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Abstract 

Diffusivity on the A- and B-site of polycrystalline perovskite CaMnO3-δ with Ca deficiency and 

spinel CaMn2O4 (marokite) as a secondary phase was studied using chemical tracers and secondary 

ion mass spectrometry (SIMS) complemented by electron probe microanalysis (EPMA). Thin films 

containing Sr and Co chemical tracers were deposited on the polished surface of the polycrystalline 

composite sample followed by annealing at 800 – 1200 °C for 96 h. Diffusion profiles for each tracer 

were determined with SIMS, followed by calculation of diffusion coefficients by fitting to 

appropriate models. The Sr tracer showed mainly lattice diffusion, with an activation energy of 

210±30 kJ/mol, whereas the Co tracer showed a combination of lattice and enhanced grain-boundary 

diffusion, with activation energies of 270±30 kJ/mol and 380±40 kJ/mol, respectively. The 

diffusivities may be used to predict interdiffusion and lifetime of junctions between n-type CaMnO3-δ 

or CaMnO3-δ/CaMn2O4 composites and metallization interlayers or p-type leg materials in oxide 

thermoelectrics. In particular, the relatively high effective diffusivity of Co in polycrystalline 

CaMnO3-δ may play a role in the reported fast formation of the secondary phase (Ca3Co2-yMnyO6) 

between p-type Ca3Co3.92O9-δ and n-type CaMnO3-δ in a direct p-n thermoelectric junction.  
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Thermoelectric generators (TEGs) utilize the different thermoelectric (Seebeck) coefficients of p- 

and n-type material couples to generate electricity from e.g. renewable or waste heat
1
. The legs of the 

traditional TEGs are connected thermally in parallel and electrically in series, with metallic 

interconnects to ensure ohmicity of the contacts
2
. The metallic interconnects add cost and have 

degradation issues from oxidation, inter-diffusion, and thermal expansion coefficient (TEC) 

mismatch at the metal/semiconductor interface. Alternatives are hence explored along various 

approaches.  

Since a few years, there has been an interest in developing wide-area direct p-n junction-based 

thermoelectric modules
3
. Similarly, we propose direct p-n junctions between oxide thermoelectric 

materials to develop high-temperature TEGs without the use of metallic interconnects. Cobalt-based 

oxide thermoelectric materials exhibit the best p-type properties comprising, for example, the misfit 

layered oxide Ca3Co3.92O9-δ (CCO)
4, 5

. Among the few n-type oxide-based thermoelectric materials 

we find the perovskite-structured CaMnO3-δ (CM)
6
. We are presently exploring enhanced 

thermoelectric properties of nominally Ca-deficient CM, where the perovskite coexists with 

precipitates of the spinel (marokite) phase, CaMn2O4, to be published elsewhere.  

It has recently been shown that when a p-n heterojunction is formed directly between p-type CCO 

and n-type nominally Ca-deficient CM, a secondary phase Ca3Co2-yMnyO6 (CCMO) is formed
7
, 

requiring inter-diffusion of Ca, Mn, and Co.  

In order to contribute to the evaluation of the lifetime of direct p-n junctions between CCO and CM 

in thermoelectrics as well as other applications such as for electro-catalysis in Li-O2 batteries
8, 9

, we 

herein report on a study of A- and B-site diffusivities in nominally Ca-deficient CaMnO3-δ. The 

oxide selected in the present work was a composite of 90 vol% perovskite CaMnO3-δ and 10 vol% 

marokite (CaMn2O4) corresponding to the overall stoichiometry Ca0.934MnO3-δ, hereafter abbreviated 

as CMO. Sr and Co were selected as chemical tracers for Ca and Mn, respectively, on the A- and B-

sites of the perovskite. The ionic radii of these chemical tracers are r(Sr
2+

) = 0.126 nm as compared 

to r(Ca
2+

) = 0.112 nm (8-coordinated) and r(Co
3+

) = 0.0545 nm and r(Co
4+

) = 0.053 nm as compared 

to r(Mn
3+

) = 0.058 nm and r(Mn
4+

) = 0.053 nm (6-coordinated) according to Shannon
10

. More 

specifically, the isotopes 
84

Sr and 
59

Co were used for the SIMS analysis. Dense polycrystalline 

samples of CMO were prepared, the surfaces were polished, and solutions of nitrates of the chemical 

tracers were drop cast as thin films on the surfaces. After various annealing runs, the diffusion 

profiles were obtained by depth-profiling using SIMS. EPMA of a cross-section was utilized to 

determine the tracer distribution and compositional analysis of CMO. The diffusion coefficients are 

compared to values for A- and B-site diffusion in related perovskites. 
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Experimental procedure 

