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It is shown that Sr;_yGdyFeOs_, solid solution formation on initial stage of GdSrFeO,4 oxide solid state
synthesis leads to the occurrence of stable secondary products, mainly, Gd, SrFe, 07. The data investigation
presents some ways of intermediate compounds formation avoidance by revising of solid state chemical
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1. Introduction

Obtaining of complex oxides with perovskite-related structure,
including layered perovskite-related compounds, is conjugated
with number of synthetic problems [1-10]. Mentioned previously
difficulties are connected with thermal instability and multi-staged
formation character of many from considered oxides [11-17]. Sur-
vey of literature on the data subject has shown the importance
of mechanism and kinetics formation investigation to develop the
optimal synthesis conditions of such complex compounds [18-20].
Besides, it should be taken into account, that formation of layered
oxides with perovskite-related structure of Ruddlesden-Popper
(RP)-type often comes through the formation of intermediate
compounds, also including RP phases of different composition,
which can be in some cases stable enough to prevent the yield
of required products [21-25]. So, for instance, the occurrence
of one-layered GdSrFeO4 RP phase, which has not almost been
investigated, under solid phase synthesis of two-layered RP-phase
Gd,SrFe,07 [26] encouraged our work in the field of formation pro-
cesses research with particular attention on mechanism formation
investigation. Besides, the article [27] devoted to study of complex
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oxide GdSrFeOQ4 kinetics formation at 1300°C has not in full man-
ner answered questions we were interested in. So, present work
is aimed at the research of GdSrFeO4 compound formation under
solid state synthesis.

2. Experimental details
2.1. Synthesis technique

GdSrFeO4 compound with RP type’s structure was synthesized by solid state
chemical reactions method under 1100-1500 °C temperature region in air. As start-
ing materials strontium carbonate SrCOs; (special purity grade 7-2 according to
TU (specifications) 6-09-01-659-91) (the correction for the decarbonization of the
SrCO; oxide was calculated on the thermogravimetric data, performed by MOM
Q-1500C Paulik-Paulik-Erdey derivatograph (Hungary)), gadolinium oxide Gd;03
(special purity grade with content of the main component, equal to 99.99%), prelim-
inarily calcined at 1000 °C for 2 h and Fe, 03 oxide (analytical grade), dried at 300°C
for 2 h were used.

Reagent mixtures corresponding to the stoichiometry of GdSrFeO4 compound
were prepared by mechanical stirring at aqueous medium in a corundum mortar
with a corundum pestle. The samples were pressed at 500 MPa into cylinders of
15mm in diameter and 3-4 mm in thickness. Crucible with observed samples was
entered into furnace of room temperature and then was heated up to the required
temperature of given exposure, after which the quenching of samples at rapid pace
to room temperature was followed.

