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Abstract:  

Quintuple perovskites Sm2Ba3Fe5-xCoxO15-  (x = 0.5, 1.0 and 1.5) have 

been prepared by glycerin-nitrate technique in air. The phase purity was 

confirmed by XRD. Partial substitution of Co for Fe decreases oxygen 

content and thus the mean oxidation state of 3d-metals. It also slightly 

decreases thermal expansion coefficient of oxides. Positive value of Seebeck 

coefficient confirmed p-type conductivity, though the thermopower 

decreases as the Co content increases. Temperature dependence of electrical 

conductivity reveals a maximum at 550-  
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1. Introduction: 
Layered perovskites are considered as promising cathode materials for 

intermediate-temperature solid oxide fuel cell (IT-SOFC) because of their 

superior mixed electronic ionic conduction properties and high thermal 

stability [1-11]. 

Recently a new class of 5-fold layered nanoscale-ordered Ln2

Ba Fe5O15  oxides was detected in the Ln2O3  BaO  Fe2O3 (Ln= Nd, 

Sm, Eu, Gd) systems in air [12-16]. This 5-fold layered structure is formed 

by alternation of the layers containing exclusively lanthanide or barium 

together with the mixed (Ln,Ba) layers along the c-axis in a sequence: Ln-

Ba-(Ln,Ba)-(Ln,Ba)-Ba-Ln. The oxygen content, which is closely related 

with oxidation state of 3d metals, plays an important role in formation of 

quintuple perovskite superstructure. In Co-free samarium barium ferrite the 

required oxygen content in air condition can be achieved only by means of 

2 Ba Fe5O15  with 

s as an acceptor-type dopant  located in a 

mixed (Ln/Ba) layer and thus allow decreasing the value of oxygen content 

(raise oxygen vacancy concentration ). Partial substitution of Co for Fe 

makes unnecessary stoichiometry deviation in A-site sublattice since 

in this case cobalt ions serve as acceptor-type substituent  and allow 

decreasing oxygen content in Sm2Ba3Fe5 xCoxO15  down to its favorable 

value [13-16].  

The aforementioned complex layered structure was also attracting 

attention in terms of practical application. Co-free quintuple perovskite 
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Sm1.875Ba3.125Fe5O  was recently considered as a novel cathode for IT-

SOFCs [17]. 

Since both oxygen content and substitution of Co for Fe govern the 

formation of 5-fold layered superstructure, in this paper we examined the 

effect of Co introduction on oxygen content, electrical properties and thermal 

expansion of Sm2Ba3Fe5 xCoxO15  (x = 0.5 1.5) solid solutions. 

2. Material and methods: 
The samples of Sm2Ba3Fe5 xCoxO15  (x = 0.5, 1.0 and 1.5) were 

prepared using a glycerin nitrate technique using high-purity Sm2O3, BaCO3, 

FeC2O4×2H2O, Co, HNO3 and glycerol as starting materials. The starting 

reagents weighted in the required amounts were dissolved in nitric acid, and 

then glycerol was added to the solution. Further details of glycerol-nitrate 

technique were described earlier elsewhere [16]. Final anneals were 

performed at 1100ºC in air during for 120 h 

each) and intermediate grinding. Finally, samples were slowly cooled to 

room temperature at a rate of about 70°C/h. The phase composition of the 

annealed samples was determined by X-ray diffraction (XRD) using a 

Shimadzu XRD- -

90°, step 0.02°, 5 s/step) in air. The structural parameters were refined by the 

Le-Bail method using the Fullprof-2008 package. Thermogravimetric 

analysis (TGA) was carried out using a STA 409PC instrument (Netzsch) 

within the temperature range 25 1100  in air in dynamic (heating/cooling 

rate 5 /min) mode and static mode (isothermal exposure for 8 h). Thermal 

expansion of ceramic samples was measured using a high temperature 

dilatometer DIL 402 C (Netzsch) in the temperature range 25 1100°C in air 

with the heating/cooling rate of 5°C/min. Total electrical conductivity  

and the Seebeck coefficient (S) of ceramic samples were measured by a 

standard 4-probe DC method with platinum electrodes within the 
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temperature range 25

performed with a Zirconia 318 instrument [18]. Dense ceramic samples in 

the form of bars (3 3 25 mm3) for dilatometry and electrical properties 

measurements were prepared by uniaxial pressing of the powders under 

pressure of 20 bar, followed by sintering at 1300-1350 C for 12 h. The 

samples were slowly cooled to room temperature at a rate of 50 °C/h. The 

densities of the polished ceramic samples were 92 95% of the theoretical 

value calculated from the XRD data. 

