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A B S T R A C T   

Strontium titanate, a perovskite oxide, is a frequently studied material for a large variety of applications. When 
acceptor-doped (with Fe, for example), the material is useful for its mixed oxygen and electronic conductivity, 
with potential use in oxygen transport membranes or as a cathode for solid oxide fuel cells. A barrier to con
ductivity in perovskites is the presence of space charge regions at the grain boundaries, which form due to the 
segregation of charged point defects. Typically, space charge theory assumes bulk dopant concentrations beneath 
the dilute limit, however concentrated solid-solutions are often utilized in applications. The current work aims to 
address this disparity: grain boundary segregation in strontium ferrite-strontium titanate solid-solutions is 
analyzed at three compositions, with Fe contents ranging from near the dilute limit to well above the dilute limit 
(Fe contents of 2 %, 5 %, and 25 % on the B-site of the perovskite). Electrochemical impedance spectroscopy 
shows an increase in material conductivity as Fe is added. High-resolution STEM imaging and spectral mapping is 
utilized, showing that Fe segregates to the grain boundary core, contrary to what is expected from space charge 
theory. As the Fe content is increased, the amount of Fe segregated to the boundary increases significantly, but 
the segregation width of Fe at the boundary remains consistent.   

1. Introduction 

Perovskite oxides are a critical class of ceramic materials for a wide 
variety of applications, including many where ionic and/or electronic 
conductivity of the material is paramount [1–4]. Strontium titanate 
(SrTiO3), a common perovskite, has been heavily studied, and is often 
doped at the B-site (Ti site) to achieve the preferred properties [5–8]. 
Acceptor doping (in particular, iron doping) of strontium titanate at 
levels above the dilute limit (usually expected to be around 1 at%) has 
proven to improve both the electric conductivity and the oxygen 

permeability of the material [9–13]. Given the impact of Fe doping on 
material properties, iron doped strontium titanate is of interest for a 
range of applications, including for oxygen transport membranes and 
solid oxide fuel cell cathodes [14–17]. In any application of poly
crystalline ceramics, the properties of grain boundaries (GBs) will have 
an outsized impact on overall material performance. In many con
ducting ceramics, grain boundaries are typically expected to be blocking 
to conductivity due in part to the presence of space charge layers, arising 
from the segregation of charged defects to the grain boundary [18–25]. 

Space charge layers in doped strontium titanate have been thor
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oughly examined in the literature, particularly in the case of acceptor 
doping below the dilute solution limit [23–26]. It is well understood that 
grain boundaries in strontium titanate are positively charged due to the 
reduced Gibbs formation energy of oxygen vacancies (which are posi
tively charged point defects, notated V⋅⋅

O in Kröger-Vink notation [27]) at 
the GB core [21,23,28]. As a result, a negatively charged space charge 
region (comprised of, e.g., strontium vacancies, V″

Sr, and iron substitu
tional defects, Fe′

Ti) is expected to form adjacent to the boundary to 
compensate the core charge [21,23,26]. There are two widely used 
theories to describe space charge widths at grain boundaries: the 
Mott-Schottky (MS) and the Gouy-Chapman (GC) models [21,22, 
29–31]. Both the MS and GC space charge models take the assumption 
that only oxygen vacancies have a non-zero segregation energy to the 
grain boundary core [32]; therefore, the grain boundary core is posi
tively charged and a negative space charge region forms adjacent to the 
boundary. In the MS model, oxygen vacancies are the only point defects 
which are assumed to be mobile, and in the GC model, both acceptor 
dopants and oxygen vacancies can redistribute to form the space charge 
region [21,29]. While there is evidence that the two models are not 
accurate in certain cases [29,33], they are widely accepted descriptions 
of space charge behavior below the dilute solution limit. 

Space charge layers are a result of the spatial inhomogeneity in the 
distribution of point defects in the material, so a detailed understanding 
of the overall defect chemistry of the material of interest is critical. 
Strontium titanate-ferrite (referred to as STF, with the chemical formula 
SrTi1-xFexO3-x/2) is effectively a solid solution ranging between the two 
end compounds, SrTiO3 and SrFeO2.5 [34,35]. In addition to differences 
in chemistry, the end compounds have different crystal structures, as 
strontium ferrite typically maintains a brownmillerite structure, with 
the chemical formula Sr2Fe2O5 [36,37]. In STF solid solutions with 
higher Fe content (30 at% Fe or greater at the B-site), short range defect 
clustering is expected to be present [36,37], and some evidence of longer 
range oxygen vacancy ordering has been shown to occur in the literature 
[38,39]. The standard defect chemistry approach to acceptor doping of 
strontium titanate assumes the incorporation of Fe into the lattice as a 
negatively charged point defect onto the cation sublattice (Fe′

Ti, 
assuming Fe3+). However, in the context of a concentrated solid solu
tion, treating Fe as a constituent of the native lattice is a more accurate 
way to represent the defect chemistry of the system [10,34,35,40]. 

Experimental studies in Fe doped SrTiO3 below the dilute limit has 
shown that cationic segregation tends to fit with expected space charge 
widths (~10–20 nm) [41–45]. However, many technologically relevant 
applications of STF involve doping at levels well above the dilute limit 
[10], where there is a lack of understanding of space charge behavior 
and dopant segregation at grain boundaries. While grain boundary 
segregation in concentrated solid-solutions has not been examined in 
STF, a variety of theoretical and experimental work has examined 
segregation behavior in concentrated solid solutions in other material 
systems; a variety of ion conducting ceramics, such as ceria and barium 
zirconate, are commonly doped at levels well above the dilute limit, and 
segregation widths at grain boundaries in these materials have been 
observed to be anywhere from 2 to 10 nm depending on the study [20, 
23,46–48]. Additionally, multiple theoretical approaches have been 
utilized to examine the effect of an increasing carrier concentration, 
indicating that segregation behavior and space charge widths change 
significantly as dopant concentration is increased [33,49,50]. 

While there is a robust literature of nanoscale analyses of dopant 
segregation at grain boundaries in strontium titanate, there are major 
gaps that the current study aims to address. Firstly, there is a lack of 
experimental evidence of how grain boundary segregation and space 
charge layers change when moving from a dilute to a concentrated solid 
solution. Additionally, many of the analyses of dopant segregation at 
grain boundaries in the literature do not reach spatial resolutions high 
enough to fully understand the segregation behaviors which are present. 
Finally, the grain boundary chemistry of concentrated STF solid 

solutions has yet to be defined, despite the technological relevance of the 
material. In the current work, three different STF compositions (in 
addition to an undoped SrTiO3 control sample) are analyzed by elec
trochemical impedance spectroscopy and scanning transmission elec
tron microscopy (STEM), with Fe contents ranging from near the dilute 
solute limit (2 at% Fe on the B-site, or 0.4 at% total) to well above the 
limit (25 at% on the B-site, or 5 at% total). In combination, the two 
techniques allow for a detailed understanding of how ionic segregation 
and space charge behavior transform based on Fe content. Particular 
emphasis is placed on characterizing and understanding the grain 
boundary chemistry of the material with the highest iron content (25 at 
% on the B-site). In total, the current work presents a detailed picture of 
grain boundary segregation behavior in STF, covering a significant 
compositional range. 

2. Experimental 

2.1. Powder processing and sample preparation 

Four total samples have been characterized in this work: three STF 
materials with different B-site iron contents (2 at%, 5 at%, and 25 at%), 
in addition to one undoped SrTiO3 as a control. The current study 
compares grain boundary segregation behavior in samples from multiple 
other studies, so the preparation procedure varies slightly across sam
ples. The as-synthesized chemical formulas for each sample analyzed are 
as follows: SrTiO3, SrTi0.98Fe0.02O3-δ, SrTi0.95Fe0.05O3-δ, and 
Sr0.97Ti0.75Fe0.25O3-δ. From this point forward, the samples will be 
referred to using their B-site iron contents, with the following notation: 
undoped, 2 % Fe, 5 % Fe, and 25 % Fe. All powders were prepared using 
a mixed oxide/carbonate method. The undoped and 2 % Fe powders 
were prepared with the following procedure: Stoichiometric powders 
were synthesized with a mixed oxide/carbonate method, using SrCO3 
(≥99.9 %, Merck, Darmstadt, Germany), TiO2 (rutile, ≥99.9 %, Sigma 
Aldrich, St Louis, United States), and Fe2O3 powders (γ-Fe2O3, ≥98 %, 
Alfa Aesar, Ward Hill, United States). The powders were ball milled with 
isopropanol and 3 mm diameter ZrO2 milling balls using a PM400 
planetary ball mill (Retsch, Haan, Germany) for 15 cycles of 5 min at 
400 rpm. Powders were sieved and calcined at 975 ◦C for 3 h, and then 
were milled again for 6 cycles of 5 min at 300 rpm. Green bodies were 
uniaxially pre-pressed and then cold-isostatically pressed at 400 MPa. 
Sintering was done in air, with sintering conditions selected to optimize 
for sample density and phase purity. The undoped sample was sintered 
at 1425 ◦C for 1 h, and the 2 % Fe sample was sintered at 1350 ◦C for 1 h. 
The furnace heating and cooling rates for the undoped sample were set 
to 10 K/min. For the 2 % Fe doped sample, the furnace heating rate was 
set to 20 K/min and the cooling rate was set to 10 K/min. 

