskite was proposed as a potential PC-SOFC electrolyte due its attractive properties related with proton uptake and proton conduction 56–64. The proton conductivity of this Y-doped Ba(Ce,Zr)O3 compound, also called BCZY44 or even BCZY442, was demonstrated by differentiating the bulk conductivity in H2O and D2O vapor atmospheres and by in situ and in operando measurements of conductivity and X-Ray/neutron techniques 62,65. Also, the temperature range of the pure protonic conductivity was confirmed below 400 ºC, while between 400 and 600 ºC it showed mixed protonic and oxygen ionic conductivity 62,65. The hydrogen self-diffusion mechanism involves proton hopping between intra-octahedral oxygen sites 18,20,65. Meanwhile, the transport mechanism was dominated by oxygen vacancies above 600 ºC, which restricts its use as PC-SOFC below this temperature. In addition, BCZY presented rhombohedral symmetry  between room temperature (RT) and 400 ºC and cubic symmetry  above 600 ºC. This set of measurements indicated a strong correlation between crystallographic and electrochemical properties, which was evidenced by a conductivity reduction and lattice shrinkage between 490 and 530 ºC 65. The 2nd order phase transition might be located in this temperature range, however, it is not clear if this phase transition affects the protonic transport mechanism or they are independent processes. 
This work presents a complementary in situ crystallographic study of BCZY powders under air with heavy water vapor, aiming to detect the phase transition and deuterium occupancy. This information allows to establish whether the 2nd order phase transition has a correlation with the proton uptake or not. 
Experimental

Sample preparation 

BaCe0.4Zr0.4Y0.2O3−δ (BCZY) perovskite was synthesized by Solid State Reaction (SSR) and sintered at 1600 ºC, as explained elsewhere 62,65. Subsequent thermal treatments were performed according to the sample preparation and technique requirements. The following description indicates the history of the samples. 

· Neutron Powder Diffraction (NPD)
1) BCZY_dry:   BCZY powder samples were dried at 800 ºC under synthetic air (20 % O2 and 80 % N2 mix) for 30 minutes. This ensured the complete structural H2O loss.
2) BCZY_D2O: the BCZY_dry sample was deuterated at 400 ºC by flowing synthetic air after bubbling in D2O (~ 2 % D2O vapor) for 2 hours. This allowed the D2O incorporation into the crystal structure.
3) The BCZY_D2O sample was cooled to 100 ºC under wet (~ 2 % D2O vapor) synthetic air. 
These steps were performed inside the furnaces of D20 and D2B neutron diffractometers at the ILL. 

· Thermogravimetrc analysis (TG) and Quasi-Elastic Neutron Scattering (QENS) 
1) BCZY_H2O: BCZY powder samples were hydrated at 400 ºC under air with water vapor at least 2 hours. 
2) The BCZY_H2O was cooled at RT under air with water vapor.
These were performed in situ at TG and QENS instruments. 

· Isotope Exchange Depth Profile (IEDP)
Previous reports show that ZnO promotes higher grain sizes, cohesion and densities with respect to the sample without sintering additive 66,67. Then, to improve sintering capabilities, 5 mol % Zn per BCZY mol was tested  68.
1) BCZY_5Zn: the dense pellets were prepared by mixing BCZY powders with Zn(NO3)2 using isopropyl alcohol, pressing at 50 kgcm-2 in a 10 mm matrix and sintering them at 1400 ºC for 6 hours. 
2) BCZY_5Zn_H2O: BCZY_5Zn dense samples were pre-annealed under H2O vapor during 14 hours. 
3) BCZY_5Zn_H2O/D2O:  BCZY_5Zn_H2O was annealed under 20 mbar D2O vapor during 30 minutes at 600 ºC.
These thermal treatments were done ex situ.   

