
 
 

University of Birmingham

Introduction of sulfate to stabilize the n = 3
Ruddlesden-Popper system Sr4Fe3O10-, as a
potential SOFC cathode
Jarvis, Abbey; Berry, Frank; Marco, Jose F.; Slater, Peter

DOI:
10.1149/09101.1467ecst

License:
None: All rights reserved

Document Version
Peer reviewed version

Citation for published version (Harvard):
Jarvis, A, Berry, F, Marco, JF & Slater, P 2019, 'Introduction of sulfate to stabilize the n = 3 Ruddlesden-Popper
system Sr

4
Fe

3
O

10-
, as a potential SOFC cathode', ECS Transactions, vol. 91, no. 1, pp. 1467-1476.

https://doi.org/10.1149/09101.1467ecst

Link to publication on Research at Birmingham portal

Publisher Rights Statement:
Checked for eligibility: 09/10/2019

This document is the Author Accepted Manuscript version of a published work which appears in its final form in ECS Transactions, copyright
©  2019 ECS - The Electrochemical Society. The final Version of Record can be found at: https://doi.org/10.1149/09101.1467ecst

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•	Users may freely distribute the URL that is used to identify this publication.
•	Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•	User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•	Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 14. Jun. 2020

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by University of Birmingham Research Portal

https://core.ac.uk/display/228326202?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1149/09101.1467ecst
https://doi.org/10.1149/09101.1467ecst
https://research.birmingham.ac.uk/portal/en/publications/introduction-of-sulfate-to-stabilize-the-n--3-ruddlesdenpopper-system-sr4fe3o10-as-a-potential-sofc-cathode(cac49844-f7e9-4716-b490-2330d63e7866).html


Introduction of Sulfate to Stabilize the n = 3 Ruddlesden-Popper System Sr4Fe3O10-δ, 
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In this paper we report the successful incorporation of sulfate into 

the triple layer (n = 3) Ruddlesden-Popper system Sr4Fe3O10-δ, with 

characterisation of these materials by X-ray diffraction, Mössbauer 

spectroscopy, and conductivity measurements. Significantly, the 

incorporation of SO4
2-

 into the middle perovskite layer leads to the 

stabilization of this Ruddlesden-Popper phase, which cannot be 

prepared without sulfate doping, thus highlighting the potential of 

oxyanion doping as a strategy to synthesise new phases of interest 

for solid oxide fuel cells. 

Introduction 

 

With increasing concerns regarding climate change due to the increased use of fossil 

fuels, alternate methods for electrical energy production are needed. Solid oxide fuel cells 

(SOFCs) are an appealing solution due to their high efficiency and consequent lower 

greenhouse gas emissions. Fuel cells have three main components, an anode, cathode and 

electrolyte, and research into all three components is being investigated in order to 

optimise performance while reducing cost. 

 

Cathode materials for solid oxide fuel cells (SOFCs) are commonly systems with 

the perovskite structure, for example La1-xSrxMnO3 (LSM), which in addition to having 

high electronic conductivity is chemically compatible with the commonly used 

electrolyte yttria stabilized zirconia (YSZ) (1)–(3). More recently perovskite related 

Ruddlesden-Popper phases have been investigated as potential cathode materials for 

SOFCs. This is due to their appealing high mixed oxide and electronic conductivity, e.g. 

La2NiO4 (4),(5). Less widely studied are the n > 1 Ruddlesden-Popper systems. Related 

to the materials investigated in this paper, doped n = 2 Ruddlesden-Popper system, 

Sr3Fe2O7-δ has been reported for use in SOFCs, with promising performance shown in 

conjunction with a proton conducting perovskite electrolyte (6)–(8). Ruddlesden-Popper 

systems have the general formula An+1BnO3n+1, where, as for perovskite systems, the A 

cation is large (e.g. alkaline earth/ rare earth element) and the B cation is small (e.g. a 

transition metal). Their structure consists of perovskite layers separated by rock salt 

layers, where the number of consecutive perovskite layers increases as n increases 

(Figure 1). An interesting aspect of these materials is their ability not only to 

accommodate anion vacancy defects within the perovskite layers, but also allow the 

incorporation of interstitial anions within the rock salt layers. Thus they have great 

flexibility for manipulating the composition and hence properties. 