The 5 % Fe sample was also prepared with a mixed oxide/carbonate 
method, following the procedure from Zahler et al. [44]. The following 
raw materials were used: SrCO3 (99.97 %, Sigma Aldrich, St Louis, 
United States), TiO2 (rutile, 99.997 %, Sigma Aldrich, St Louis, United 
States), and Fe2O3 powders (98.1 %, Merck, Darmstadt, Germany). 
Stoichiometric combinations of raw materials, along with isopropanol 
and 2 mm ZrO2 balls, were attrition-milled for 4 h at 1000 rpm. The 
suspensions were then sieved and calcined for 6 h at 975 ◦C. The pow
ders then were milled further in a planetary ball mill, with isopropanol 
and 10 mm zirconia balls, at 300 rpm for 16 h. Powders were again 
sieved and dried, and then pellets were uniaxially and cold-isostatically 
pressed (400 MPa) to form green bodies. The 5% Fe green bodies were 
sintered at 1350 ◦C for 4 h to attain the final sample. The furnace heating 
and cooling rates were 10 K/min for the 5 % Fe samples. The 25 % Fe 
sample (Sr0.97Ti0.75Fe0.25O3-δ) was synthesized from the raw materials 
SrCO3 (Carl Jäger Tonindustriebedarf GmbH, Hilgert, Germany), TiO2 
(Alfa Aesar, Thermo Fisher (Kandel) GmbH, Kandel, Germany) and 
Fe2O3 (Kremer Pigmente GmbH & Co. KG, Aichstetten, Germany) by a 
solid-state reaction route. All starting powders were homogenized in a 
PE-bottle with 5 mm ZrO2 milling balls and Ethanol with a 1:2:3 weight 
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ratio. After 24 h on a rolling bench the mixture was dried and sieved 
with 500 µm mesh size. Subsequently, the raw powder mixture was 
calcined at 1100 ◦C for 5 h in a ZrO2 crucible to form the perovskite 
STF25 phase. Tape-casting was performed on a micro-tapecaster (Kar
oCast 300–7, KMS Automation GmbH, Dresden, Germany). More details 
on the slurry preparation and components can be found elsewhere 
[51–53]. A casting speed of 5 mm/s and a blade gap of 900 µm was used 
to prepare the membrane layer. After drying of the tape, disk shaped 
samples were cut out of the tape and sintered at 1400 ◦C for 5 h in air. 
The furnace heating and cooling rates were 5 K/min and dense ceramic 
samples were achieved. As tape-cast samples were too thin for imped
ance analysis, 25% Fe containing green bodies for impedance were 
prepared by uniaxially pre-pressing and then cold-isostatically pressing 
at 400 MPa, and then were sintered at 1400 ◦C for 2 h. The furnace 
heating and cooling rates for impedance samples were 2 K/min. 

2.2. Impedance analysis 

The electric properties of each sample were measured by electro
chemical impedance spectroscopy. Two different setups were used for 
impedance measurements: a high temperature and a low temperature 
setup, which could be cooled with liquid nitrogen. In both setups an 
Alpha-A high performance frequency analyzer (Novocontrol Mon
tabaur, Germany) served as the measurement device. Samples were 
analyzed with the high-temperature setup between 400 ◦C and 600 ◦C in 
a frequency range of 10− 1 Hz to 106 Hz. For samples with a higher Fe 
content (5% and 25% Fe), a low temperature setup was used in a tem
perature range from 25 ◦C to 150 ◦C with frequencies from 10− 1 Hz to 
107 Hz. All samples were contacted with platinum electrodes which 
were sintered at 900 ◦C in air for 2 h. Impedance data were fitted using 

the RelaxIS software (rhd instruments, Darmstadt, Germany). The 
equivalent circuits for fitting were designed based on the Brick-Layer 
model and made out of a series of RQ-Circuits, a resistor connected 
parallel to a constant phase element. The number of RQ-circuits (either 2 
or 3) in the equivalent circuit was determined using a Distribution of 
Relaxation Frequency (DRT) analysis. The first of the circuits represents 
the grain bulk response, the second the grain boundary response and the 
third the electrode response, if visible. The fitting parameters (re
sistances and capacities) were then used in calculation of space charge 
layer widths and potentials. 

The impedance fitting procedure is the same procedure as detailed in 
Zahler et al. [54]. The capacities and resistances of both the grain 
boundaries and grains were attained by fitting the experimental 
impedance data (Fig. 1), using an equivalent circuit based on the 
Brick-Layer model [55]. effective grain boundary conductivities (σGB) 
were calculated using the grain boundary capacities and resistances 
from impedance fitting (Eq. (1)). In Eq. (1), RGB,total is the total grain 
boundary resistance, CBulk,total and CGB,total are the total bulk and grain 
boundary capacities, l is the sample thickness and A is the cross-sectional 
area [56,57]. The value calculated in Eq. (1) is an overall grain boundary 
conductivity for the full sample, so the term ‘effective grain boundary 
conductivity’ is used to describe σGB in the manuscript. 

σGB =
l

A⋅RGB, total
⋅
CBulk,total

CGB,total
(1) 

The space charge thickness has been calculated by the Mott-Schottky 
equation, shown in Eq. (4) [26]. 

λMS = λDebye⋅
̅̅̅̅̅̅̅̅̅̅̅̅
4eΔΦ
kbT

√

(2) 

Fig. 1. Electrochemical impedance spectroscopy results from the four samples in this work. (a) Representative Nyquist plots for the undoped and 2% Fe samples, 
measured at 550 ◦C, and (b) Nyquist plots for the 5 % Fe and 25 % Fe samples, measured at 150 ◦C. The data points in (a,b) are measured data, and the solid lines in 
(a) represent the fit curves. The equivalent circuit used for fitting the sample components is notated in the upper left corner of (a). (c) Total conductivities for all 
samples measured over the same temperature range. (d) Bulk and effective grain boundary conductivity measurements for the undoped and 2 % Fe doped samples. 
Bulk and GB conductivities could not be reliably separated for the samples with higher Fe contents. Note, the 525 ◦C data for the 2 % Fe sample in (c) was lost during 
acquisition. 

D. Jennings et al.                                                                                                                                                                                                                                



Acta Materialia 273 (2024) 119941

4

In Eq. (4), λDebye is the Debye length of the space charge, e is the 
elementary charge, ΔΦ is the space charge potential, kb is the Boltzman 
constant, T is the temperature (in K) and λMS is the Mott-Schottky space 
charge layer width at the grain boundary. The Debye length is calculated 
according to Equation 5 [26]. 

λDebye =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ϵ0ϵrkbT

2e2⋅cmajor

√

(3) 

In Equation 5, cmajor is the concentration of the major defect in the 
system. Oxygen vacancies (V⋅⋅

O) are assumed to be the major defects for 
the conditions during impedance measurements; their concentration is 
calculated based on the Fe dopant concentration in the samples 
(2[V⋅⋅

O] ≈ [Fe′
Ti]) [58] (with the exception of the undoped sample, where it 

was assumed that [V⋅⋅
O] ≈ 1018 cm− 3 [59]). Also required for solving Eq. 

(4), the space charge potential (ΔΦ) can be obtained by numerically 
solving Equation 6 [60]. 

τGB

τbulk
=

exp
(

eΔΦ
kbT

)

2eΔΦ
⋅kbT (4) 

In Equation 6, τGB and τbulk are the relaxation times of the impedance 
signal for the grain boundary and the bulk, respectively. 