Characterization by neutron techniques 

NPD dynamic measurements were collected at the D20 instrument by using a wavelength (λ) of 1.544 Å 69. NPD static measurements were performed at the high resolution D2B diffractometer with λ = 1.594 Å at high flux mode 70. In both cases, the powders were placed in tubular quartz sample holders of 1 cm of diameter and the NPD patterns were acquired between 100 and 800 ºC under wet (~ 2 % D2O vapor) synthetic air. The λ and instrumental broadening were calibrated by diffraction standards. The NPD patterns were collected in the angular range (2θ) between 0.5 and 160 º and plotted in transference moment (Q = (4π/λ) sin θ). 
A dynamic NPD measurements (D20) was performed  to detect the temperature (T) of the 2nd order phase transition, i.e. rhombohedral  to cubic  symmetry. For that, the diffraction patterns were collected for the BCZY_D2O sample as a function of T under wet air (~ 2 % D2O) each minute during the heating rate of 2 ºC min-1 71. 
The equilibrium NPD patterns (D2B) were collected at constant temperatures, varying with steps of 100 ºC. The dwell time for each stationary measurement was at least 30 min. These patterns were refined by the Rietveld method using the Fullprof Suite 72 with the rhombohedral and cubic structural models 17,65. The background, peak profile, crystallite size, Debye-Waller factors, etc., were fitted according to our previous work 65. The oxygen and deuterium atomic positions and thermal displacement parameters were refined and related to the structural distortion. Nuclear density distributions were analyzed by a combination of the Maximum Entropy Method (MEM) with Rietveld analysis using the Dysnomia software 73. The nuclear densities were visualized by VESTA software 74. 

A second dynamic NPD collection using the D20 instrument was used to study the hydration kinetics of BCZY in D2O vapor.  The BCZY_dry powders were equilibrated at 400 ºC, then the synthetic air was passed throughout heavy water bubbler and NDP patterns were immediately collected each minute for 90 min until reach the stationary state. The selected peaks were fitted by using a pseudo Voigt function (PsdVoigt2), i.e., a linear combination of Gaussian and Lorentzian functions with different Full Width at Half Maximum (FWHM). The Q behavior was modeled by an exponential decay meanwhile the integrated intensity (I. I.) performance was considered as an exponential growth as functions of the time (t). In addition, the 1st order kinetic of BCZY deuteration was proved by Q and I. I. data treatment. 

QENS spectra of BCZY_H2O powder, were collected between 200 and 700 ºC in air at IN16B spectrometer from ILL with an incident λ = 6.271 Å 65,75,76. The powders were placed in a tubular quartz sample holder of 1 cm of diameter through which a constant flow of hydrated air was circulated and then inside a furnace 77. Raw data were corrected using the standard procedures with the ILL software LAMP and then fitted using a Chudley-Elliott model (CEM) 65,78–80. Some of the results obtained have already been presented in a previous publication 65, however, in this work we have extended the analysis to some temperatures previously not covered and used a different fitting engine based on a Monte Carlo approach 81  in order to obtain better estimates on the uncertainties of the fitted parameters. First, only the Q-range below 1.2 Å-1 was used in the fitting, in order to avoid any influence from the Bragg peaks in the resulting parameters and be able to extract an average intensity per temperature, which should be approximately proportional to the amount of water adsorbed in the sample. Second, the jump length (l) was not constrained to a fixed value, but was allowed to vary in the range l ± 2 Å, with l = 3.1 Å being the intra-octahedral oxygen distance, where then the proton self-diffusion coefficients (DH) were calculated. Finally, the fit was done using Bayesian inference together with a Markov chain Monte Carlo method to explore as completely as possible the space of possible solutions. This was done by using the DREAM algorithm implemented in the Python package Bumps 81. DREAM returns a probability distribution for each fitted parameter, allowing to determine the reliability of the results obtained. 

Determination of structural water content

The water content into the BCZY perovskite was estimated by TG measurements by using a Cahn 1000 electrobalance 47,62,82. The evolution of mass with T was recorded for BCZY_H2O powders when this was treated  under wet (~ 2 % H2O vapor) synthetic air , from RT to 800 ºC, with a heating rate of 2 ºCmin-1 47,82. 