   
Figure 1.  Structure of Ruddlesden-Popper type An+1BnO3n+1 systems: A (green), B (blue) 

and O (red) 

As for perovskite systems, typical doping strategies for these materials have 

involved doping with cations of a different charge, but similar size. Recently the potential 

of alternative doping strategies with oxyanions (e.g. carbonate, borate (9), phosphate (9)–

(14), silicate (15)–(18) and sulfate (10),(12),(19),(20)) has been shown in perovskite 

materials for the development of new solid oxide fuel cell materials. This doping strategy 

had previously been successfully applied to superconducting cuprate materials (21)–(30). 

A more detailed outline of oxyanion incorporation in perovskite materials can be found in 

the review article by Hancock et al (28). 

 

Of relevance to the work presented here, we have recently shown that sulfate can 

be incorporated into the perovskite system SrFeO3-δ, leading to enhanced oxygen vacancy 

disorder under low p(O2) where the undoped system transforms to the oxygen vacancy 

ordered brownmillerite structure (31). Following on from these results we have 

investigated whether sulfate can be incorporated into the Ruddlesden-Popper system, 

Sr4Fe3O10-δ. Oxyanion incorporation in Sr4Fe3O10-δ has previously been reported by 

Yamaura et al.(32) and Bréard et al (33). Specifically carbonate can be incorporated into 

Sr4Fe3O10-δ to give the compound Sr4Fe2O6CO3. Furthermore Gonano et al.(34),(35) have 

recently reported the incorporation of carbonate and/or sulfate into the Ruddlesden-

Popper system, Sr4Fe3O10-δ, forming the materials Sr4Fe2.5O7.25(SO4)0.5 and 

Sr4Fe2[Fe0.5(SO4)0.25(CO3)0.25]O7.25. Synthesis of these materials was, however, performed 

through solid state synthesis in evacuated sealed silica ampules. From an applications 

point of view, there is a need to determine whether synthesis in air is possible, and in this 

work we illustrate the successful incorporation of sulfate into Sr4Fe3O10-δ, through 

standard solid state reaction in air. We also report preliminary studies on the 

conductivities of these sulfate doped phases, and stability in lower p(O2), with a view to 

evaluating their potential for use as cathodes in solid oxide fuel cells. 

n=1 

n=2

x 

n=3 



 

Experimental 

 

The Sr4Fe3-xSxO10-δ phases were prepared through solid state synthesis using 

SrCO3, Fe2O3 and (NH4)2SO4. Samples were intimately ground and heated to 950 °C 

(4 °C/ min) for 12 hours after which samples were ball milled (350 rpm for 1 h, Fritsch 

Pulverisette 7 planetary Mill, zirconia balls and container) and reheated to 1000 °C. A 

further grinding of the samples was carried out before heating to 1050 °C for 12 hours. 

Finally, samples were annealed at 350 °C for 12 h in air in order to ensure maximum 

oxygen content. Additionally, samples were heated in N2 in order to test their stability 

under lower p(O2). Samples were heated to 800 °C for 12 h with a ramp rate of 4 °C/ min. 

 

Powder X-ray diffraction (Panalytical Empyrean diffractometer equipped with a 

Pixcel 2D detector (Cu Kα radiation)) was used to determine lattice parameters and phase 

purity. Rietveld refinements were carried out by using the GSAS suite of programs (36). 

Space group I4/mmm was used for all these Ruddlesden-Popper samples with an 

additional cubic perovskite phase (Pm-3m) included as a minor impurity.  

 

The 
57

Fe Mössbauer spectra was carried out at 298 K in constant acceleration 

mode using approximately 25 mCi Co/Rh source.  