2.3. STEM, SEM, and XRD characterization 

Scanning electron microscopy (SEM) analysis was performed using a 
Gemini G450 FEG-SEM (ZEISS, Oberkochen, Germany) with a back
scattered electron detector. Grain size measurements were done using 
the linear intercept method. X-ray diffraction (XRD) patterns for each 
sample were collected with a D4 Endeavor XRD device (Bruker, Bill
erica, United States). Scanning transmission electron microscopy 
(STEM) data from all samples was collected using multiple instruments. 
An HF5000 STEM (Hitachi High-Technologies, Tokyo, Japan) was uti
lized for imaging and energy dispersive x-ray spectroscopy (EDS) map
ping of the undoped, 5 % Fe, and 25 % Fe samples. A Themis-Z (Thermo 
Fisher Scientific, Waltham, United States) was utilized for STEM analysis 
of the 2 % Fe sample, and a Titan G2 80–200 CREWLEY [61] (Thermo 
Fisher Scientific, Waltham, United States) was used for analysis of the 25 
% Fe sample (including high resolution (HR) STEM, EDS mapping, and 
electron energy loss spectroscopy (EELS) mapping). Samples for STEM 
analysis were prepared by two methods: a conventional TEM prepara
tion method and a focused ion beam (FIB) lift-out method. For TEM 
samples prepared conventionally, sintered ceramics were cut and 
dimpled before being ion polished using a PIPS II ion mill (Gatan, 
Pleasanton, United States), with a final milling energy of 200 eV. For 
samples prepared using the FIB, a Helios NanoLab 460F1 FIB-SEM [62] 
(Thermo Fisher Scientific, Waltham, United States) was utilized, with a 
final milling energy of 2 KeV. EDS mapping in the SEM was also done 
using this FIB-SEM. Select FIB samples were polished further utilizing a 
model 1040 NanoMill (E.A. Fischione Instruments, Export, United 
States), using a final milling energy of 500 eV. 

STEM spectral data (EDS and EELS) was analyzed using HyperSpy 
[63]. EDS maps at medium to low magnification (Figures 2(a), 3(a), 4 
(a), and 5(a)) were quantified using a standard-less (Cliff-Lorimer) 
quantification, with k-factors calculated by assuming the overall 
composition of the map as equivalent to the as-synthesized material 
composition. The EDS quantification does not consider effects such as 
absorption and channeling, so errors above 5% are anticipated [64,65]. 
High resolution EDS maps are not quantified (Figures 2(c), 3(c), 4(c), 
and 5(c)), with the exception of the off-zone map in Fig. 6. Line scans 
were taken from the spectral images by first binning pixels into a line 
scan, then applying a quantification to the binned line. EDS maps were 
pre-filtered with a flat filter, to reduce noise while preventing the 
appearance of artifacts due to the filtering process. While EDS results are 
presented for the elements present in the samples (Sr, Ti, Fe, and O), it is 

important to note that the oxygen signal is (relative to that of the 
cationic species) considered to have larger error, as electron irradiation 
in the TEM has been shown to induce reduction in oxides [66,67]. 
HRSTEM images were denoised utilizing a nonlinear filtering algorithm 
developed for use on HRS/TEM micrographs [68]. 

Where necessary, sample thicknesses was measured using EELS, 
assuming a mean free path of 100 nm, with an anticipated error of 
around 20 % [69]. Full-width-at-half-maximum (FWHM) values for Fe 
segregation at several grain boundaries are reported, with errors 
calculated using the residuals of a gaussian fit to the data. The ratio of Fe 
grain boundary content to the bulk has also been reported for several 
grain boundaries, where errors are propagated from the difference in 
bulk Fe content on either side of the grain boundary. The Fe content and 
FWHM are also reported for the three different Fe containing samples, 
along with error bars, which were calculated using the same method as 
above. The 5 % and 25 % Fe data points for segregation width and Fe 
content are an average of two and three GBs, respectively, so error 
propagation was done for those data. Samples with higher Fe contents 
showed inhomogeneities in Fe distribution. To allow for comparison 
between samples, only grain boundaries showing ‘symmetric’ segrega
tion at lower magnification (i.e. where the grain bulk on both sides of the 
boundary looked to have similar composition) were chosen for analysis 
at high resolution. Excess Fe at the GB (in atoms/nm2) was calculated 
using the spatial difference method [70,71], with error bars taken to be 
the standard error of the mean. 

STEM HAADF image and EDS map simulations were performed with 
muSTEM [72]. To closely approximate an experimental grain boundary 
from the 25 % Fe containing sample, a supercell consisting of 9015 
atoms was built. To replicate the experiment, the sample thickness for 
simulations was set to be 75 nm, and the STEM convergence angle was 
set to 24.7 mrad. The HAADF detector collection angle was set to be 
70–200 mrad. In the experimental case, the grain boundary is between 
two grains, one which is oriented along a 〈100〉 type zone, and the other 
which is oriented between a 〈310〉 and a 〈210〉 zone. As an approxi
mation, the model grain boundary consists of one grain aligned along a 
〈100〉 type zone axis, and the other grain oriented along a 〈210〉 zone. 
The faceting of the boundary in the model was made to replicate the 
experimental HAADF image. The mixed B-site chemistry of STF was 
simulated by setting the fractional occupancy of each B-site atom in the 
simulation (i.e. each B-site was assumed to be partially occupied by Fe 
and Ti). The chemistry of each grain was varied adjacent to the grain 
boundary, with the first B-site plane adjacent to the boundary consisting 
of 87 % Fe, and the second B-site plane from the boundary consisting of 
74 % Fe. In addition to changes in B-site chemistry, some Sr deficiency 
was included in the first A-site plane adjacent to the boundary, assuming 
an occupancy of 80 % Sr. To account for the disordered nature of the GB, 
random displacements were added to the three planes with altered 
chemistry. Displacements 10 times the amplitude of the standard ther
mal vibrations added to the first B-site plane, and displacements 5 times 
the amplitude of thermal vibrations were added to the other two planes. 
Due to the high levels of Fe segregation at the grain boundary, the 
chemistry of the bulk in the model was assumed to be 80 % Ti and 20 % 
Fe (slightly Fe depleted relative to the as-synthesized composition). As a 
result of the large super-cell size, the absorptive model was used to ac
count for thermal scattering, reducing the calculation time. The simu
lation result was convolved with a gaussian with a sigma of 0.14 nm to 
account for the size of the electron beam. Grain boundary models for 
EDS simulations and figures were prepared utilizing VESTA [73]. 

3. Results 

3.1. Microstructural analysis 

The microstructures of sintered samples were characterized by either 
SEM or low-magnification STEM imaging, depending on grain sizes 
(Figure S1). Additionally, X-ray diffraction patterns from each sample 

D. Jennings et al.                                                                                                                                                                                                                                



Acta Materialia 273 (2024) 119941

5

were produced to check phase purity (Figure S2). A general trend in 
grain size can be seen in Figure S1, where grain sizes decrease as the Fe 
content in the samples increases. The measured average grain sizes are 
as follows, from lowest to highest Fe content: 4.5 μm, 1.1 μm, 0.2 μm, 
and 0.7 μm. Samples look to be fully dense and homogeneous when 
viewed with SEM and STEM. The XRD results (Figure S2) indicate that 
all samples maintain a perovskite crystal structure, and the undoped, 2 
% Fe, and 5 % Fe samples are all shown to be free of secondary phases. 
The XRD pattern of the 25 % Fe containing sample indicates that some 
secondary phases are present, which were confirmed to be iron oxide by 
SEM imaging and EDS mapping (Figure S3). The incomplete mixing of 
Fe into the 25 % Fe sample is expected to be a result of kinetic limitations 
related to the processing of the material, not a result of a thermodynamic 
barrier to forming a solid-solution. The distance between secondary 
phases is shown to be fairly large (hundreds of microns), so STEM 
samples were prepared to avoid the iron oxide phases. Based on 
microstructural characterization, the samples of each composition were 
determined to be high enough quality for detailed EIS and STEM 
analyses. 

3.2. Electrochemical impedance spectroscopy 

To assess the impact of Fe doping on material conductivity, elec
trochemical impedance spectroscopy was performed on the four samples 
of different compositions (undoped, 2% Fe, 5% Fe, and 25% Fe). 

Figures 1(a) and 1(b) show representative Nyquist plots at either 550 ◦C 
or 150 ◦C for each material composition; the Nyquist plots of the four 
samples are reported at different temperatures so that the majority of the 
impedance response can be seen for each sample (refer to Figure S4). Fe 
doped strontium titanate is a mixed oxygen and electronic conductor, so 
under certain conditions mixed conduction would need to be considered 
when fitting Nyquist plots. However, literature strongly indicates that 
all Fe-containing samples are well into the p-type conduction regime in 
the conditions of this study (in air, T < 600 ◦C) [10]. The Nyquist plots 
for the undoped and 2 % Fe samples were fit with two semicircles 
attributed to the sample: one representing the grain boundary contri
bution and one the grain bulk contribution. However, the grain 
boundary and bulk conductivities of the 5 % and 25 % Fe containing 
samples could not be reliably separated with this method, and therefore 
are not reported here (see Figure S4 and Table S1 for details). It should 
be noted that, due to the mixed-conducting nature of Fe-doped stron
tium titanate, the current analysis presents only a slice of the electrical 
properties of the highly Fe-doped strontium titanate; a complete elec
trical characterization would require additional pO2 dependent studies 
of the material. 