Powder with nominal composition Ca0.934MnO3-δ was synthesized by spray pyrolysis (CerPoTech, 

Norway). The submicron powder was pressed into pellets using a cold isostatic press (CIP) at 200 

MPa, followed by sintering in air at 1350 °C for 20 h forming the CMO composite material 

comprised of 90 vol% CaMnO3 and 10 vol% CaMn2O4. The sintered pellets were mounted in 

acetone-dissolvable epoxy resin (Demotec 33, Germany) and polished to 0.25 μm using a diamond 

abrasive (DP-spray P, Struers, Denmark). Field emission scanning electron microscopy (SEM) 

(Quanta FEG 200, FEI) was used for the microstructural characterization.  

Aqueous solutions of Sr(NO3)2 and Co(NO3)2 (0.5 M) were prepared, and drop-cast on the polished 

surface of polycrystalline CMO samples, followed by drying at 120 °C, yielding nitrate films of 2 – 

10 μm. Then the samples were subjected to their respective annealing temperature in the range of 

800 to 1200 °C within an annealing time of 96 h, followed by removal of residual tracer by gently 

polishing to obtain a relatively smooth and uniform film surface for SIMS analysis. The diffusion 

profiles were acquired by a CAMECA IMS 7f micro analyzer (SIMS, CAMECA, France). A 10 keV 

beam of oxygen ions (O
2+

) was used as a primary raster beam over a selected surface area with a 

raster size of about 150 μm. Additionally, one annealed sample was selected, cut in the direction 

perpendicular to the film/polycrystalline interface, and polished to 0.25 μm. The polished sample 

was carbon coated (Emitech K950X) and subjected to elemental X-ray mappings and beam line-

scanning using an electron probe micro analyzer (EPMA) (Cameca SX100) under an acceleration 

voltage of 15 kV with a focused electron beam current of 20 nA. Back-scattered electron (BSE) 

images of the analyzed areas were taken in the same instrument.   

Results and discussions 

Figure 1 shows an SEM image of a representative as-sintered polycrystalline CMO sample before 

diffusion annealing, with an average grain size of about 6 µm and relative density estimated to be 

approximately 97 % based on weight, geometry, and estimated theoretical density of the CMO 

composite from pycnometry as well as from SEM images.  
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Figure 1. SEM secondary electron (SE) micrograph of the representative microstructure of a polycrystalline 

sample of CMO. 

Figure 2 shows representative SIMS raw data depth profiles of 
84

Sr and 
59

Co chemical tracers after 

annealing at 900 and 1000 °C for 96 h, together with their corresponding host cations, i.e., 
43

Ca and 

55
Mn. The outer few micrometers show seemingly unsystematic features attributed to the deposited 

layers of tracer compounds. The chemical tracer diffusion profiles inside of this layer are normalized 

by the host cation profiles for extraction of diffusion coefficients, but we will first discuss some 

features of the accompanying EPMA mappings (Figures 3 and 4).    
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Figure 2. SIMS diffusion profiles showing raw intensity data of 
84

Sr (a) and 
59

Co (b) annealed at 900 and 

1000 °C for 96 h. 

The EPMA Sr mapping in Figure 3 (c) shows a high concentration of the tracer at the deposited layer 

and a steep and essentially uniform diffusion front into the bulk sample. The uniform distribution of 

the Sr tracer in the microstructure, as in Figure 3 (c), suggests that the Sr tracer diffuses mainly 

through the bulk, without grain-boundary enhancement.  

  

Figure 3. EPMA elemental mappings of Ca (a), Mn (b), Sr (c), and corresponding BSE image (d) of a cross-

section at the surface of a polycrystalline sample annealed at 1000 °C for 96 h. The square on the BSE image 

indicates an area over which X-ray mappings were carried out.  
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Contrary to the Sr tracer profile mapping, the Co tracer showed longer diffusion paths and a more 

non-uniform diffusion front with an enhanced concentration of the chemical tracer along the grain 

boundaries, as seen in Figure 4 (c).  