 

Four probe dc conductivity measurements were carried out for all samples: 

powders were ball milled (350 rpm for 1 h, Fritsch Pulverisette 7 planetary Mill), before 

pressing into pellets and sintering at 1050 °C for 12 h. Pt electrodes were attached to the 

pellets with Pt paste before heating to 900 °C for 1 h to ensure good contact. The pellets 

were finally annealed at 350 °C for 12 h. 

Results and Discussion 

 

X-ray Diffraction 

 

X-ray diffraction (XRD) studies for the Sr4Fe3-xSxO10-δ systems indicated that 

upon doping with sulfate the n = 3 Ruddlesden-Popper structure is formed for x = 0.15 - 

0.3 (Figure 2). In comparison when attempting to synthesise the undoped Sr4Fe3O10-δ 

system, an impure sample is formed which is a mixture of Sr3Fe2O7-δ and SrFeO3-δ. This 

can be more clearly seen in Figure 2b for the range 2θ ≈ 40 - 45°, where a significant 

difference in the XRD patterns can be observed between the undoped (x = 0) and the 

sulfate doped samples. Thus sulfate is shown to successfully stabilize the n = 3 

Ruddlesden-Popper system, further illustrating the potential of oxyanion doping to design 

new potential SOFC materials. 

 



  
Figure 2. (a) X-ray diffraction patterns for Sr4Fe3-xSxO10-δ where a) x = 0, b) x = 0.15, c) x 

= 0.2, d) x = 0.25 and e) x = 0.3. (b) Expanded region to illustrate differences between x 

= 0, and x > 0 samples. 

Using the XRD data, Rietveld refinements were performed on samples, both as 

prepared and after heating in N2 (an example fit is shown in Figure 3). The initial 

refinements indicated a low Fe occupancy in the middle perovskite layer consistent with 

partial SO4
2-

 in this layer. Adding S to this site and refining the Fe/S occupancies (with 

the constraint that the total occupancy was 1) gave good agreement with the expected 

values (TABLE I). Due to asymmetric broadening in the X-ray diffraction data, uniaxial 

strain was included. A possible explanation for the asymmetric broadening could be the 

presence of stacking faults along [001], which is common for Ruddlesden-Popper 

systems (37). A small amount (< 2.5 wt%) of perovskite impurity was also included in 

the final refinement. 

 

 
Figure 3.  Observed, calculated and difference X-ray diffraction profiles for 

Sr4Fe2.8S0.2O10-δ. The two phases are indicated by blue (Ruddlesden-Popper, I4/mmm) 

and red ticks (perovskite Pm-3m) 

From the calculated lattice parameters, it can be seen that there is an approximate 

linear increase between x = 0.15 - 0.25 (Figure 4). The linear trend does not continue for 

x = 0.3, suggesting the solubility limit of sulfate in the structure is between x = 0.25 and 

a) b) 



0.3. While at first glance this increase in cell volume might be surprising given the 

smaller size of S
6+

 compared to Fe
3+

/ Fe
4+

, it can be correlated with an increase in the 

proportion of the larger Fe
3+

 upon doping with sulfate (confirmed by 
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Fe Mössbauer 

spectroscopy (see later)). Similar cell expansions due to reduction in the average 

oxidation state of the transition metal on oxyanion doping has been observed in related 

perovskite systems (31). This can be correlated with the sulfate group helping to stabilize 

oxide ion vacancy defects. 

  

In addition to sulfate doping, phosphate doping of Sr4Fe3O10-δ was also 

investigated. However this dopant did not give the desired n = 3 Ruddlesden-Popper 

system, but rather a mixture of Sr3Fe2O7-δ, SrFeO3-δ, Sr5(PO4)3(OH) and SrCO3 was 

formed. 