A table of relevant fitting parameters for Figures 1(a) and 1(b) is 
included in the supplementary information (Table S1), showing that 
capacitance values for grain and grain boundary semicircles fit with 
expected values for electroceramics [74]. The Nyquist plots (Figures 1(a, 
b)) and a plot of total conductivity (Figure 1(c)) show that the increase 
in Fe content correlates to a decrease in resistivity. Total conductivity 
was extracted from the data for each sample composition, and is plotted 
in Figure 1(c), clearly showing an increase in total conductivity as Fe 
content increases. 

A Mott-Schottky effective space charge thickness was calculated 
from the impedance data (Table 1), indicating that an addition of Fe 
content results in a decrease in the Mott-Schottky barrier thickness. It is 
critical to note that the Mott-Schottky calculation is only valid for 

Table 1 
Activation energies and Mott-Schottky space charge thicknesses calculated from 
EIS results.  

Fe content (% 
of B-site) 

Bulk EA 

(eV) 
GB EA 

(eV) 
Mott-Schottky 
Thickness (nm) 

Temperature Range 
of Fit ( ◦C) 

undoped 1.43 2.46 45.8 500 – 600 
2 1.04 1.45 4.7 400 – 575  

Fig. 2. Low and high-resolution analysis of GB segregation in the undoped sample. (a) EDS mapping of general grain boundary in undoped STO. (b) Line scan of EDS 
mapping in (a), showing elemental segregation around the grain boundary (gray highlighted region). (c) HRSTEM HAADF image of a general grain boundary in 
undoped strontium titanate. (d) EDS map of the area within the white box in (c), showing strontium depletion at the grain boundary. One unit cell is overlaid in (d), 
indicating positions of Sr (yellow) and Ti/O (green) columns. (a) and (b) are reprinted, with permission from Elsevier, from the Journal of the European Ceramic 
Society, Volume 43: M.P. Zahler, D. Jennings, M. Kindelmann, O. Guillon, and W. Rheinheimer, Reactive FAST/SPS sintering of strontium titanate as a tool for grain 
boundary engineering, 6925–6933, 2023. [54]. 
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dopant concentrations below the dilute limit (which may not be the case 
for the 2 % Fe sample); it is presented here to demonstrate that space 
charge thicknesses are expected to decrease significantly as Fe is added 
to the system. While the space charge ‘thickness’ reported in Table 1 
provides a physical value, the correlation between the calculated Mott- 
Schottky thickness and dopant segregation is unclear [29]. Other ap
proaches, such as the restricted equilibrium model [29,31], are more 
accurate, and are discussed in further detail in Section 4. Outside of 
defect interactions, other sources of error (such as how mobile charge 
carrier concentrations are calculated) will be impacting the higher Fe 
content samples. A more sophisticated analysis for addressing concen
trated solid-solutions has been presented in the literature [49], but was 
considered to be outside of the scope of this work. While the 
Mott-Schottky barrier thickness could not be determined for the 5 % and 
25 % Fe containing samples, the space charge layer thickness is expected 
to continue to decrease as additional acceptor dopant is added to the 
system [49]. 

Table 1 also details the activation energies for the bulk and the 
effective grain boundary conductivities of the two samples which could 
be fit from the data in Figure 1(d). Activation energies are lower for bulk 
conductivity than for effective grain boundary conductivity, though the 
difference shrinks as Fe is added. Both bulk and GB activation energies 
decrease going from undoped to Fe-doped. 

The difference between effective grain boundary conductivity and 
bulk conductivity is observed to increase as Fe is added, indicating that 
GBs are becoming less blocking to conductivity, and total conductivity 
increases as the Fe content is increased. Additionally, the Mott-Schottky 
thicknesses are expected to decrease as additional Fe is added, so clas
sical space charge theory would predict that a corresponding decrease in 
dopant segregation widths should occur. To fully understand the cor
relation between conductivity and nanoscale segregation behavior, each 
of the four samples which were analyzed by EIS were also analyzed by 
STEM/EDS, both at low magnification (i.e. not-atomic resolution) and 

high magnification (i.e. atomic resolution). 

3.3. Segregation in nominally undoped strontium titanate 

Nominally undoped strontium titanate was synthesized as a control 
sample to compare with Fe doped material. A general grain boundary in 
undoped strontium titanate was analyzed by STEM/EDS, at both low 
and high resolution, as seen in Fig. 2. A quantified EDS mapping (in 
atom%) of a grain boundary at low resolution is shown in Figure 2(a), 
and an integrated line-scan across that boundary is shown in Figure 2(b) 
with the grain boundary region highlighted in gray. The low-resolution 
EDS mapping and line scan clearly shows an increase in the concen
tration (relative to the other elements) of titanium and oxygen local to 
the grain boundary, while there is a decrease in the strontium content at 
the grain boundary. Analysis of an undoped grain boundary at high 
resolution was also done, including HRSTEM imaging (Figure 2(c)) and 
EDS mapping (Figure 2(d)). The HRSTEM imaging in Figure 2(c) shows a 
general grain boundary, with one grain aligned along a 〈100〉 zone axis, 
and the other misaligned. EDS intensity mapping from the area in the 
white box in Figure 2(c) indicates that the strontium depletion is 
localized to the grain boundary core region, with a measured FWHM of 
strontium depletion of 1.3 nm. 

3.4. Segregation near the dilute solution limit 

The lowest Fe content analyzed in the current study is 2 % Fe (i.e. 2 % 
Fe on the B-site of the perovskite, or 0.4 at% Fe in total), which is ex
pected to be near the dilute solution limit. As with the undoped stron
tium titanate in Section 3.3, segregation behavior in the STEM was 
analyzed in the 2 % Fe doped material at both low and high resolution. 
In Figure 3(a), a low magnification (quantified) EDS map of a triple 
junction is presented, showing clear Fe segregation and Sr depletion at 
the grain boundary. At this composition, there is no clear titanium 

Fig. 3. Low and high-resolution analysis of GB segregation in the 2 % Fe sample. (a) Low magnification EDS mapping of a triple junction in 2 % Fe doped strontium 
titanate, showing segregation of Fe to the grain boundaries of the material. (b) A line scan across one of the boundaries in (a) (the direction of which is indicated by 
the white arrow) shows the segregation behavior at the grain boundary (highlighted in gray). (c) High resolution HAADF image of a grain boundary in 2 % Fe doped 
STO. (d) EDS mapping from the white area in (a), showing that Fe segregation is confined within 1–2 unit cells from the grain boundary core. 
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segregation nor depletion at the grain boundary. This is also shown in 
the linescan in Figure 3(b), which is taken across a single grain boundary 
(with the GB region highlighted in gray) from the line drawn in Figure 3 
(a). The segregation width of Fe at this grain boundary has a FWHM of 9 
nm. A grain boundary in the same sample was also chosen to be analyzed 
by HRSTEM/EDS. Figure 3(c) shows a high-resolution STEM image of a 
grain boundary which looks to be at (or very close to) an edge-on con
dition. The grain on the right side of Figure 3(c) is aligned down a 〈110〉
type zone axis, while the left-hand grain is misaligned, but a set of {100}
planes are close to alignment. EDS intensity mapping in Figure 3(d) 
indicates that the Fe segregation and Sr depletion are actually highly 
localized to the grain boundary, only spreading 1–2 unit cells outside of 
the grain boundary core region (the FWHM of Fe segregation was 
measured to be 1.5 nm). The measured segregation width at low 
magnification is anticipated to be impacted significantly by the large 
pixel sizes, grain boundary tilt away from an edge-on condition, and 
imprecise beam positioning, so the high-magnification EDS mapping 
will give a much more precise picture of grain boundary segregation 
widths. 

3.5. Segregation slightly above the dilute limit 

The intermediate Fe level which was studied, at an Fe content of 5 % 
at the B-site (1 at% total), contains an amount of Fe which is expected to 
be into the concentrated solid-solution regime. In the manner of the 
other compositions studied, elemental segregation in the 5 % Fe sample 
was studied by STEM/EDS at both low and high resolution, as shown in 
Fig. 4. Low-resolution EDS mapping (Figure 4(a)) indicates that signif
icant inhomogeneity in the B-site cation distribution exists in the sample 
both within and between grains. Grain boundaries display clear Fe 
segregation, without any obvious Ti segregation or depletion at the 
boundaries, closely matching the result from the 2 % Fe doped sample. 