 

Figure 4. EPMA elemental mappings of Ca (a), Mn (b), Co (c), and corresponding BSE image (d) of the 

cross-section at the surface of a polycrystalline sample annealed at 1000 °C for 96 h.  

The BSE images of Figures 3 d) and 4 d) show porosities considerably higher than observed and 

measured for the samples before diffusion annealing. Measurements of the density by weight and 

geometry confirmed relative densities somewhat above 90%. The reason for this pore growth during 

diffusion annealing is not clear at present. 

The presence of two different phases is apparent from the phase contrast of the BSE images; see 

Figures 3 d) and 4 d). The marokite phase (CaMn2O4) has a higher content of the heavier Mn and 

hence a higher average atomic mass compared to the perovskite phase (CaMnO), and hence 

appears as the brighter phase. The mapping of host cations Ca and Mn in Figures 3 a) and b) as well 

as Figures 4 a) and b) further follows the distribution of perovskite and marokite phases. Based on 

the phase diagram of CaO-MnOx
11

, these two phases are stable and coexist in the temperature range 

of 890 – 1450 °C, covering both the sintering temperature (1350 °C) and diffusion annealing 

temperatures (800 – 1200 °C).  
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To further investigate the effect of the secondary phase (CaMn2O4) on the elemental distribution of 

the tracers and hence on their diffusion processes, EPMA line-scan measurements were carried out 

across interfaces between the perovskite and marokite phases in samples annealed at 1000 °C. The 

quantification of tracers and host cations was made from the line-scan measurements; taken at a 

distance of approximately 5 – 6 µm away from the deposited tracer film, Figure 5 (a). The Sr tracer 

concentration was lower than the detection limit of the instrument (~300 ppm), and therefore it was 

difficult to deduce the variation in Sr tracer concentration between the two phases. However, we 

expect that the large Sr
2+

 diffuses slowly on the Ca
2+

 site of the spinel.  The concentration of Co 

tracer was lower in the marokite phase than in the perovskite phase suggesting a lower solubility 

and/or diffusivity of Co in the marokite phase, Figure 5 (c). Overall, we may assume that the 

diffusion of the composite is dominated by the perovskite and that the marokite phase, along with the 

porosity, only has the minor effect of reducing the diffusion cross-section.   

  

Figure 5. BSE micrograph (a), EPMA elemental analysis of Ca and Mn (b), and Co (c) across the interfaces 

along the dashed line in (a). The micrograph shows the perovskite (p) and marokite (m) phases with an 

illustration of the dashed line representing direction of analysis perpendicular to the tracers’ diffusion 

direction. 

As expected, the Ca:Mn ratios are approximately 1:1 for the perovskite phase and 1:2 in the spinel. 

Detailed analysis of the line-scan results suggested that the perovskite matrix had a composition of 
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Ca1-xMnO3-δ, where x was in the range 0.02 - 0.07 and the oxygen under-stoichiometry (δ) was in the 

range 0.30 - 0.46. The Ca deficiency may be constituted by Ca-vacancies (vCa
//

), which, together with 

the conduction-band defect electrons (e/) compensate the oxygen vacancies (vO
••).  

Fick’s second law of diffusion with a thin-film source model can be used to estimate the lattice bulk 

diffusion coefficients of each of the chemical tracers according to
12

: 

𝑪(𝒙, 𝒕) = 𝑪ₒ(𝒕)𝒆𝒙𝒑 (−
𝒙𝟐

𝟒𝑫𝑳𝒕
)                                                                                                            (1) 