2.2. Characterizations

The phase composition of the specimens was checked by X-ray powder diffrac-
tion (XRD) using the DRON-3 X-ray diffractometer with the Cu Ka-radiation
(A=154.178 pm).
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Table 1
Electron probe microanalysis data for the regions indicated in Fig. 2a-d, d'.
Sample (Fig.)? Sintering temperature (°C) Examined region Components content (mol%) Phases
FEOLS SrO GdOLs
a(2,3) 1100 P1 7.13 2.36 90.51 c-Gd, 03
P2 9.82 9.71 80.48 c-Gd,03
P3 25.45 19.48 55.06 c-Gd, 03, Sr;_xGdxFeOs_s
P4 34.63 33.53 31.84 GdSrFeO4
P5 51.42 39.34 9.25 Sry_xGdyFeO3_g
P6 50.18 41.99 7.83
P7 51.07 47.09 1.84
b(2,3) 1200 P1 7.97 4.78 87.26 c-Gd,03
P2 12.65 3.61 83.74 c-Gd,03
P3 10.29 10.56 79.14 c-Gd, 03, SrFe0Os_;
P4 21.83 14.32 63.86 ¢-Gd, 03, Sr;_xGdxFeOs_g, SraFegOq3
P5 24.85 14.13 61.03
P6 21.61 19.28 59.11 c-Gd, 03, Sr1_xGdxFeO5_s
P7 24.40 22.91 52.68 c-Gd, 03, SrFeOs_g
P8 36.38 22.54 41.09 Phase related to Gd,SrFe,; 07
P9 37.50 30.05 3245 GdSrFeO4
P10 34.91 32.40 32.68
P11 3335 36.98 29.67
P12 51.32 39.17 9.51 Sry_xGdyFeO3
c(2,3) 1300 P1 2.93 0.00 97.07 c-Gd, 03
P2 2.32 1.36 96.33 c-Gd,03
P3 1.20 0.00 98.80 c-Gd,03
P4 8.57 9.35 82.08 ¢c-Gd, 03, SrFeOs_g
P5 18.99 13.70 67.30 c-Gd,03
P6 34.62 25.76 39.62 Sry_xGdyFeO3_s
P7 34.57 35.62 29.81 GdSrFeO4
P8 31.43 32.62 35.95
P9 34.25 34.73 31.02
P10 45.60 41.91 12.48 c-Gd, 03, SrFe0Os_;
P11 46.87 44.43 8.70 Sry_xGdyFeO3
d(2,3) 1400 P1 2.63 1.78 95.59 c-Gd,03
P2 2.20 1.97 95.83 c-Gd, 03
P3 10.58 6.28 83.15 c-Gd, 03, Sry_xGdyFeO3_s SraFeO13
P4 41.70 22.14 36.16 Phase related to Gd,SrFe;07
P5 41.87 20.86 37.27
P6 36.00 31.29 32.71 GdSrFeO4
P7 36.56 30.51 32.92
P8 52.00 33.93 14.07 Sr1_xGdyFeO3_;
d (3) P1 43.96 20.94 35.10 Phase related to Gd,SrFe,; 07
P2 43.14 22.96 33.90
P3 44.19 21.74 34.07
P4 44.00 21.40 34.60
P5 43.73 22.39 33.88
P6 37.02 32.09 30.89 GdSrFeO4
P7 37.65 31.55 30.80
P8 38.33 31.54 30.12
P9 37.70 31.80 30.51
P10 38.05 31.48 30.47

a Number of sample corresponds to the number of figure.

The microstructure of the specimen, elemental composition and the composi-
tion of separate phases were analyzed by means of scanning electron microscopy
(SEM) and energy-dispersive X-ray spectrometry (EDX) using the CamScan MV2300
coupled with the Oxford Link microprobe analyzer. The error in determining the ele-
ments content by this method varies with the atomic number and equals to 0.3
mass’% on average.

3. Results and discussion

X-ray and SEM/EDX data (Figs. 1 and 2a; Table 1) show the
chemical solid state reaction passing in the initial mixture influ-
enced by thermal treatment under 1100°C during 5h. At the
same time GdSrFeO, oxide formation as well as fixing of source
and intermediate compounds such as a-Fe;0s, solid solutions
both based on cubic Gd,03 and perovskite-related phases GdFeOs,
SrFeO3_g, Sr3Fe;0g, SryFegO13 are observed. The compositions of
formed under shown conditions phases are drifted on triangle and

demonstrated in Fig. 3a. The existence at reactive medium mix-
ture of phases based on SrFeO;_g, Sr3Fe;Og, SrqFeg013, belonging
to individual binary system SrO-Fe, 05 are evidently related to the
comparable formation rates of named above oxides under 1100°C
thermal treatment. This fact is confirmed by results, demonstrated
at [28,29]. So, for example, SrFeO3_g oxide as is pointed out at [30]
was synthesized by calcination of initial oxides under 1000°C in
air. Subject to [29] Sr4Feg013 compound was the member of lay-
ered perovskite-related compounds and was formed and stable at
775-1225°C temperature region. SryFeQy4, Sr3Fe;0g, Sr3Fe;07_q
compounds, belonging to Ruddlesden-Popper phase’s family were
obtained by sintering under 900-1100°C temperature according
data, presented at [28,29,31]. It is worth mentioning in conformity
with [28] there was the opportunity for forming the narrow limit
region of solid solutions between Sr3Fe,;0g, SrFeO3_g, SryFegO13
and SrFe;,019 compounds.
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Fig. 1. X-ray diffraction patterns of initial mixtures corresponding to stoichiometry of GdSrFeO4 compound after sintering in air at°C. (a, b) 1 - 1100, 2 - 1200, 3 - 1300, 4 -

1400, 5 - 1500°C for 5h; (c) 1 - 1300, 2 - 1400°C for 24 h.