Study of the H/D Isotopic Exchange

IEDP experiments were performed in order to estimate the self-diffusion coefficients (D*) of deuterium on hydrogen at 600 ºC. In this sense, the BCZY_5Zn dense sample was pre-annealed to introduce the deuterium tracer and create a D/H profile 83. The high density of BCZY_5Zn pellets were confirmed by Scanning Electron Microscopy (SEM) of polished cross sections by FEI Inspect S50 microscope equipped with Energy Dispersive Spectroscopy (EDS) probe. The overall grain size is around 1 µm. In addition, X-Ray Diffraction (XRD) was used to check the phases present in BCZY_5Zn dense pellets after sintering thermal treatment. These samples were grounded by an agate mortar and pestle. XRD patterns of powders were collected in air at RT through a PANalytical Empyrean diffractometer 62,65. Only BCZY and ZnO phases were detected in BCZY_5Zn after sintering process, so the reactivity between the compounds was discarded. The density value of BCZY_5Zn dense pellet was measured by Archimedes method 62,84. The BCZY_5Zn dense pellets reached high density values, i.e., higher than 95 % respect to theoretical density from XRD data.  
The BCZY_5Zn dense sample was annealed to introduce the deuterium tracer and create a D/H profile 83. The hydroxide ion specie (OD-) diffusion profile in BCZY_5Zn_H2O/D2O sample was collected by Time of Flight - Secondary Ion Mass Spectroscopy (ToF - SIMS) coupled with Low Energy Ion Scattering (LEIS) through a combined IONTOF TOF.SIMS5-Qtac100 LEIS instrument. The data were collected by using a Cs+ beam and constant sputter rate. The natural deuterium isotopic concentration in BCZY_Zn_H2O sample was determined and subtracted from IEDP data of BCZY_5Zn_H2O/D2O. The diffusion profile analysis was performed by fitting the data with a Gaussian error function (i.e., the convolution between ideal concentration profile and Gaussian curve). 
Results and discussion

The BCZY 2nd order phase transition

In a previous work, BCZY perovskite presented rhombohedral symmetry  between RT and 400 ºC and cubic symmetry  above 600 ºC, which was in agreement with other works. Also, it was discarded the possibility of higher symmetries than  compatibles with the RT diffraction patterns 65. However, the temperature of the 2nd order phase transition was not detected. Therefore, dynamic NDP measurements would allow to locate this temperature. Figure 1 shows whole and selected zones of the NPD patterns collected in dynamic mode for BCZY_D2O powder sample during the heating rate from 300 to 850 ºC. The phase transition from rhombohedral to cubic symmetry was detected at 520 ºC, evidenced by a continuous change in the curvature close to 4.10 Å-1 and the disappearance of low intensity peaks around 2.40 and 4.27 Å-1. The respective Bragg reflections are indicated in the plot. The slope change is associated to a continuous rearrangement of (Ce,Zr,Y)-O coordination sphere and O-D anisotropic vibration effect. These results indicate a 2nd order transition and are in agreement with those reported for BaCe0.85-xZrxY0.15O3-δ with x = 0.3 and 0.4, showing the same kind of phase transition above 520 ºC 17. Also, BaZr0.7Ce0.2Y0.1O3-δ perovskite shows the same 2nd order phase transition, which, according to the authors, influences the ionic transport, moderated by the water incorporation under both oxidizing and reducing atmospheres 85. In a previous work, we found that BCZY perovskite presents protonic conductivity as dominant transport mechanism below 400 ºC. Otherwise, the conductivity is mainly associated to oxygen vacancies diffusion above 600 ºC.  Mixed conductivity by protons and oxygen vacancies coexists between 400 and 600 ºC 65. Thus, the phase transition for the BCZY could be matched to the loss of protons which start above 400 ºC 62,65. However, this NPD dynamic study shows that the phase transition takes place at higher temperatures and seems not be directly triggered by the structural proton loss.Figure 1. a) Evolution of the NPD patterns as a function of T during heating run under wet (~ 2 % D2O vapor) synthetic air for the fully deuterated BCZY_D2O powder sample. b) and c) show the level surfaces zoomed between 2.3 - 3.1 and 4.0 - 4.4 Å-1, respectively. The intensity (I) of the rhombohedral (1 1 3) reflection, close to 2.4 Å-1 and those corresponding to (1 3 1)/(2 2 3)/(2 1 7)/(1 1 9), around 4.25 Å-1, vanish around 520 ºC. Otherwise, peak close to 4.1 Å-1 indicates a slope change associated to the 2nd order phase transition from rhombohedral (2 2 0)/(2 0 8) to cubic (2 2 0) symmetry, as indicated by the black arrows  (↑). Bragg reflections are indicated with their Miller index. Also, the phase transition is showed by black dashed lines (─). The I is in arbitrary units (a. u.) and is presented in logarithmic scale in all plots.