Additionally, there are some grain boundaries which have a sharp, 
symmetrical Fe segregation, while others have a more blurred profile. 
The causes of the inhomogeneity outside of the GB regions is unknown, 
but could be a result of a solute drag effect, as has been shown in the 
literature with this material [44]. For consistency, and to allow for 
comparisons between samples, only grain boundaries with sharp, sym
metrical segregation profiles were chosen for high resolution analysis. 

The Sr map does not show any depletion at the grain boundary at low 
resolution, contrary to what is observed in the undoped (Fig. 2) and 2 % 
Fe doped (Fig. 3) samples. An integrated line scan across one of the grain 
boundaries in Figure 4(a) (indicated by the white arrow) is shown in 
Figure 4(b), with the grain boundary region highlighted in gray, 
showing the clear increase in Fe content without much noticeable 
segregation or depletion in the other atomic species. A high-resolution 
HAADF image of a grain boundary is shown in Figure 4(c), and EDS 
intensity mapping from that image is presented in Figure 4(d). The high- 
resolution EDS map (Figure 4(d)) clearly shows that the Fe segregation is 
limited to ~1 nm on either side of the grain boundary core (the 
measured FWHM of Fe segregation is 1.2 nm). Additionally, Ti and Sr 
depletion at the grain boundary are noticeable at high resolution, 
despite not being visible in the lower-magnification mapping. 

3.6. Detailed analysis of segregation well above the dilute limit 

The final STF composition studied contained an Fe content of 25 % 
on the B-site, or 5 at% total. For better sintering and phase stability the 
sample was prepared to be A-site deficient (the ratio of A-site to B-site 
cations is 0.97), so the overall as-prepared Fe content is actually slightly 
higher than 5 at%. At this composition, the material is anticipated to be 
well above the dilute limit, ergo firmly in the range of a concentrated 
solid-solution. Given that there is a lack of S/TEM analysis of chemical 
segregation of concentrated STF solid solutions, more effort was put 

Fig. 4. Low and high-resolution analysis of GB segregation in the 5 % Fe sample. (a) HAADF imaging and EDS mapping at low magnification for a 5 % Fe content STF 
sample. (b) Linescan across a grain boundary from (a) (indicated by the white arrow), showing Fe segregation at the grain boundary (highlighted in gray) in the 
material. (c) High resolution HAADF imaging and (d) EDS mapping (of the area inside of the white rectangle in (c)) of a single grain boundary, showing segregation 
to the grain boundary core. Sr (yellow) and Ti (green) column positions are marked in the image in (d). 
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forth in characterizing the 25 % Fe sample as compared to the other 
three compositions. To facilitate a direct comparison to the other com
positions, low- and high-resolution EDS mapping was performed with 
the 25 % Fe sample (Fig. 5). The low-resolution mapping in Figure 5(a) 
clearly shows significant inhomogeneity in the B-site cation distribution, 
on similar scale to what is observed in the 5 % Fe containing sample 
(Figure 4(a)). Fe segregation and Ti depletion at the grain boundaries 
can be observed and large patches of Fe rich/Ti deficient regions within 
grains are visible in Figure 5(a). The patches of increased Fe tend to 
reside in the center of the grains, supporting the hypothesis that the 
inhomogeneity is resulting from solute-drag during sintering. As with 
the 5 % Fe doped sample, to allow for comparisons between samples, 
grain boundaries with sharp, symmetrical segregation profiles were 
selected for high resolution analysis. 

XRD and SEM of this sample (Figures S2 and S3) indicate that some 
secondary iron oxide phases are present, but no clear non-perovskite 
phase was observed in the STEM analyses which were performed on 
the sample. The only notable ‘second phase’ observed in STEM is a series 
of grains ~50 nm in diameter, which contain almost no Fe content 
(dashed arrows in Figure 5(a)). From EDS analysis, these grains look to 
be strontium titanate with a relatively low Fe content compared to the 
majority of the grains in the sample. An integrated line scan across a 
section of the EDS map in Figure 5(a) is presented in Figure 5(b), clearly 
showing the increase in Fe at the grain boundary (highlighted in gray) 
and also a change in B-site composition within the right-hand grain. 
Additionally, the Fe segregation within the grain (right hand side of the 
line plot in Figure 5(b)) looks to be at a similar level as compared to the 
Fe peak at the grain boundary. 

At high resolution, the grain boundary segregation behavior of the 
25 % Fe doped sample becomes clear. Figure 5(c) shows a high resolu
tion HAADF image, with the right-side grain aligned down the [001] 
zone axis, and the left side grain aligned between the [013] and [012] 
zones, parallel to the (100) planes in the crystal. An EDS intensity map 

from the white box in Figure 5(c) is displayed in Figure 5(d), where Fe 
can be seen segregating to the grain boundary, replacing Ti on the B-sites 
of the perovskite. The EDS map also shows that Fe segregation follows 
the faceting of the grain at the boundary, with Fe content being highest 
on the first plane adjacent to the boundary. In addition to Fe segregation 
and Ti depletion at the grain boundary, Sr and O depletion are also 
present (but are less pronounced than the other two effects). The Fe 
content at the grain boundary in the 25 % Fe sample is clearly high, but 
the segregation width remains quite thin, around 1–2 nm. 

In an attempt to better understand the grain boundary segregation in 
the 25 % Fe sample, two small sample tilts away from the zone axis were 
done (~2◦ in each direction), while maintaining the orientation parallel 
to the (100) set of planes, and the tilt which showed the thinnest 
segregation by EDS was chosen for analysis (see Fig. 6). The tilting 
experiment was performed for two main reasons: tilting away from zone 
reduces electron channeling effects, resulting in more reliable quantifi
cation [75], and it helps to ensure that the grain boundary is as close to 
edge-on as possible, which is not trivial given the complex nature of 
general grain boundaries. The grain boundary from Figure 5(c,d) was 
tilted around the [100] axis of the right hand grain, resulting in the 
image seen in Figure 6(a). An EDS map was taken from the white box in 
Figure 6(a), as seen in Figure 6(b), and an integrated linescan was drawn 
over the interface in the direction of the white arrow in Figure 6(a), 
resulting in Figure 6(c). The linescan in Figure 6(c) shows that the Fe 
content in the grain boundary is more than four times that of the 
near-GB region. The ratio of Fe to Fe plus Ti was measured from Figure 6 
(c), indicating that the Fe concentration reaches 87 % on the B-site at the 
grain boundary. The segregation width in Fig. 6 was measured to have a 
FWHM of 1.4 nm, similar to the widths measured from the 2 % Fe and 5 
% Fe containing samples. The measured segregation width will be 
impacted by sample thickness due to beam spreading, and the thickness 
of the sample in Fig. 6 was measured by EELS to be ~73 nm (relatively 
thick for this type of analysis). Accordingly, two other grain boundaries 

Fig. 5. Low and high-resolution analysis of GB segregation in the 25 % Fe sample. (a) HAADF imaging and EDS mapping of multiple grains in the Fe rich (25 % Fe on 
the B-site) composition, showing significant inhomogeneity in the distribution of B-site cations. (b) Linescan across one grain boundary into a grain, showing 
segregation at the GB (highlighted in gray) and significant compositional changes within the grain (right side of the linescan). (c) HR HAADF imaging and (d) EDS 
mapping of a grain boundary within the 25 % Fe sample, showing clear replacement of Ti with Fe in the vicinity of the grain boundary. 
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in thinner regions of the 25 % Fe sample were analyzed by the same 
tilting method, which are shown in Figures S7 and S8. A summary of the 
relevant measurements for the grain boundary segregation behavior are 
described in Table 2. 

Table 2 allows for a comparison of the segregation behavior between 
three general grain boundaries in the 25 % Fe sample. The TEM sample 
thickness varied between the three, from relatively thick for high reso
lution analysis (73 nm) to relatively thin (24 nm). The segregation 
widths (taken to be the FWHM of the line profiles) are similar between 
all three grain boundaries, with values in the range of 1.5 nm. Given the 
inhomogeneity in the 5 % and 25 % samples, it is difficult to say with 
confidence what the ‘bulk’ Fe content is in these two samples. To 
compare Fe content at the grain boundary, the ratio between Fe signal at 
the GB and near the GB reported in Table 2, which limits discrepancies 
in quantification between separate scans. The three grain boundaries 
show similar GB to near-GB Fe ratios, with a GB Fe content of about four 
times that of the region near the GB. 