 
TABLE I.  Lattice parameters (space group I4/mmm) and middle Fe layer site occupancy factors for 

Sr4Fe3-xSxO10-δ (heating in air). The impurity phase, SrFeO3-δ, was refined in the cubic space group, Pm-3m 

Sr4Fe3-xSxO10-δ 

S (x) 0.15 0.2 0.25 0.3 

a (Å) 3.8735(1) 3.8768(1) 3.8793(1) 3.8787(1) 

c (Å) 28.1682(7) 28.2444(6) 28.3476(7) 28.3682(10) 

V (Å
3
) 422.64(2) 424.49(2) 426.60(2) 426.77(3) 

Rwp (%) 1.80 1.71 1.74 1.97 

Rexp (%) 1.30 1.29 1.31 1.30 

Fe occupancy (middle perovskite layer) 0.82(3) 0.81(3) 0.73(3) 0.66(4) 

S occupancy (middle perovskite layer) 0.18(3) 0.19(3) 0.27(3) 0.34(4) 

Perovskite (SrFeO3) 
a (Å) 3.8638(4) 3.8659(4) 3.8816(4) 3.8725(3) 

V (Å
3
) 57.68(2) 57.78(2) 58.48(2) 58.07(2) 

Weight percentage 

(%) 

Ruddlesden-Popper 98.3 98.6 97.9 97.6 

Perovskite 1.7 1.4 2.1 2.4 

 

 

  
Figure 4. Plots of lattice parameters vs x (Sr4Fe3-xSxO10-δ), where a = ●, c = ▲ and V = ◆ 

Stability in Lower p(O2) 

 

The stability of Sr4Fe3-xSxO10-δ samples were tested in N2 to 800 °C. The results 

indicated that these n = 3 Ruddlesden-Popper phases appear to remain stable (Figure 5) 

for the sulfate doped phases, x = 0.2 - 0.3. For lower levels of sulfate some small changes 

are observed in the XRD patterns (Figure 5). This might be due to the partial break down 

of the structure to produce the n = 2 Ruddlesden-Popper system, Sr3Fe2O7-δ, and further 

work is required to investigate this. 



 
Figure 5.  X-Ray diffraction patterns for Sr4Fe3-xSxO10-δ after heat treatment in N2 to 

800 °C, where a) x = 0, b) x = 0.15, c) x = 0.2, d) x = 0.25 and e) x = 0.3. Results show 

significant changes for x ≤ 0.15. 

Overall an increase in lattice parameters is observed for the N2 treated samples 

compared to the samples synthesised in air. This is as predicted due to the reduction of 

Fe
4+

 to the larger Fe
3+

 which can be seen by the change in colour of samples from black 

to brown. For these N2 treated samples, we now see the expected general decrease in cell 

volume with sulfate content (due to the smaller size of S
6+

 versus Fe
3+

), as the Fe 

oxidation state is now the same (3+) in each sample. 

 

 
Figure 6.  Plots of lattice parameters vs x (Sr4Fe3-xSxO10-δ samples N2 to 800°C), where a 

= ●, c = ▲ and V = ◆  

 

Conductivity Data 

 

The conductivity data for the Sr4Fe3-xSxO10-δ samples, showed generally similar 

values for all samples (Figure 7). When comparing the conductivities of these 

Ruddlesden-Popper Sr4Fe3-xSxO10-δ samples with our previous results for perovskite-type 

SrFe1-xSxO3-δ (31), the results show that higher conductivities are observed for the latter. 



This generally low electronic conductivity may be a problem for the utilization of these 

systems as SOFC cathodes. However, it is likely that doping with other transition metals, 

e.g. Co, may lead to an enhancement of the conductivity, which is a future avenue of 

research.  

 
Figure 7.  Plot of log σ vs. 1000/T for Sr4Fe3-xSxO10-δ where x = 0.15 (○), 0.2 (☐), 0.25 

(△), 0.3 (◇) and SrFe1-xSxO3-δ (31) where x = 0 (●), 0.025 (■), 0.05 (▲), 0.075 (◆) 

in air 
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Fe Mossbauer Spectroscopy 

 
57

Fe Mössbauer spectroscopy was carried out at 298 K for Sr4Fe2.85S0.15O10-δ and 

Sr4Fe2.7S0.3O10-δ (Figure 8 & TABLE II). Previous studies of the perovskite system, SrFeO3- 