Crystallographic study of BCZY

Figure 2a compares NPD patterns collected in high resolution mode at 100 ºC, for fully deuterated (BCZY_D2O) and completely dry (BCZY_dry) powder samples. From this plot, both samples present rhombohedral symmetry, independently of protonic content into the structure at 100 ºC. However, the I of some reflections close to 2.4 and 4.3 Å-1 are sensitive to D incorporation into the structure (see inset). Also, the NPD patterns showed a slight shift to higher Q for BCZY_D2O, related to D incorporation into the structure. 
The NPD patterns of BCZY_D2O, collected under wet air containing heavy water vapor, were refinement following some considerations: 
1)  space group was used between 100 and 500 ºC and  above 600 ºC. This is in agreement with our previous study 65 and with similar 2nd order phase transition reported for BaZr0.7Ce0.2Y0.1O3-δ perovskite by Mather et al.  85.
2) the Wyckoff positions (WPs) of D were assumed as 36f and 12h for  and , respectively, in agreement with those previously reported by Mather et al. 85. 
3) below 400 ºC, the occupancy was considered full for O (Oocc = 1) and partial for deuterium (Docc = 0.0334) assuming fully D2O incorporation into the oxygen vacancies sites produced by Y-doping in BCZY compound, (3-δ) ≈ 2.90 (i.e., Oocc ~ 0.97 for BCZY_dry) 65 (see TG data in Figure 2b).
4) between 400 and 600 ºC, both the O and D occupancies were refined, since a fast dehydration is observed above 500 ºC by TG in Figure 2b.  Note that, the TG plot shows perovskite losses water vapor up to 800 ºC. This is due to that the experimental conditions (heating rate and the TG design), do not guarantee that fully dehydration observed under thermodynamic equilibrium conditions reached in NPD set-up.Figure 3. a) Refinement of NPD pattern of fully deuterated BCZY_D2O powder sample collected under wet (~ 2 % D2O vapor) synthetic air at 100 ºC. b) Dependence with T of relevant crystallographic parameters obtained from the NPD data refinement. Top panel: apc where Oocc and Docc occupancies were fixed or fitted during refinements at each T. Middle panel: long and short O-O distances are referred to the distances between intra-octahedral O-sites in the rhombohedral structure (i.e., octahedral tilting and distortion). Bottom panel: Uaniso parameters for O and D are indicated alongside a (11) and c (33) directions for rhombohedral structure. Above 600 ºC, there is not an anisotropic behavior due to the phase transition and cubic symmetry. The T range of rhombohedral and cubic symmetries are indicated.


5) above 700 ºC the O occupancy is 0.9667, which corresponds to the sample fully dehydrated BCZY with 3-δ = 2.90 due to the oxygen vacancies formation by charge compensation mechanism (Y+3 doping).
Note that these kind of assumptions are similar to those used for related systems such as BaCe0.4Zr0.4Sc0.2O2.90 47. However, at difference of that compounds where the proton hopping mainly involves the O inter-octahedral sites through the shorter O-O distance on the BaO planes (i.e., O-apical) 47; in the case of BCZY, the mechanism transport is through intra-octahedral proton hopping. This difference is due to the higher symmetry of BCZY 65 compared to the orthorhombic BaCe0.4Zr0.4Sc0.2O2.90 perovskite (i.e.,) 37,47,86. Figure 2. a) NPD patterns collected of fully deuterated (BCZY_D2O) and completely dried (BCZY_dry) samples at 100 ºC. The inset indicates some reflections which are sensitive to D2O incorporation. b) Percent mass change of fully hydrated BCZY_H2O powder as function of T under synthetic air saturated with distilled water vapor, where Δm is the mass change and m0 corresponds to the initial mass at RT. The H2O content is expressed in formula unit (f. u.).