Here, C(x,t) is the concentration of the diffusing species at a penetration distance x (cm) for an 

annealing time of t (s). Co is the surface concentration, and DL (cm
2
/s) is the lattice diffusion 

coefficients of the diffusing species. The DL is equivalent to the effective diffusivity, Deff in 

polycrystalline materials
13

 assuming that the diffusion kinetics is type A based on Harrison’s 

classifications of diffusion processes
14

. By normalizing the intensity obtained from SIMS (cf. Figure 

2), i.e. normalizing Sr intensity against Ca and that of Co against Mn, profiles are obtained which 

can be fitted to Eq. (1) to calculate the DL. According to Eq. (1) a plot of the log(C(x,t)) against 

penetration depth, x
2
 yields a linear region, from which DL can be calculated from the slope. For 

instance, Figure 6 (a) and (b) show plots of the logarithm of normalized concentrations against x
2 

for 

84
Sr and 

59
Co tracers, respectively. Linear regression to region (I) yields the lattice diffusivity of the 

tracers. Accordingly, Sr had a lattice diffusivity of about 1.0×10
-14

 cm
2
/s at 1000 °C whereas that of 

Co was about 1.5×10
-12

 cm
2
/s at 1200 °C.   
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Figure 6. Diffusion depth profiles for Sr (a) at 1000 °C and Co (b) at 1200 °C. The annealing time was 96 h. 

The lattice diffusion coefficients were extracted from region (I) in (a) and (b), whereas grain-boundary 

diffusion coefficients were obtained from region (II) in plot (b). The inset in (b) shows the Co intensity that 

changed across the perovskite (p)/marokite (m) phase interfaces upon ion sputtering showing a formation of 

plateau regions because of the presence of the secondary phase. 

The higher content of Mn in the marokite phase compared to the perovskite phase region (cf. Figure 

5 (b)) resulted in the formation of shallow plateau regions in the profile (cf. Figure 2 (b) and inset of 

Figure 6 (b)). The opposite effect would be observed for Sr chemical tracer profile, Figure 2 (a). 

The grain-boundary diffusion coefficient of the 
59

Co tracer can be obtained from the diffusion profile 

in the deepest penetration region, the grain-boundary tail, using an approximated solution equation 

given by Whipple-Le Claire as
15-17

 

 𝒔𝒘𝑫𝐠.𝐛 = 𝟎. 𝟑𝟐𝟗𝟐 (
𝑫𝑳

𝒕
)

𝟏
𝟐⁄

(−
𝜹𝒍𝒐𝒈𝑪

𝜹𝒙
𝟔

𝟓⁄
)

−𝟓
𝟑⁄

                                                                                        (2) 

where s is the segregation factor, w is the grain boundary width (cm), Dg.b is the grain-boundary 

diffusion coefficient (cm
2
/s), and the other parameters have their usual meanings. A plot of log (Cx,t) 

against the penetration depth, x
6/5 

showed good linearity in the grain-boundary tail (region II of 

Figure 6 (b)), from which a slope equivalent to the term (−
𝛿𝑙𝑜𝑔𝐶

𝛿𝑥
6

5⁄
) in equation (2) can be obtained. 

This enables to calculate the triple product, swDg.b. Assuming a unit segregation factor and about 1.0 
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grain-boundary diffusion coefficient can be obtained from equation (2). The corresponding grain-

boundary diffusion coefficient of the tracer at the specified conditions was about 2×10
-7

 cm
2
/s at 

1200 °C.  

The calculated diffusion coefficients are plotted versus inverse temperature in Figure 7. The pre-

exponential and activation energies of the diffusion coefficients are obtained by fits to equation (3). 

𝑫𝒊 = 𝑫𝒐𝒆𝒙𝒑 (
−𝑬𝒂

𝑹𝑻
)                                                                                                                             (3) 

Here, Di is the diffusion coefficient of individual cations, Do is the pre-exponential, Ea is the 

activation energy (which may comprise formation and diffusion of point defects), R is the universal 

gas constant, and T  is absolute temperature.  

 

Figure 7. Arrhenius plot showing the lattice diffusion coefficients of Sr and Co and the grain-boundary 

diffusion coefficients of Co in polycrystalline CMO. 
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Each value in the plot contains the confidence interval from the linear regression of fitting the 

diffusion profile to equation (1). The diffusion coefficients according to equation (3) are also 

represented as follows: 

𝑫𝐋,𝐂𝐨 = 𝟏𝟎−𝟐.𝟒±𝟏.𝟑𝒆𝒙𝒑 (
−𝟐𝟕𝟎±𝟑𝟎 (𝐤𝐉/𝐦𝐨𝐥)

𝑹𝑻
) (𝐜𝐦𝟐/𝐬)                                                                        (4) 