Thus, the high and comparable formation value rates of
strontium-ferrite oxides lead to the set of phases, consisting
of the targeted synthesis product as well as the mixture of
strontium-ferrite oxides and initial reagents after 1100 °C thermal
treatment (Fig. 3a).

Based on X-ray and SEM/EDX data (Figs. 1, 2b, and 3b; Table 1)
samples heat treated under 1200°C temperature contain the
required synthesis product, amount of which is increased in com-
parison with the sample under 1100°C heat treatment and the
following fixed phases such as the solid solutions on cubic Gd;03
and Sr4FegO13, StFeO3_g and also small amount of phase, closed on
structure to Gd,SrFe;07. According to the literature data [26] the
formation of Gd,SrFe;0; complex oxide was proceeded through
the formation of perovskite-like phases of simplest structure types,
like as GdFeOs, SrFeO5;_s oxides with perovskite structure and
one-layered GdSrFeO, compound. Absence of GdFeOs oxide at
the considered reactive medium in compliance with X-Ray and
SEM/EDX data appears to be connected with the solid solution
Sr1_xGdxFeO3_;s formation as the result of GdFeO3 and SrFeO3_g
interaction (Fig. 3a-d). Hence, the occurrence of compound, struc-
turally related to Gd,SrFe,0- phase can be explained by coupling
of previously formed Sry_yGdxFeO5_g or/and SrsFegOq3 with phase
based on cubic gadolinium oxide (Figs. 2 and 3b; Table 1). Thus,
under 1200°C heat treatment, some simultaneous and step-by-
step solid state chemical reactions are proceeded, thereby forming
the one-layered GdSrFeO, Ruddlesden-Popper phase and phase
structurally related to Gd,SrFe, 0 (Fig. 3b; Table 1), It should be
noted, that absence of Sr3Fe,0g compound at the reaction medium
can be connected with the reasons of comparable value rates of
SrFeO;_g Sr3Fe;0g, SryFeg013, SrFe ;019 oxide’s formation under

1000-1100°C temperature region and the dominant process of
SrFeO3_g formation under 1200 °C temperature.

Under 1300-1400°C of samples heat treatment, as shown in
Fig. 1 and Table 1, the existence of phases related on chemical
composition to GdSrFeO4 and Gd;,SrFe,0; compounds, belonging
to Ruddlesden-Popper series are observed. It worth mention-
ing, that the content of impurity product - phase of Gd,SrFe,0
type is increased with the raise of heat treatment exposure from
5 to 24h (Fig. 1c). The got data is in the contradiction with
the results, performed at [27], in which homogeneous GdSrFeO,
compound has been obtained by method of solid state chemi-
cal reactions under 1300°C calcination. But it should be noted,
that both the view of shown X-ray powder diffraction patterns
of samples, heat treated under 1300°C during 3-34 h exposures
and results, produced from Messbauer spectroscopy investigation,
demonstrated the changes of compound’s composition based on
SrFeO3_s oxide during GdSrFeO4 obtaining, point out the more
complicated GdSrFeO4 mechanism formation, than that of being
reported at [27].