Electron energy loss spectroscopy (EELS) mapping was performed to 
analyze the chemistry near the grain boundary in the 25 % Fe containing 
sample, as described in Fig. 7. EELS mapping was done in the region of 
the grain boundary in Figure 7(a) defined by the white box (the grain 
boundary in Figure 7(a) is the same boundary as is characterized by EDS 
in Figure S7), and the EELS spectra were then binned parallel to the GB 
in the nine regions defined in Figure 7(a), with each binned region taken 
to encompass approximately one unit-cell in width. Noticeable in the Fe 
(Figure 7(b)) and Ti (Figure 7(c)) L2,3 edges is the chemical segregation 
which was also seen by EDS, with the Fe peaks increasing in intensity 
considerably from position 1 to position 9, while the Ti peaks decrease in 
intensity over that same range. The Fe signal shows no significant 
change in shape or peak position, though a change in valency could be 
obscured by the low signal-to-noise ratio in the grain interior (a result of 
a lower Fe content in that region). The grain boundary from Figure 5(c) 
was also analyzed for changes in Fe valency at the boundary using EELS, 
but was also inconclusive with regards to changes in Fe peak position 
(Figure S9). The Ti signal in Fig. 7, on the other hand, shows changes in 
both shape and position; the Ti L2,3 spectra at positions 1–5 show crystal 
field peak splitting characteristic of Ti4+ in strontium titanate [76–79], 
but at the grain boundary (positions 6–9), the splitting is reduced and 
the peak positions shift to slightly lower energies (the L2 peak position at 
the grain boundary is shifted by − 0.55 eV compared to the near-GB). 
These two features together indicate a more disordered oxygen octa
hedral environment, and a reduction in Ti valency [76–79]. The O K 

Fig. 6. Off zone-axis HAADF imaging (a) of the same grain boundary as in Figure 5(c), with corresponding EDS mapping (b) of the white box in (a). A line scan (c) in 
the direction of the white arrow in (a) shows the quantified segregation behavior at the grain boundary (with the GB core region highlighted in gray). Tilting the 
sample off-zone reduces artifacts from electron channeling. 

Table 2 
Fe Segregation at three grain boundaries in the 25 % Fe sample.  

Figure Lamella Thickness 
(nm) 

Segregation Width 
(nm) 

GB to near-GB Fe 
ratio 

6 73 ± 14 1.43 ± 0.11 4.2 ± 0.5 
S7 45 ± 10 1.51 ± 0.05 4.0 ± 0.7 
S8 24 ± 5 1.76 ± 0.16 3.8 ± 0.7  

Fig. 7. High resolution EELS analysis of Fe, Ti, and O at a grain boundary of the highly Fe doped (25 % Fe on the B-site) strontium titanate. (a) HRSTEM HAADF 
image of a grain boundary (the same boundary as Figure S7), and EELS spectra from the nine binned regions in (a) for the Fe L edge (b), the Ti L edge (c), and the O K 
edge (d). 

D. Jennings et al.                                                                                                                                                                                                                                



Acta Materialia 273 (2024) 119941

10

spectra within the grain (positions 1–3 in Figure 7(d)) is typical for 
strontium titanate [77], showing three main peaks (indicated by the 
dashed lines in Figure 7(d)). At the grain boundary (positions 6–9), the 
two oxygen peaks at higher energy loss decrease in intensity and merge 
into one broad peak, a phenomenon that has been observed before in 
strontium titanate, and which is typically attributed to the breaking of 
the Ti-O bonding at the grain boundary (through the presence of oxygen 
vacancies at the boundary) [76,77,79]. 

The EDS and EELS analysis presented of the 25 % Fe containing 
sample allows for a close estimation of grain boundary chemistry. 
However, there are aspects of high-resolution spectral mapping (in 
particular, channeling and beam-spread) which are difficult to account 
for. To present a full model of the grain boundary chemistry in the 25 % 
Fe sample, STEM HAADF and EDS simulations were performed, shown 
in Fig. 8. The simulations were aimed at recreating the experimental 
result shown in Figure 5(d), allowing for a better atomistic description of 
the segregation behavior at grain boundaries in the 25 % Fe sample. The 
experimental HAADF image of the grain boundary which is being 
modeled is shown in Figure 8(a), with the regions of modified chemistry 
highlighted. Based on the experimental EDS results from Fig. 6, a mea
surement was made that the peak Fe content at the grain boundary is 87 
% on the B-site, the Fe content one plane removed from the boundary is 
74 %. It was assumed that the segregation is limited to two unit cells on 
either side of the boundary. The GB model was made to represent this 
(Figure 8(b)), with the first B-site plane adjacent to the boundary (red) 

consisting of 87 % Fe, and the second plane from the boundary (orange) 
being 74 % Fe. Given that Sr depletion is also observed experimentally, 
the first Sr plane adjacent to the GB was assumed to be 80 % Sr. The 
planes with altered chemistry also had some disorder introduced into 
the simulation to simulate structural disorder at the GB (see Section 2.3 
for details). Based on measurements from Fig. 6, the remaining lattice in 
the grain boundary model was assumed to have the composition of 
SrTi0.8Fe0.2O3-δ. For simplicity, no changes in the oxygen sublattice were 
made in the grain boundary model (the oxygen sublattice is not shown in 
Figure 8(b)). 

The HAADF and EDS image simulations (Figure 8(d)) match well 
with the experimental results (Figure 8(c)), with clear Ti depletion and 
Fe segregation which follows the faceting of the grain boundary. The 
simulated and experimental HAADF images (Figure 8(d)) both show a 
decrease in contrast at the grain boundary. The simulated Fe EDS map 
still shows some regions with lower signal near the GB core which are 
not present experimentally, corresponding to the sections where the 
grain is Sr-terminated at the boundary. This disparity between simula
tion and experiment could be an indicator of a variety of different ef
fects: there are expected to be steps in the grain boundary along the 
viewing direction, which are not easily visible experimentally, and no 
attempt at altering atomic positions around the grain boundary core was 
made. Additionally, some Fe could be residing on the A-site at the 
boundary, or additional Fe could be present in the GB core. Furthermore, 
the simulated EDS scan is free of the noise which is present in the 

Fig. 8. STEM image simulation results with the aim of understanding the true chemistry and structure of grain boundaries in the 25 % Fe sample. (a) experimental 
HAADF image of the GB of interest, with the first adjacent unit cell (red), and second adjacent unit cell (orange) highlighted in the image. A model of the GB in (a) is 
presented in (b), assuming that the first adjacent B-site plane to the boundary is 87 % Fe (red), and that the second adjacent plane is 74 % Fe (orange). Additionally, 
the first A-site plane is assumed to be slightly Sr deficient (80 % Sr). Some lattice disorder was added to the three planes with changed chemistry. The rest of the B-site 
sublattice in (b) is assumed to be 20 % Fe. A comparison of the experimental (c) and simulated (d) HAADF images and EDS maps shows that the model boundary fits 
well with the experimental results. Integrated line-scans (from left to right) of the experimental (e) and simulated (f) b-site EDS signals show that segregation widths 
are successfully recreated by model. 
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experimental dataset. Overall, it should be noted that the model in 
Figure 8(b) is a simplified version of the real grain boundary, made to 
aid in a general understanding of GB chemistry in the 25 % Fe containing 
material. 

A comparison of the experimental (Figure 8(e)) and simulated 
(Figure 8(f)) line scans of Ti and Fe signals also show a general agree
ment between the results. The impact of beam spread on the observed 
segregation width can be seen clearly in the left side of the simulated line 
scan, which shows increased Fe signal in the three planes adjacent to the 
region of elemental segregation, and a similar effect can also be noticed 
in the experimental line scan. The Fe segregation width looks to be 
successfully recreated by the EDS simulation, supporting the hypothesis 
that segregation is effectively atomically sharp, being limited to only 
two unit cells on either side of the interface. The simulated line scan also 
supports what is observed in the simulated map, that some Fe signal near 
the GB core is not captured by the simplified GB model. 

3.7. Comparison of Fe segregation behavior 

As high-resolution S/TEM EDS analysis was performed for each 
sample (undoped, 2 % Fe, 5 % Fe, and 25 % Fe), a quantitative com
parison of the segregation behaviors between the samples can be done. 
Fig. 9 describes two aspects of the segregation behavior which were 
determined to be most relevant, as a function of sample Fe content: Fe 
segregation widths (Figure 9(a)), and Fe concentration at the grain 
boundary (Figure 9(b)). While the results were analyzed with a quan
titative method, it should be noted that there is a very limited sample for 
the measurements presented in Fig. 9. The data in Fig. 9 encompasses 
one grain boundary for the 2 % Fe sample (Figure 3(c)), two for the 5 % 
Fe sample (Figures 4(c) and S5), and three for the 25 % Fe sample 
(Figs. 6, S7, and S8). The FWHM of the gaussian fit of the Fe segregation 
profile was chosen as a quantitative representation of segregation widths 
in Figure 9(a). It is clear that there is no significant change in segregation 
width as a function of B-site cation concentration, with all values in the 
range of 1.3–1.6 nm. The low-resolution EDS line scans showed Fe 
segregation widths ranging from 9 nm (2 % Fe) to 27 nm (25 % Fe), 
demonstrating the importance of high-resolution analysis in accurate 
measurements of GB segregation. The disparity in segregation widths at 
low resolution is expected to be a result of several factors, including 
boundary mis-alignment and the large pixel dimensions of low- 
magnification spectral images. 