Figure 3a presents the refinement of a NPD pattern of the BCZY_D2O powder sample at 100 ºC (similar fitting quality were obtained at all temperatures). The heavy atoms (Ba, Ce, Zr and Y) were fitted with isotropic displacement parameters (Uiso), meanwhile light atoms (O and D) were adjusted by anisotropic displacement parameters (Uaniso). The equivalent Uiso for O and D were also considered (see Table 1). Figure 3b compares crystallographic parameters obtained from fits as a function of T. The variation of pseudocubic lattice parameter (apc) presented in Figure 3b indicates that BCZY suffers shrinkage between 500 and 600 ºC which is associated to the phase transition. The octahedral distortion, generating two different O-O intra-octahedral distances (see Figure 3b), produces the rhombohedral symmetry. During the 2nd order phase transition, these O–O distances suffer a (i) shortening of large distance and (ii) lengthening of short distance, until they converge to a unique cubic intra-octahedral O-O distance. In addition, the increase of the Uiso and Uaniso values with T suggest the increment of ionic diffusion. However, the U11 (≡ U22) values of O and D are higher than U33, which confirm the preference of the intra-octahedral proton diffusion along particular planes, such as (0 1 2) (see Figure 4a) 65. Table 1 presents the resulting crystallographic parameters obtained from Rietveld Method at 100 ºC. Note that the equivalent Uiso for O and D is dominated by the U11 values. Figure 4a shows the crystal structure of deuterated BCZY sample when adopts the rhombohedral structure at 100 ºC. The ellipsoids represent the Uaniso values of O and D and indicates that the proton hopping occurs by O intra-octahedral by their high anisotropy alongside a direction. The nuclear density distributions calculated by MEM indicates a clear intra-octahedral diffusion pathway. Figure 4b shows the MEM density distribution where it is clear that the D nuclear density is bonded to O (~ 1.4 Å) and displacement alongside with shorter O-O bond (~ 3.1 Å). This is derived from the highly anisotropic distortion of the O and D at plane (0 1 2) 65. In the case of D atoms, the Uaniso values increment until 500 ºC, and then decay at 600 ºC due to the gain in isotropy. Considering  the structural water loss occurs continuously between 400 and 600 ºC, the increment of the D displacement is compensated by its occupancy diminution with the net effect of  the proton conductivity suppression above 600 ºC, as it was reported from observed by electrochemical impedance spectroscopy (EIS) measurements 62,65. The O atoms show a similar Uaniso trend as D, however, above 600 ºC the effective oxygen vacancies increases due to D2O loss and the ionic transport is dominating by O-ions transport.Figure 4. a) BCZY_D2O rhombohedral structure where the high O11 and D11 anisotropies promote the intra-octahedral proton hopping. The Ba, Ce,Zr,Y, O and D atoms are indicated as magenta (●), cyan (●), red (●) and violet (●), respectively. The O octahedral is also plotted by light cyan (●). b) MEM nuclear density distributions of deuterated BCZY powder sample at 100 ºC. The plane was used to evaluate the (Ce,Zr,Y)-O-D environment. The isosurface levels were 0.1a0−3 (a0 represents the Bohr radii). These plots correspond to the NPD pattern of fully deuterated powder sample collected at 100 ºC under wet (~ 2 % D2O vapor) synthetic air. 

Table 1. Crystallographic parameters obtained from Rietveld Method at 100 ºC under wet (~ 2 D2O % vapor) synthetic air. The lattice parameters (a, b and c), angles (α, β and γ) and cell volume (V) are shown. The goodness of fit parameters as profile factor (Rp), weighted profile factor (Rwp) and chi-square (χ2) are indicated.
 (Nº 167) Space group
a = b = 6.1145(3) Å, c = 14.9393(8) Å, α = β = 90 o, γ = 120 o, V = 483.71(4) Å3
Rp = 2.84 % , Rwp = 3.76 %, χ2 = 2.69
At.
WP
Occ.
Atomic position
Displacement parameters (100 Å2)



x
Y
z
Anisotropic
Isotropic






U11 
U33
Uiso
Ba
6a
1
0
0
0.25
-
-
2.75(6)
Ce
6b
0.4
0
0
0
-
-
1.29(4)
Zr

0.4






Y

0.2






O
18e
1
0.464(1)
0
0.25
5.61(5)
1.62(4)
4.28(4)
D
36f
0.0334
0.146(7)
0.493(9)
0.035(3)
7.32(4)
2.45(7)
7.32(5)

Figure 5. D2O incorporation kinetics: BCZY_dry to BCZY_D2O at 400 ºC under wet (~ 2 % D2O vapor) synthetic air. Top panel: the black dots (●) correspond to Q shift of the peak with reflections (1 5 5)/(2 4 7)/(2 3 11)/(1 3 13). The black dashed line (─) shows that Q behaves as an exponential decay. The red dots (●) indicate the I. I. diminution associated to the reflection (1 1 3) at 2.4 Å-1 and can be modeled by an exponential growth, as it can be seen by the red dashed line (─). Bottom panel: the fit of Q relation confirms that the BCZY hydration process occurs by a 1st order kinetic.