Results of scanning electron microscopy with the element
phase analysis (Figs. 2¢, d and 3c, d’; Table 1) also indicate the
multi-staged GdSrFeO4 compound formation process, consisting
of the intermediate phase formation of variable composition in
the SrO:Gd;03:Fe;03=1:0.5:0.5 mixture. The calcination’s tem-
perature rising till 1400-1500°C increases the content of not
aimed product - phase of Gd,SrFe,0- type (Fig. 1a and c). The
formed as the result of solid state chemical interaction interme-
diate Sry_4GdxFeOs_s or/and SryFegO13 phases under the reaction
with phase based on Gd, 03 are, evidently, able to form the phase
with the composition related to Gd,SrFe,0; (Fig. 3d; Table 1).
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Fig. 2. SEM photographs of initial mixtures corresponding to stoichiometry of GdSrFeO4 compound after sintering in air for 5h at°C. (a) 1100, (b) 1200, (c) 1300, (d, d’) 1400.

At the same time, it should be noted, that reaction of formed
Gd,SrFe;07 compound with other system components would
bring to GdSrFeQ,4 obtaining but for the low diffusion rate of men-
tioned above compounds through the separating layer of GdSrFeO4
(Fig. 3d-d’).

The obtained presented in diagram form data (Fig. 3a-d) on solid
state interaction character at GdO; 5-SrO-FeO; 5 system, allows
to assume the following phase relation mechanism. On the prime
stages under low synthesis temperature the reaction between ini-
tial components with the more reactive at considered system, iron
oxide is observed. The mentioned above interaction leads to the
intermediate compounds formation, presented by the following
equations.

SrCO3 = SrO + CO, (1)
SrO + (0.25-0.58)0; +FeO; 5 = SrFeO;_g (2)
3510 + 0.580; +2Fe0; 5 = Sr3Fe;0g, (3)
4S1r0 + 6Fe0q 5= SryFegO13 (4)
GdOy 5+ FeO; 5 = GdFeOs3 (5)

The next step in GdSrFeOQy4 solid state synthesis is the reaction
between the formed under prime stages intermediate compounds
(Egs. (1)-(5)) with both initial components and/or each other.

(1 —x)SrFeO5_s + xGdFeO3 = Srq_xGdxFeOs3_o, a=68(1-x) (6)

Sr1_xGdyFeO3_gy. + (1—-x)GdO1 5 = (1 — 2x)GdSrFeOy4

+xGd;SrFe;07 +0.5(0.5 — )0, (7)
GdO; 5+ SrFeO;_s = GdSrFeO,4 + (0.5 — 8)/20, (8)
6Gd01.5 + SI'4F85013 = 2GdSI'FEO4 + ZGdzer6207 (9)

All mentioned above stages (Eqs. (1)-(9)) are presented in
Fig. 3a-d in the form of lines, linking points, corresponded to phase
composition defined by methods of scanning electron microscopy
with the element phase analysis and X-ray powder diffraction anal-
ysis. Thus the performed lines can be considered as trajectories
of phase relation processes, which illustrate the target GdSrFeO,
oxide mechanism formation. The main phase-formed process is the
reaction between perovskite-related oxides SrFeO;3_s and GdFeOs,
obtained by 2 and 5 equations, resulting in Sr;_,GdxFeOs_, occur-
rence (Eq. (6), line 1, Fig. 3a-d). It should be noted, that formation
of variable composition phase Sri_,GdyFeO5_, is fixed under all
investigated temperatures (see line 1, Fig. 3a-d). The literature sur-
vey devoted to study of phase relations at LnMO3-SrMO3_g (Ln=La,
Gd; M =Fe, Mn) systems allows to make a conclusion on structural
similarity of Sr;_yLnyFeO3_, phase to RP-family thereby having the
opportunity to be the nucleus-formed precursors of latter phases
[32-34]. Lines II, Il and III' (Fig. 3a-d) demonstrate the interac-
tion between initial reagent Gd,03 with formed under previous
stages SrFeO5_g, Sr1_yGdxFeOs3_q, SrsFegOq3 oxides, respectively.
Thus, GdSrFeO4 compound is obtained by the way of Gd;03 with
SrFeO3_g reaction as shown in Fig. 3a-d and expressed by Eq. (8).
Lines IIl and III’ illustrate the interaction between Gd, O3 oxide with
solid solution Sr;_yGdxFeOs_, and perovskite-related SryFegOq3
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Fig. 3. Phase formation schemes, describing processes which are taken place under heat treatment of initial mixture of SrO:Gd,05:Fe;03 =1:0.5:0.5 composition at°C. (a)
1100, (b) 1200, (c) 1300, (d) 1400. Note: ¢, phases, fixed by X-ray analysis; @, phases, fixed by SEM/EDX method.