In contrast to measured segregation widths, there is a significant 
difference in the Fe content at the grain boundary depending on the bulk 
Fe content, which is represented in two different ways in Figure 9(b). 
Given the inhomogeneity in the 5 % and 25 % samples, it is difficult to 

say with confidence what the ‘bulk’ Fe content is in these two samples, 
so the data is described as Fe content in relation to the ‘near-GB’ region 
(taken to be the region of the high-resolution EDS scans furthest from the 
GB core). When considering the ratio of GB Fe intensity to near-GB in
tensity, the 2 % and 5 % Fe samples have the highest relative Fe content 
(around eight times higher than that of the near-GB region). The 25 % Fe 
sample only has a GB Fe content around four times that of the near-GB 
region, however the difference is a result of the higher as-synthesized Fe 
content. When representing the data as B-site Fe concentration at the 
GB, the data in Figure 9(b) show that there is a large increase in Fe 
concentration at the grain boundary as the overall Fe content in the 
sample grows. 

In addition to comparing data from high-resolution maps, the spatial 
difference method can be used to quantify grain boundary excess for 
low-resolution maps [70,71]. The spatial difference analysis allows for 
more grain boundaries to be analyzed (three, five, and six GBs for the 2 
%, 5 %, and 25 % Fe containing samples, respectively), and shows an 
identical trend to what has been observed in high-resolution analysis 
(Figure 9(b)). The spatial difference method was also used to quantify 
the level of Ti depletion at GBs in the three samples, displaying a trend 
which is the inverse of the trend in Fe segregation (see Figure S10). The 
data presented in Fig. 9 is summarized in Table 3. 

4. Discussion 

The results in this work present a detailed analysis of grain boundary 
segregation at general grain boundaries in STF as the Fe content is 
changed. Variations in local material chemistry as a function of Fe 
content are observed, both at low resolution and at high resolution. At 
low resolution, all Fe containing samples show Fe segregation at grain 
boundaries. For low Fe contents (undoped and 2 % Fe), the samples look 
to be homogeneous at a larger length-scale (as seen in Figures 2(a) and 3 
(a)), but once the Fe content increases above the dilute limit (5 % and 25 
% Fe), significant inhomogeneity is observed in the B-site cation 

Fig. 9. Comparison of Fe segregation behavior between the three Fe containing samples studied. (a) Segregation width (in terms of FWHM of the Fe segregation 
profile) (a, black circles) does not change based on Fe content on the B-site. However, the GB to near-GB Fe ratio as measured from high resolution mapping (a, purple 
diamonds) decreases as bulk Fe content increases. (b) The Fe concentration at the GB measured from high-resolution analysis (b, blue squares) increases as bulk Fe 
content increases. The excess Fe measured using the spatial difference method from low-resolution analysis (b, red triangles) shows the same trend. 

Table 3 
Summary of Fe segregation behavior measured for the three Fe-containing 
samples analyzed.  

As-synthesized 
Fe content (B-site 
at%) 

FWHM of Fe 
Segregation 
(nm) 

GB to near- 
GB Fe 
intensity 
ratio 

GB B-site 
Fe conc. 
(at%) 

Fe Excess at 
GB (atoms/ 
nm2) 

2 1.52 ± 0.19 8.3 ± 0.7 24 ± 2 6.2 ± 0.1 
5 1.34 ± 0.12 8.4 ± 0.5 47 ± 1 18.5 ± 2.2 
25 1.57 ± 0.08 4.0 ± 0.4 80 ± 3 56.1 ± 14.0  
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distribution within individual grains (Figures 4(a) and 5(a)). In both the 
5 % and the 25 % Fe containing samples, some grain boundaries are 
observed to have symmetrical segregation, in which the Fe signal at the 
GB is increased, with a depleted region on either side. Several bound
aries are also observed in each sample which border sections of grains 
with increased or depleted Fe content. The origin of this inhomogeneity 
in Fe segregation within grains is unknown, but is expected to be a result 
of kinetic limitations. The simplest explanation for the patches of higher 
Fe content observed in Figures 4(a) and 5(a) is that a solute-drag effect is 
present, which would explain why the regions of higher Fe content tend 
to reside in the center of the grains. Inhomogeneities in the B-site cation 
distribution will have an impact on the conductivity of the samples, 
causing local inhomogeneities in charge transport correlating to the 
regions with varying Fe content. As a result, the impedance of the 5 % 
and 25 % Fe samples will be impacted, likely resulting in a distortion in 
the bulk semicircle. 

As Fe content increases, the Ti signal at grain boundaries decreases, 
moving from increased Ti at the GB in the undoped sample to no obvious 
depletion or segregation of Ti in the 2 % Fe sample, and finally to clear Ti 
depletion in both the 5 % and 25 % Fe samples (Figure S10). In addition 
to changes in B-site chemistry, there is Sr depletion observed at the grain 
boundary in all four samples, which does not change significantly as Fe 
content is varied. Grain boundary segregation widths are consistent 
among Fe-containing samples, but there are large variations in Fe dis
tribution within grains once the Fe content moves above the dilute so
lute limit. STF is generally accepted to be a solid-solution between two 
end compounds (strontium titanate and strontium ferrite), however 
there is significant inhomogeneity in the B-site cation distribution in 
Figures 4(a) and 5(a). The inhomogeneity in B-site cation distributions 
could be a result of a barrier to a complete intermixing (i.e. a miscibility 
gap is present), or it could be a kinetic effect resulting from incomplete 
mixing during processing. The EDS linescan in Figure 5(b) suggests that 
the Fe content within the grains of the 25 % Fe sample ranges from ~20 
at% (on the B-site) to ~35 at%, a significant but less drastic variation 
than the segregation which is observed at the grain boundaries, where 
the average Fe content was measured to be 80 % (Table 3). 

The grain boundary segregation behavior observed at low resolution 
generally fits with the behavior which is expected for Fe doped stron
tium titanate based on conventional space charge theory [21,23]; the 
behavior can be explained as a result of the positively charged grain 
boundary core attracting negatively charged defects (V″

Sr and Fe′
Ti) to the 

space charge region. In addition, Fe segregation profile widths at low 
resolution fit well with what is expected for space charge layers in 
strontium titanate [18,25,41,80], ranging in width from ~5–35 nm 
depending on the sample (Table S2) There is also good agreement be
tween the low-resolution analysis in this study to preceding work with 
comparable spatial resolution [44]. The spatial difference method used 
on low-resolution data shows a large increase in Fe excess at grain 
boundaries as the bulk Fe content increases (Fig. 9, Table S3). 

At high resolution the Fe segregation is shown to be much thinner 
than can be detected at low resolution, with Figure 9(a) showing that all 
three Fe containing samples have GB segregation widths around 1.5 nm 
or less. The low-resolution EDS mapping will less accurate because of the 
larger pixel sizes and imprecise beam positioning as compared to the 
high-resolution mappings. Additionally, at high resolution it becomes 
clear that all Fe containing samples have significant Fe segregation at 
the GB core, an effect which is also not resolved with lower resolution 
analysis. The observation of Fe segregation at the GB core is incongruous 
with classic space charge models, which typically operate under the 
assumption that acceptor dopants segregate to the space charge region, 
but not the GB core itself [21,22]. The length-scale of Fe segregation in 
all samples studied further highlights that there is a clear discrepancy 
between continuum models for space charge segregation and the 
atomistic nature of ionic segregation profiles at GBs in the STF system. 

It was anticipated that the transition from a near-dilute solution (the 

2 % Fe sample) to a highly concentrated solution (the 25 % Fe sample) 
would bring with it a significant change in segregation behavior [33,49, 
50], however there is no notable difference in Fe segregation widths 
between the three Fe-containing samples (Figure 9(a)). In the case of 
STF, the dilute to concentrated solid solution transition does not greatly 
impact Fe segregation behavior at grain boundaries. While Fe segrega
tion widths do not change, the Fe concentration within the grain 
boundary increases greatly as the sample Fe content is raised (Figure 9 
(b)). In certain systems (such as Ca doped ceria), the grain boundary can 
become saturated with dopant [81], but this is not observed in the 
compositional range studied in this work. 