Incorporation/diffusion of H/D into BCZY

Figure 5 presents the changes of Q and the I. I.  at 400 ºC while air saturated with heavy water vapor was passing through BCZY_dry powder. For Q, we selected the peak around 6.99 Å-1 corresponding to the (1 5 5), (2 4 7), (2 3 11) and (1 3 13) reflections. This peak is selected due its sensitive Q shift and considerable relative intensity. In the case of the I. I., we used (1 1 3) single reflection at 2.40 Å-1, where this peak is highly D sensitive. The hydration reaction is given by  , where  ,  and  corresponds to oxygen vacancies, oxygen sites and deuterium interstitial sites (i.e., hydroxide), respectively. Thus, for protonic conduction the material needs first to incorporate protons through hydroxide formation and then the transport mechanism is by interstitial proton hopping between oxygen sites 18,20. To the best of our knowledge, there are no studies reported of the D2O incorporation rate in proton conducting perovskites by NPD measurements. From Figure 5, it can be observed that the Q decreases and the I. I. increases with t, confirming the D incorporation into the structure and its crystallographic effect (see top panel). In addition, the exponential behaviors of these parameters as a function of t suggest a 1st order kinetic reaction. An accurate approximation to study the D incorporation process can be performed by plotting and fitting ln (Q - Q∞)/(Q0 - Q∞) and ln (I. I. - I. I.∞)/(I. I.0 - I. I.∞) vs. t. The initial (Q0 and I. I.0) and instantaneous (Q and I. I.), and the final values without an appreciable change (Q∞ and I. I.∞) are known. In this sense, we confirmed that the BCZY deuteration process is due by a 1st order kinetic and constant rates (k) are quite similar between Q and I. I. data analysis (k ~ 0.04 min-1 = 6.7 x 10-4 s-1). Figure 5 presents Q variation as an example, where BCZY suffers a fast hydration process and would be fully deuterated between 90 and 120 minutes at 400 ºC (see bottom panel).
In addition, the BCZY deuteration was proven beyond the temperature of phase transition by the OD- depth profile (IEDP) from ToF - SIMS measurements at 600 ºC. Figure 6 presents sections of the ToF - SIMS mass spectrum of a D2O-exchanged dense pellet (i.e., BCZY_5Zn_H2O/D2O) and unexchanged dense sample as a reference (i.e., BCZY_5Zn_H2O). This technique is a powerful tool to study the transport properties of materials, in particular protonic conductors, such as PrBaCo2O5+δ double perovskite mixed conductor or La27.15W4.85O55.28V0.73 high temperature proton conductor 87,88. Figure 6a demonstrates the D2O incorporation in the exchanged sample through the detection of OD- (m/z = 18.007) and D- (m/z = 2.014) ions. To clarify, the m/z ratio corresponds to the relation between atomic mass (m) and atomic number (z). It also shows the mass resolution of the ToF - SIMS was sufficient to separate between the OD- and the 18O- (m/z = 17.998) peaks. The deuterium diffusion profile was characterized by the OD- rather than the D- due to the higher relative intensity (see Figure 6b). The 16O- signals of both samples, the D2O-exchanged and the unexchanged, are steady indicating the stability of the Cs+ beam and a constant sputter rate. The unexchanged sample shows a low count of the OD- species at approximately the natural deuterium isotopic concentration, 0.015 %. In contrast, the OD- depth profile of the exchanged sample demonstrates D incorporation into the structure. The OD- depth profile was obtained by ToF - SIMS on a dense (> 95 %) BCZY_5Zn_H2O/D2O sample, where the hydrogen tracer diffusion coefficient D* is 1.28 x 10-12 cm2s-1, the surface exchange coefficient (k*) is 1.57 x 10-10 cms-1 and D2O concentration is 0.78. In addition, SIMS maps indicated a homogeneous distribution of Zn and ZnO secondary ions across the sample. There is an evident superficial effect as there is an initial increase in concentration, which may be related to a surface layer formation. Figure 6. a) Sections of a negative ToF-SIMS spectrum at around m/z = 2 and m/z = 18 of a D2O-exchanged BCZY_5Zn dense pellet. The intensities of the secondary ions are plotted relative to the intensity (I.) to 16O-. b) SIMS depth profiles of the OD- and the 16O- of the D2O-exchanged and the unexchanged BCZY_5Zn pellets, respectively. The secondary ion counts are plotted in normalized intensities. c) OD- depth profile of the BCZY_5Zn_H2O/D2O dense sample obtained by ToF - SIMS. The natural deuterium isotopic concentration was subtracted from the data and fitted.