oxide, respectively, which leads to occurrence of phases occupy-
ing the intermediate place on composition between one-layered
GdSrFeO4 and two-layered Gd,SrFe;0- and having the structural
type of RP-phases (Table 1; Figs. 1 and 3). The formed under reac-
tions (7) and (9) RP-phases should have structure with alternated
one and two-layered perovskite-like blocks. Evidently, such com-
pounds are unstable and are fallen to pieces on GdSrFeO4 and
Gd,SrFe, 07, the increased content of those compounds can serve
the demonstration of suggested mechanism (Figs. 1 and 3). At the
same time the way of simultaneous formation of GdSrFeO,4 and
Gd,SrFe,;07 compounds under reactions (8) and (9) is possible too.

4. Conclusion

In conclusion, it should be noted, that Sri_,GdxFeOs3;_, solid
solution formation on initial stages of GdSrFeO4 compound solid
state synthesis is the main reason of occurrence of phase on com-
position related to Gd,SrFe,0;. The stable existence of foreign
substance can be explained both by the complication of com-
ponents mass carry through the layer of formed aimed product
and relatively high stability of RP-phase based on Gd,SrFe;0-.

GdSrFeO4 oxide occurrence under Gd,SrFe;07; compound solid
state synthesis [26] seems like similar to mentioned above situ-
ation.According to the features of solid state interaction between
Fe,;03, SrCO3 and Gd;03 oxides mentioned above to avoid the
secondary stable phase formation under GdSrFeQ, solid state syn-
thesis the reaction passing scheme should be revised. This purpose
can be reached for instance, by varying the different precursors, by
changing the dispersibility rate and homogeneity level of all reac-
tive composition and also by entering of small excess of this or that
reagent, etc., i.e. by modifying the order and state of forming under
solid state reaction intermediate products.

Acknowledgments

Financial support from the Russian Foundation for Basic
Research (project no. 10-03-00889-a) is much acknowledged. The
present investigation is part of the cooperative research programs
of New Inorganic Materials Laboratory of Ioffe Physical-Technical
Institute of RAS and the Department of Physical Chemistry of St.-
Petersburg State Institute of Technology. Authors thank Prof. V.F.
Popova for the fruitful discussions.