δ, reported chemical isomer shifts of δ ≈ 0.15 and 0.05 mm s
-1

 which are assigned to 

Fe
3.5+

 and Fe
4+

 respectively (38)–(40). In other work disproportionation of Fe
4+

 to 

Fe
3+

and Fe
5+

 is observed for both Si
4+

 and Sn
4+

 doping of SrFeO3-δ (15),(41). In the case 

of silicon doping of SrFeO3-δ, disproportionation of Fe
4+

 to Fe
3+

 (δ ≈ 0.37 mm s
-1

) and 

Fe
5+ 

(δ ≈ -0.05 mm s
-1

) occurs with the addition of some of the Fe
3+

 in lower than 

octahedral coordination (δ ≈ 0.18 mm s
-1

) (15). In addition to the perovskite systems, 

disproportionation of Fe
4+

 is also observed in the Ruddlesden-Popper system, Sr4Mn3-

xFexO10-δ (42). 

 

Using the assignments described for the above perovskite and Ruddlesden-Popper 

systems, chemical isomer shifts δ ≈ -0.02 and 0.28/0.30 mm s
-1

 (S0.15/ S0.3) can be 

assigned to Fe
5+

 and Fe
3+

 respectively. Furthermore the chemical isomer shifts δ ≈ 0.23 

mm s
-1

 (S0.15) and 0.24/0.16 mm s
-1

 (S0.3) can be assigned to Fe
3+

 in lower than octahedral 

coordination.  This has previously been reported in SrFe1-xSixO3-δ, where it has been 

reported that the substitution of the smaller Si
4+

 for Fe
4+

 results in the surrounding of Si
4+

 

with the larger Fe
3+

 (15). As a result it has been suggested that local strain is introduced 

which is relieved by incorporating Fe
5+

. A similar effect therefore appears to be present 

in these Ruddlesden-Popper systems, Sr4Fe3-xSxO10-δ. Overall the data indicate that the 

amount of Fe
3+

 increases with sulfate content, which can be correlated with increased 



oxide ion vacancy defect incorporation and the observed increase in lattice parameters 

with increased sulfate content as previously discussed. 

 

  
Figure 8.  

57
Fe Mössbauer spectrum from Sr4Fe2.85S0.15O10-δ and Sr4Fe2.7S0.3O10-δ at 298 K 

TABLE II.  
57

Fe Mössbauer parameters recorded from Sr4Fe2.85S0.15O10-δ and Sr4Fe2.7S0.3O10-δ at 298 K 

Compound Assignment δ ± 0.01 

(mms
-1

) 

Δ ± 0.05 

 (mms
-1

) 

Area ± 

5% (%) 

Sr4Fe2.85S0.15O10-δ Fe
5+

 -0.02 X 59 

Fe
3+

 0.28 0.28 34 

Fe
3+

 in low 

coordination 
0.23 0.91 7 

Sr4Fe2.7S0.3O10-δ Fe
5+

 -0.02 0.00 44 

Fe
3+

 0.30 0.24 45 

Fe
3+

 in low 

coordination 

0.24 0.90 9 

0.16 2.04 2 

 

Conclusion 

The present study demonstrates that sulfate can successfully be incorporated into 

the n = 3 Ruddlesden-Popper structure, Sr4Fe3O10-δ, allowing this phase to be successfully 

stabilized and hence synthesised (without sulfate, a mixture of n = 2 Ruddlesden-Popper 

and perovskite phases is observed). The successful synthesis is most likely related to the 

stabilization of oxide ion vacancies by the sulfate, as previously proposed as key for other 

oxyanion doping of perovskite and related systems (28). Although the conductivities are 

lower than sulfate doped perovskite SrFeO3-δ, the results further highlight the potential of 

oxyanion doping as a strategy to synthesise new phases of interest for solid oxide fuel 

cells. Further work will investigate enhancing the conductivity through Co doping as well 

as the ability of these materials to accommodate water and hence display mixed 

electronic and protonic conductivity with a view to possible use in conjunction with a 

proton conducting electrolyte, as for the n = 2 system (6-8). 
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