Electrochemical impedance spectroscopy shows that the addition of 
Fe results in an increase in sample conductivity. The observations of Fe 
segregation behavior made here emphasize the importance of high 
spatial resolution analysis, without which much of the detail about GB 
chemistry in STF would remain hidden. The consistent trends in cationic 
segregation behavior across samples which were processed in a variety 
of ways is an indication that the effects observed in this work are not due 
to the specific processing methods used; instead, the segregation 
behavior is expected to be inherent to strontium ferrite – strontium 
titanate solid solutions. 

Space charge layers at grain boundaries were indirectly measured by 
EIS in Fig. 1. A comparison of the calculated Mott-Schottky (MS) barrier 
widths (Table 1) indicates that the electrochemical width of the grain 
boundaries decreases as Fe is added to the system. Space charge widths 
would be expected to continue to decrease when moving from the 2% Fe 
containing sample to the 5% and 25% Fe containing samples. However, 
there is no difference in Fe segregation widths between the three Fe 
containing samples. The absence of variation in Fe segregation widths 
for the three samples suggests that Fe segregation in STF is decoupled 
from the space charge layers at the boundary. One explanation for the 
decoupling of segregation and space charge is that the space charge 
region collapses at the sintering temperature, at which point the cations 
are highly mobile. When cooling down cationic defect become immobile 
again, preventing cationic defects from equilibrating to changes in the 
space charge potential. However, other charge carriers can continue to 
equilibrate as the sample is cooled after sintering, causing a space charge 
layer to form which is not reflected in the cationic segregation profile. 
Usler et al. have examined this type of ‘restricted equilibrium’ space 
charge model for ceria, showing that it fits to the real behavior better 
than the simplified Mott-Schottky model [29]. All Fe-containing samples 
show Fe segregation to the grain boundaries, and a higher Fe content 
results in a higher Fe concentration at the GB (Figure 9(b)). Impedance 
spectroscopy (Fig. 1) clearly shows a drastic increase in conductivity as 
Fe content increases, and activation energies for grain boundary and 
bulk conductivities decrease when going from undoped to 2 % Fe doped 
strontium titanate (Table 1). 

The conventional defect chemical approach to understanding space 
charge in Fe doped strontium titanate is to consider Fe as an acceptor 
dopant [21,25]. However, once the Fe content in the sample increases 
above the dilute limit, taking Fe as an acceptor dopant ceases to be a 
logical approach. It stands to reason that, near the dilute limit (i.e. 2 % 
Fe), the segregation of Fe (an acceptor) to the GB core results in a 
reduction of the GB core charge. However, for Fe contents above the 
dilute solution limit, Fe contents estimated around 80 % on the B-site are 
present, a composition where Fe cannot be considered a dopant species. 
In the literature, it has been argued that Fe (and some oxygen vacancies) 
should be considered part of the STF host lattice (which is assumed to be 
inherently ordered and oxygen deficient) [34,35,82]. As a result, the 
effect of Fe segregation on the charge of the GB core (and also the space 
charge layer) is not obvious, particularly at the higher Fe concentrations 
(5 % and 25 % Fe) analyzed in this work. EELS analysis of the 25 % Fe 
doped sample (Fig. 7) was performed to help understand the electronic 
environment resulting from Fe segregation to the grain boundary. The 
structure of the Ti and O edges in Fig. 7 fit well with what is typically 
seen for grain boundaries in strontium titanate [77], suggesting that the 
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chemical bonding environment at grain boundaries is not highly 
impacted by the significant Fe segregation. Due to the relatively low 
EELS signal for Fe within the grain interior, it could not be determined 
conclusively whether a change in Fe valency occurs at the grain 
boundary. 

In the case of the 25 % Fe sample, there is a large excess of Fe at the 
grain boundary. The HRSTEM/EDS map in Figure 5(d) shows that Fe 
replaces Ti on the B-site on the two atomic planes adjacent to the grain 
boundary. Additionally, the Fe segregation clearly follows the faceting 
of the grains at the GB. A comparison of the experimental result with the 
STEM/EDS simulations presented in Fig. 8 suggest that a significant 
amount of Fe is also present at the grain boundary core, and that there 
may be some Fe sitting on the A-site of the perovskite, which would 
explain the high values for Fe excess calculated by the spatial difference 
method (Table 3). There are additional effects which could have an 
impact on the experimental result, such as some disorder in the atomic 
positions, or steps in the grain boundary through the thickness of the 
lamella. The propensity of Fe to sit on the A-site is also an explanation 
for why STF is often synthesized to be Sr-deficient, as it is in this work. 

At the current stage, there are multiple explanations for the high 
concentration of Fe present at the grain boundaries in all of the Fe- 
containing samples. One plausible conclusion is that Fe segregation 
occurs through a solute-drag effect, where Fe is collected at the grain 
boundary during sintering. Zahler et al. [44] have provided experi
mental evidence for solute drag in STF samples with lower Fe contents (2 
% and 5 %), indicating that solute drag could be a factor in the segre
gation behavior. The segregation could be a thermodynamic effect, 
either through a complexion transition, through an elastic mismatch 
effect, or by an electrostatic-driven segregation process [83,84]. The 
samples in this work show varying Fe contents at the grain boundaries 
(Figure 9(b)), dependent on the bulk Fe content, but look to have an 
equilibrium segregation width. Additionally, no structural changes at 
the grain boundary are observed, so it remains unclear whether the 
segregation is best described as a result of complexion formation. 

At the higher Fe concentrations, there is a fundamental question 
about what drives Fe to segregate at the grain boundary core versus to 
the crystal lattice on the first planes adjacent to the GB. The GB segre
gation process can be driven by two separate effects simultaneously, for 
example that Fe segregates to the disordered GB plane as an adsorbate, 
and additional Fe segregates to the lattice adjacent to the GB due to 
space-charge effects. On the other hand, GB segregation may have a sole 
driving force, which is strong enough to saturate the GB plane with Fe 
and force additional Fe to the grain directly adjacent to the GB. 

While the current work is heavily focused on chemical segregation at 
grain boundaries in the material, the structure of grain boundaries will 
have a large impact on their properties. All of the boundaries studied in 
this work are ‘general’ grain boundaries, with a variety of grain and 
grain boundary plane orientations (though each GB selected was able to 
be aligned edge-on while one grain was oriented to a low-index zone 
axis). As a result, grain boundary structures will vary widely, as has been 
shown in a variety of work on strontium titanate in the literature [32,77, 
85]. When analyzing chemical segregation, segregation widths are fairly 
consistent among the grain boundaries which were studied (Table 2, 
Figure 9(a)). In the case of the 25 % Fe sample, atomic resolution EDS 
mapping (Figure 5(d)) actually shows that Fe segregation mirrors the 
faceting of the boundary, with columns closest to the boundary con
taining the highest apparent Fe content. The results from all of the Fe 
containing samples illustrate that there is a discrepancy between con
tinuum models currently used for descriptions of space charge, and the 
clearly atomistic nature of grain boundary segregation in STF. Fe is 
segregated to within 1–2 atomic planes of the grain boundary in all Fe 
contents which were analyzed, at which point the atomistic character
istics of grain boundary segregation become significant to an under
standing of grain boundary segregation behavior. 

5. Conclusions 

In the current work, STEM has been utilized to comprehensively 
characterize grain boundary chemistry in strontium titanate-ferrite at a 
variety of Fe levels, ranging from near the dilute limit (2 % Fe on the B- 
site), to well above the dilute limit (25 % Fe). Cationic segregation was 
probed at both low and high resolution, showing that Fe segregation 
behavior is remarkably consistent across the dopant range which was 
studied. Fe is clearly segregated to the grain boundary core in all Fe- 
containing samples, and Fe segregation widths remain around 1.5 nm 
in all samples. The concentration of Fe which is segregated at the GB is 
shown to increase with increasing bulk Fe content, to the point where 
the Fe content is measured to be 87 % on the B-site at the grain 
boundaries of the 25 % Fe containing sample. In addition, Sr depletion is 
observed at the grain boundaries in all samples, and Ti depletion at the 
grain boundaries is present at higher Fe contents (as Fe is replacing Ti on 
the B-site). Impedance spectroscopy showed that sample conductivity 
increases as Fe content increases. The unvarying Fe segregation widths 
run contrary to expectations of segregation behavior as the overall Fe 
content is altered. In total, the results in this work demonstrate the 
importance of high spatial resolution analysis when attempting to un
derstand the impacts of material doping on grain boundary chemistry. 
Also shown are significant discrepancies between the classic continuum 
models for space charge-driven segregation in strontium titanates and 
the atomistic nature of cationic segregation and depletion at grain 
boundaries in STF. 
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