1528 E.A. Tugova, V.V. Gusarov / Journal of Alloys and Compounds 509 (2011) 1523-1528

References

[1] Ch.Li, K.Ch.Kw Soh, P. Wu, J. Alloys Compd. 372 (2004) 40-48.
[2] A.Majid,]. Tunney, S. Argue, M. Post, J. Sol-Gel Sci. Technol. 32 (2004) 323-326.
[3] R.E. Schaak, Th.E. Mallouk, Chem. Mater. 14 (2002) 1455-1471.
[4] O.A. Savinskaya, A.P. Nemudry, N.Z. Lyakhov, Inorg. Mater. 43 (12) (2007)
1350-1360.
[5] T.Hungria, A.-B. Hungria, A. Castro, J. Solid State Chem. 177 (2004) 1559-1566.
[6] A.L Klyndyuk, E.A. Chizhova, Zh. Neorg. Khim. (Russ. ]. Inorg. Chem.) 54 (2009)
1072-1076.
[7] ]J.C. Joubert, D. Samaras, A. Collomb, Mater. Res. Bull. 6 (1971) 341-344.
[8] LT. Sagdahl, M.-A. Einarsrud, T. Grande, ]J. Eur. Ceram. Soc. 26 (2006)
3665-3673.
[9] Anh Tien Nguyen, O.V. Almjasheva, 1.Ya. Mittova, O.V. Stognei, S.A. Soldatenko,
Inorg. Mater. 45 (11) (2009) 1304-1308.
[10] M. Drofenik, D. Kolar, L. Golic, J. Cryst. Growth 20 (1973) 75-76.
[11] A. Julian, E. Juste, P.M. Geffroy, N. Tessier-Doyen, P. Del Gallo, N. Richet, T.
Chartier, J. Eur. Ceram. Soc. 29 (2009) 2603-2610.
[12] M.V. Patrakeev, L.A. Leonidov, V.L. Kozhevnikov, V.V. Kharton, Solid State Sci. 6
(2004) 907-913.
[13] A.G. Petrosyan, V.F. Popova, V.V. Gusarov, G.O. Shirinyan, C. Pedrini, P. Lecoq, J.
Cryst. Growth 293 (2006) 74-77.
[14] N.A. Lomanova, M.I. Morozov, V.L. Ugolkov, V.V. Gusarov, Inorg. Mater. 42
(2006) 189-195.
[15] D. Ding, Sh. Lu, L. Qin, G. Ren, Nucl. Instrum. Methods Phys. Res. A 572 (2007)
1042-1046.
[16] L. Zvereva, Yu. Smirnov, V. Gusarov, V. Popova, J. Choisnet, Solid State Sci. 5
(2003) 343-349.

[17] E. Tugova, Glass Phys. Chem. 35 (4) (2009) 416-422.

[18] N.A. Young, Annu. Rep. Prog. Chem., Sect. A 95 (1999) 507-533.

[19] LT. Yang, J.K. Liang, G.B. Song, H. Chang, G.H. Rao, J. Alloys Compd. 353 (2003)
301-306.

[20] C.Shaou, H.F. Braun, T.P. Papageorgiou, ]. Alloys Compd. 351 (2003) 7-13.

[21] R. Mahesh, R. Mahendiran, A.K. Raychaudhuri, C.N.R. Rao, ]. Solid State Chem.
122 (1996) 448-450.

[22] L.B. Sharma, D. Singh, Bull. Mater. Sci. 21 (1998) 363-374.

[23] B.V. Beznosikov, K.S. Aleksandrov, Crystallogr. Rep. 45 (2000) 792-
798.

[24] S.N.Ruddlesden, P. Popper, Acta Crystallogr. 11 (1) (1958) 54-55.

[25] E.A. Tugova, V.F. Popova, L.A. Zvereva, V.V. Gusarov, Glass Phys. Chem. 32 (6)
(2006) 674-676.

[26] LA.Zvereva, LV. Otrepina, V.G. Semenov, E.A. Tugova, V.F. Popova, V.V. Gusarov,
Russ. J. Gen. Chem. 77 (6) (2007) 973-978.

[27] LV.Otrepina, V.S.Volodin, .A. Zvereva, ].-Sh. Liu, Glass Phys. Chem. 35 (4) (2009)
423-430.

[28] P.Batti, Ann. Chim. (Rome) 52 (1962) 941-961.

[29] A. Fossdal, M.-A. Einarsrud, T. Grande, J. Solid State Chem. 177 (2004)
2933-2942.

[30] M. Schmidet, J. Solid State Chem. 156 (2001) 292-304.

[31] N. Langhof, D. Seifert, M.M. Gobbels, ]. Topfer, ]. Solid State Chem. 182 (2009)
2409-2416.

[32] P. Majewski, D. Benne, L. Epple, F. Aldinger, Int. J. Inorg. Mater. 3 (2001)
1257-1259.

[33] Ja. Blasco, ]. Stankiewicz, J. Garcia, J. Solid State Chem. 179 (2006) 898-908.

[34] J.Mizusaki, M. Yoshihiro, S. Yamauchi, K. Fueki, J. Solid State Chem. 58 (2) (1985)
257-266.



	Peculiarities of layered perovskite-related GdSrFeO4 compound solid state synthesis
	Introduction
	Experimental details
	Synthesis technique
	Characterizations

	Results and discussion
	Conclusion
	Acknowledgments
	References