Note that the proton incorporation kinetics was confirmed by complementary techniques, such as dynamic NPD at 400 ºC and IEDP at 600 ºC. In order to check the proton mobility inside the sample and cover the range between 200 and 700 ºC with a single technique, the QENS spectra were fitted to a CEM using the jump length and the proton self-diffusion coefficient as adjustable parameters. Details of the model and some results have been given previously 65. Here we have extended the analysis to a larger temperature range and used a more robust Monte Carlo based minimization algorithm, allowing us to let the jump length as a free parameter. Our new results indicate that the QENS data do not allow us to determine with a high precision the jump length, as at all temperatures the data can be adjusted using a relatively wide distribution of lengths, ranging from 2.2 to 5 Å. These values are consistent with the fixed jump length of 3.4 Å used before 65 and the typical octahedral oxygen distance of 3.1 Å, but not much more can be said from the QENS data alone. On the other hand, the self-diffusion coefficient can be obtained with better precision. They are consistent with the values previously reported, and comparable, but slightly higher, to self-diffusion coefficients reported for related systems, such as BaZr0.8In0.2O2.90 perovskite (DH ~ 2.8 x 10−7 cm2s-1 at 277 ºC) 80 or BaZr0.85Y0.15O2.925 (DH ~ 2.5 x 10−6 cm2s-1 at 400 ºC) 89. Figure 7 presents the Arrhenius plot, which indicates an activation energy (Ea) of 0.26(7) eV.
Note that besides the possible effect of ZnO additive, IEDP estimates the deuterium self-diffusion coefficient on hydrogen taking into account bulk and grain boundary pathway, meanwhile QENS infers the long-range H self-diffusion through O sub-lattice by measuring the proton hopping on the atomic scale. In other words, ToF - SIMS is an overall measurement, while the QENS is a bulk technique. Therefore, these two self-diffusion coefficients obtained by two independent techniques would not be comparable due their nature. Note that, the activation energy obtained by QENS is lower than those reported by EIS measurements 90–92, probably because this last one is the result of a mixed O and H ionic conductivity. The information obtained from EIS, QENS and IEDP techniques do not provide the same results since these have different sample requirements and theoretical fundaments. In spite of this, these techniques are in fact complementary, and it has to be taking into account the differences in the measurements, sample conditions and physical meaning of each one. We propose that the intra-octahedral diffusion is favored by the oxygen and proton anisotropies.Figure 7. Arrhenius plot of self-diffusion coefficients obtained from QENS spectra of BCZY_H2O sample. 


Conclusions

The BCZY perovskite was studied by NPD techniques to determine the 2nd order phase transition and deuterium occupancy as a function of T. Complementary techniques such as TG, QENS and ToF - SIMS were used to evaluate the protonic uptake and transport features of BCZY allowing to have a detailed picture of the protonic transport features. The 2nd phase transition from rhombohedral to cubic symmetry was observed at 520 ºC under wet (~ 2 % D2O) synthetic air. The D occupancy is full below 400 ºC and it is partially occupied above this temperature up to 600 ºC. The intra-octahedral protonic transport mechanism associated to D occupancy was described and it was proved that the phase transition does not affect the protonic transport mechanism, which depends on H/D content and its self-diffusion coefficients.  
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