𝑫𝐠.𝐛,𝐂𝐨 = 𝟏𝟎𝟔.𝟕±𝟏.𝟕𝒆𝒙𝒑 (
−𝟑𝟖𝟎±𝟒𝟎 (𝐤𝐉/𝐦𝐨𝐥)

𝑹𝑻
) (𝐜𝐦𝟐/𝐬)                                                                        (5) 

𝑫𝐋,𝐒𝐫 = 𝟏𝟎−𝟔.𝟎±𝟏.𝟏𝒆𝒙𝒑 (
−𝟐𝟏𝟎±𝟑𝟎 (𝐤𝐉/𝐦𝐨𝐥)

𝑹𝑻
) (𝐜𝐦𝟐/𝐬)                                                                         (6) 

The confidence intervals are rounded-off values from the linear regression of the Arrhenius plots. A-

site diffusion exhibits a lower activation enthalpy than B-site diffusion, but the difference is hardly 

beyond the uncertainty and may be correlated with the difference in the pre-exponential. The 

similarity in the magnitude of the diffusion coefficients may, in any case, indicate that A and B site 

diffusion take place via the same mechanism and may use the same (or both) sites, as suggested for 

other perovskites, for example, bulk diffusion of Mg and Si in MgSiO3
18

. However, for most 

perovskites A-site diffusion is slower compared to B-site diffusion, and the reason for the similarities 

between A- and B-site in our material may be the A-site vacancies which will enhance diffusion on 

this site. The relatively small activation enthalpy for the A-site diffusion process may also be 

explained by the presence of A-site vacancies so that only the migration enthalpy of these remains.  

The activation energies calculated for lattice and grain-boundary diffusion of Co on B-site were 

270±30 and 380±40 kJ/mol, respectively, which may comprise defect formation (Δ𝐻𝑑
𝑜) and defect 

mobility (∆Hm) enthalpies. The significantly higher activation energy and many orders of higher pre-

exponential of the enhanced grain boundary diffusion are noteworthy, but have been reported for 

several polycrystalline materials
11, 19

, in particular those with mixed valency cations.  Waller et al.
20, 

21
 reported a high activation energy of Mn grain-boundary diffusion in polycrystalline YSZ and 

assigned it to mixed manganese oxidation states, and Čebašek et al.
22

 reported the same for Co 

diffusion in La2NiO4+δ.  

The samples held some porosity, and the pores grew somewhat during the annealing, for unknown 

reasons. The possible effects of the pores and their growth should partly be to reduce diffusion cross-

section while offering gas phase short-circuit diffusion and enhanced diffusion on internal surfaces, 

especially of Co, similar to enhanced grain boundary diffusion. As, however, the total pore volume is 

modest and seemingly non-percolating, we believe that its effects can to a first approximation be 

disregarded. 
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A comparison of the present diffusivity data to literature values of A- and B-site diffusion 

coefficients to similar oxide materials is presented in Figure 8 and Figure 9, respectively. The Sr 

diffusion in polycrystalline CMO exhibited higher diffusivities than in most A
II
B

IV
O3 perovskites, 

for example, Sr diffusion in BaTiO3. The Sr diffusivity in single crystal (La,Sr)TiO3 also showed 

lower diffusivity than that of the Sr diffusion of this work. This may be attributed to the existence of 

Ca-vacancies on A-site in the perovskite phase of the composite material. On the other hand, the A-

site diffusivities of the present work were lower than those in A
III

B
III

O3 perovskites, for instance, Nd 

in polycrystalline NdFeO3 and Y in polycrystalline YCrO3 at comparable temperatures.  

 

Figure 8. A comparison of A-site diffusion coefficient of CMO with selected perovskites in an Arrhenius type 

plot. (*) 
84

Sr diffusion in CMO (lattice, this work),(1) Ba in BaTiO3 
23

, (2) La in LaCrO3 
24

, (3) Mg in MgSiO3 

18
, (4) Sr in BaTiO3 (single crystal)

25
, (5) 

88
Sr in (Sr,La)TiO3 (single crystal)

26
, (6) 

90
Sr in SrTiO3

27
, (7) Y in 

YCrO3 
28

, (8) Nd in NdFeO3 
29

. 