3. Results and discussion: 
It was shown already by HRTEM that all Sm2Ba3Fe5-xCoxO15-  ( =0.5-1.5) 

oxides possess 5-fold tetragonal ap ap 5ap superstructure [16]. Although 

XRD analysis cannot detect the formation of layered ordered supercell due 

to the chemical twinning along the orthogonal directions [12-16] it can 

confirm single phase purity. Accordingly, the XRD results of all obtained 

samples were single-phase that can be described in terms of the cubic 

perovskite structure (SG ). The XRD patterns for the single-phase 

Sm2Ba3Fe5-xCoxO15-  refined by the Le-Bail method are presented in 

supplementary (Fig. S1). The refined unit cell parameters were found to be 

in good agreement with those reported in ref. [16]. No traces of starting 

materials or secondary phase were detected. 

Fig. 1 illustrates the variations of oxygen content in 

Sm2Ba3Fe5-xCoxO15-  as a function of temperature in air. The oxygen content 

and average oxidation state of 3d-metal ions (zMe) in the Sm2Ba3Fe5-xCoxO15-

 oxides, either slowly cooled to room temperature or those related to 1100°C 

(taken from TGA measurements) are listed in Table 1. 
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Table 1. Oxygen content (15- ), mean oxidation state of 3d metal ions 

(zMe) ions in Sm2Ba3Fe5-xCoxO15-  at 25 and 1100°C together with average 

thermal expansion coefficients (TECs) calculated from the dilatometry at 

1000°C.  

Composition 
15-
recalculated 
from [16] 

zMe (25°C) 
[16] 

15-
(1100°C) 

zMe 
(1100°C) 

TEC×106

, K-1 

Sm2Ba3Fe4.5Co0.5O15-  13.80±0.2 3.12 13.40±0.2 2.96 - 

Sm2Ba3Fe4CoO15-  13.75±0.2 3.10 13.29±0.2 2.92 17.8 

Sm2Ba3Fe3.5Co1.5O15-  13.70±0.2 3.08 13.13±0.2 2.85 17.2 

 

The values of oxygen content and mean oxidation state of 3d metal ions 

(see Fig. 1) are decreasing with the raise of cobalt concentration in 

Sm2Ba3Fe5-xCoxO15-  within the entire temperature range. The amount of 

oxygen losses while heating from room temperature up to 1100  

  ) also gradually increases with Co content. These trends can be 

explained in terms of binding energy between and 3d-metal and oxygen, 

which is smaller for Co in comparison with Fe ions Fe-O = 409(13) kJ/mol, 

Co-O = 368(21) kJ/mol) [19].  

Partial substitution of Co for Fe makes decreasing the slope of relative 

linear expansion versus temperature for Sm2Ba3Fe5-xCoxO15-  (x=1; 1.5) 

compared to Co-free sample (Fig. 2). Excellent reproducibility and absence 

of hysteresis between the dilatometric data collected on heating and cooling, 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



6 
 

indicate high rate of oxygen exchange and confirm absence of phase 

transition within the temperature range studied. The average thermal 

expansion coefficients (TECs) calculated from the dilatometry are listed in 

Table 1.  