B-site (Mn-site) diffusion coefficients—both lattice and grain-boundary diffusivities—are compared 

to the literature results of various perovskite materials in Figure 9.  In all cases, faster diffusion of Co 

was observed in the polycrystalline composite of CMO compared to A
II
B

IV
O3 perovskites such as 

diffusion of Ni in BaTiO3 and diffusion of Si in MgSiO3. On the other hand, compared to diffusion 
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on the B-site in A
III

B
III

O3 perovskites such as Mn in LaCoO3
30

, Mn in LaMnO3
31

, and Co in 

LaCoO3
32

, the Co chemical tracer diffusion in CMO exhibited slower diffusion yet with similar 

activation energies. In the composite sample, manganese exists in its mixed oxidation states ranging 

from Mn
3+

 of the marokite phase to different ratios of Mn
3+

 and Mn
4+

 in the perovskite phase. The 

ratios are mainly defined by the amount of oxygen under-stoichiometry (δ) in the latter phase
11

. This 

may explain why the diffusion on the Mn-site in the current polycrystalline material is faster than 

that of the literature values of most corresponding A
II
B

IV
O3 perovskites, as seen in Figure 9. Lastly, 

it should be repeated that the diffusion coefficients reported in this work for CaMnO3 are probably 

conservative, since the marokite spinel phase and the pores will have reduced the diffusion cross-

section somewhat.  
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Figure 9. A comparison of the B-site diffusion coefficient of CMO with selected perovskites in an Arrhenius 

type plot. (*) Co in CMO (lattice, this work), 1) 
50

Cr in (La, Ca)CrO3 
33

, 2) Fe in (La, Sr)CoO3 
34

, 3) Fe in (La, 

Sr)FeO3 
34

, 4) Fe in LaFeO3 
35

, 5) Fe in NdFeO3 
29

, 6) Ni in Ba(Ho,Ti)O3 
36

, 7) Ni in BaTiO3 
36

, 8) Ni in BaTiO3 

(single crystal)
36

, 9) 
141

Pr in LaCoO3
37

, 10) 
141

Pr in LaFeO3
37

, 11) Si in MgSiO3
18

, 12)  
49

Ti in (La,Sr)TiO3 

(single crystal)
38

, 13) Zr in BaTiO3(single crystal)
39

, 14) Co in LaCoO3 (bulk diffusion)
32

,15) Mn in LaCoO3 
30

 

16) Mn in LaMnO3
31

 17) Yb in YSZ(grain boundary)
40

, 18) Zr in BaZrO3 (grain boundary)
41

, 19) Pr in 

LaFeO3(grain boundary)
37

, 20) Pr in LaCoO3(grain boundary)
37

, 21) Co in La2NiO4 (grain boundary)
22

, (**) 

Co in CMO (grain boundary, this work). 

Conclusions 

In summary, Sr and Co chemical tracer diffusivities on the A- and B-site, respectively, of perovskite 

CaMnO3-δ in a CaMnO3-δ/CaMn2O4 composite were determined in the temperature range 800 – 1200 

°C. The A- and B-site lattice diffusivities were of similar magnitude. The activation enthalpy and 

pre-exponential were both lower for the A-site than for the B-site, but this may be a correlation 

within uncertainties. It can be argued based on EPMA analysis that the perovskite has Ca-vacancies 

which enhance A-site diffusivity compared to most A
II
B

IV
O3 perovskites. B-site diffusion of Co 

showed an additional enhanced grain boundary tail with a large activation energy of about 380±40 

kJ/mol compared to lattice diffusion with 270±30 kJ/mol. The existence of A-site vacancies may also 

have contributed to the observed faster diffusion of the Co chemical tracer. Diffusivities on the B-

site—both bulk and grain boundary—showed higher values than similar perovskite-structured 

materials, often attributed to mixed B-site cation oxidation states. The formation of a secondary 

phase (Ca3Co2-yMnyO6) when a p-n junction is established directly between Ca3Co3.92O9-δ (CCO) and 

CaMnO3-δ (CMO) may thus in part be attributed to the fast diffusion process on the B-site in the 

polycrystalline CMO. Computational determination of enthalpies of formation and mobility for 

cations, Δ𝐻𝑑
𝑜 and ∆Hm, respectively, would be interesting to correlate the present experimental 

activation energies to that of theoretical. 
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