The temperature dependencies of total conductivity and Seebeck 

coefficient for Sm2Ba3Fe5-xCoxO15-  in air are shown in Figs 3a and 3b. The 

positive value of Seebeck coefficient (Fig. 3b) indicates predominant p-type 

conductivity in Sm2Ba3Fe5-xCoxO15- . Interestingly that conductivity of the 

sample with x=1 is close to Co-free oxide while the value for 

Sm2Ba3Fe3.5Co1.5O15-  is noticeably higher (Fig. 3a). It can be seen in the 

inset of Fig. 1 that the mean oxidation state of 3d-metal is greater than 3 

(zMe>3) in Sm1.875Ba3.125Fe5O15-  within entire temperature range, while in 

Co-doped oxides (x=1.0 and 1.5) its value is much smaller. This means that 

concentration of mobile holes according to a simple electroneutrality 

approach should be higher in the Co-free sample. 
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Moreover, zMe<3 in Co-doped oxides at T>63  for x

x=1.5, therefore electronic holes can appear only by means of intrinsic 

charge disproportionation process: 

   (1) 

Indeed, such temperature activated disproportionation is well acknowledged 

in rare earth cobaltites and ferrites with perovskite structure [20-24]. 

Simultaneous presence of Fe and Co in B-sublattice makes such electronic 

disordering exchange process even more pronounced: 

   (2) 

since Co as more electronegative elements serves as acceptor-type 

substituent. 

Predominant coexistence of Fe3+/Fe4+ ions in the studied Co-free oxide and 

related perovskite materials [25] allow neglected disproportionation of Fe3+. 

Thus, although on the one hand the raise of Co content makes decreasing 

oxygen content, and therefore the value of zMe (see inset in Fig. 3a), on the 

other hand it enhances electronic exchange process (2) and therefore 

increases charge carrier concentration. This peculiar role of trivalent cobalt 

is consistent with the sign of the Seebeck coefficient being either positive or 

negative depending on doping in LaCoO3 [26].  

The raise of total conductivity with temperature up to a maximum value 

- the increase of mobility and 
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concentration of electronic holes that appear according to equation (1). At 

higher temperatures (T>600°C), the total conductivity slightly decreases that 

caused by an increase in oxygen deficiency, which is preventing formation 

of electron holes ( ) according to the reaction: 

 (2) 

Similar temperature dependencies with maximum were obtained for a 

number of related double perovskite materials [1, 5-7. 9-11]. 

Conclusion 

The Sm2Ba3Fe5-xCoxO15-  (x = 0.5, 1.0 and 1.5) oxides have been 

synthesized by the glycerin nitrate technique in air. Introduction of cobalt 

decreases the value of oxygen content as well as mean oxidation state of 3d 

metals and allows formation of single-phase 5-fold layered superstructure 

without Sm/Ba ratio shift comparing to ideal stoichiometric composition 

( =0). This Co-substitution slightly decreases TEC values. Electrical 

conductivity versus temperature of Sm2Ba3Fe5-xCoxO15-  exhibit maxima at 

relatively high temperature; this is explained by the progressive oxygen 

losses starting at high temperature. Interestingly, the first step of Co- 

substitution (x=1.0) has not affected conductivity since two opposite factors, 

i.e. decrease in oxygen content and enhanced electronic exchange between 

Fe3+ and Co3+ ions, compensate each other. Further incorporation of Co 

(x=1.5) facilitating the latter leads an increase of the conductivity. 
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Fig. 1 Oxygen content in Sm2Ba3Fe5-xCoxO15- at Po2=0.21 atm. Solid lines represent 

data obtained in dynamic mode measurements (cooling/heating rate of 5 °C/min), and 

points correspond to the values measured in static mode (isothermal dwells for 8 h). 

The inset shows mean oxidation state of 3d metals versus temperature calculated using 

electroneutrality equation. The plot for Co-free sample (upper red line) was calculated 

using values of oxygen content presented in [12]. 

Fig. 2  Thermal expansion of the Sm2Ba3Fe5-xCoxO15-  ceramics in air in comparison 

with data for Sm1.875Ba3.125Fe5O15-  [12]. 

Fig. 3  Temperature dependencies of total conductivity (a) and Seebeck coefficient 

(b) for Sm2- Ba3+ Fe5-xCoxO15-  in air. Inset in Fig. 3 (a) shows conductivity versus mean 

oxidation state of 3d metals. The values of conductivity for the Co-free sample are 

taken from [12]. 
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Supporting Information

 

Figure S1. Observed XRD data (points), calculated and difference profiles 

(solid lines) for the Sm2Ba3Fe5-xCoxO15-  samples; vertical lines represent allowed 

Bragg positions. 

 


