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Sintering additives are commonly used in ceria-based oxide aiming at decreasing temperatures to prevent
undesired reactions in several applications such as in solid oxide fuel cell functional layers. The role played
by the sintering additive is studied in the case of Fe,Os added to gadolinium-doped ceria (CGO). The
distribution of iron on the CGO nanopowders was measured by a simple chemical method. The enhanced
sintering of CGO is associated with the preferred segregation of iron species at the grain boundaries.
Nevertheless, iron addition was found to change the distribution of gadolinium in the coprecipitated CGO
powders. The saturation of the sintering aid at the grain boundary was induced by increasing the grain size
of CGO. The resulting precipitation of iron-rich grains induced a small increase in the electrical
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Introduction

Doped ceria has been studied extensively as a material for
different electrochemical applications, like solid oxide fuel
cells (SOFC), owing to its high oxygen ion conductivity at
intermediate temperatures (500-800 °C). Such high oxygen
mobility confers to the ceria-based active support's
outstanding catalytic performance, due to its high oxygen
storage capacity and redox catalytic properties.'
Gadolinium-doped (10-20 mol%) ceria (CGO) is notably one
of the most important cerium-based ionic conductors as the
aliovalent dopant increases the concentration of mobile
oxygen ion vacancies resulting in high oxygen conductivity.
Controlling the properties of ceria-based materials requires a
full understanding of the high-temperature mass transport
and diffusion process taking place on such oxides during
both processing and application. Possibly, the main drawback
of cerium-based oxides in a multi-layered device is the high
sintering temperature (usually >1500 °C) needed to obtain a
dense layer."'*® In addition to representing a costlier process,
it can make cofiring of the SOFC unviable due to undesired
reactions between the fuel cell components and poor
mechanical properties resulting from larger grain size. On the
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other hand, keeping a high surface area in high-temperature
applications, such as in chemical looping and heterogeneous
catalysis, in which the catalytic activity of ceria dependence
on the active surface area is a major concern in increasing
the durability of devices using this material.'®"” Therefore,
the energetics of high-surface-area ceria nanoparticles are of
crucial importance for several emerging technologies related
to new energies and sustainable development.

Several methods have been investigated to improve the
sintering of cerium oxides, generally involving the control of
the precursor ceramic powders."®° The main ones include
the addition of sintering additives and the control of both
the size and the morphology of the material.>'>® Wet
chemistry synthesis usually results in nanometric powders
with high sintering activity that promote densification
mechanisms. Moreover, the densification temperature can
further be reduced by the addition of transition metal oxide
(TMO) additives.**®®* Among the different additives, a
particularly interesting TMO is Fe,O3, which in addition to
acting as a sintering aid, has also been shown to improve the
grain boundary conductivity of ceria.**' Additionally, Fe is
present in the interconnect material used in SOFCs and
metal-supported cells, and it can diffuse through the
interfaces into the cell.**** Therefore, it is also important to
study how Fe doping can affect the ceria-based components
of the fuel cell.

The analysis of the distribution of the dopants in the
starting powder of ceria is valuable for understanding the
sintering behaviour of ceria and the dopant's distribution
after sintering is important to analyse the electrical
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properties of the material. Many studies have investigated
TMO-doped CGO. Small amounts (<0.5 mol%) of iron oxide
in CGO resulted in no additional phases after ceramic
sintering.®* Cobalt doping modifies the grain boundary
conductivity and reduces the sintering temperature of CGO
by over 150 °C. However, the cobalt-rich phase segregates®**°
at the grain boundaries of CGO at low sintering
temperatures. Such previous studies have focused on the
sintering and conductivity behaviour of TMO-doped CGO,
but a more detailed characterization of the distribution of
the dopants in the powders is missing. Thus, studying the
distribution of the dopants is an important step towards
further understanding the effect of the dopants on the CGO
properties.

The sintering additive added to a nano-oxide can follow
distinct paths: form a solid solution, segregate at interfaces,
or precipitate a second phase. However, the exact path varies
from system to system, and the relationship between the
amount of additive and the preferred equilibrium state
cannot be predicted with certainty. The extension of the bulk
solubility, for instance, relies on the enthalpy of mixing, the
enthalpy of segregation, and the availability of the grain
boundaries (GB) since the total energy of the system accounts
for the bulk volume and the total interfacial areas.*® The
enthalpy of interface segregation (AH) (eqn (1)) can be
associated with different parameters such as the difference
in interface energy between the dopant and the host (AH,),
the elastic solute strain energy owing to the size difference
between the dopant and host ions (AH.), the solute-solvent
interaction (AH,), and the electrostatic potential/charge
compensation (AH,).>”*®

AHgeq = AHs + AH + AH,, + AH, (1)

The additive is expected to segregate at the interface with
higher energy to minimize the system's overall energy.*
Thus, if the dopant preferably segregates at the grain
boundary, it will decrease the grain boundary energy,
favouring densification. Therefore, the segregation of species
in nano-oxides plays a crucial role in the microstructural
evolution during sintering.

In this study, the effect of sintering aid segregation on the
properties of Fe-doped CGO was investigated. The
distribution of the dopant was quantified revealing the
mechanisms for enhanced sintering of CGO.

Experimental
Synthesis of Fe-doped CGO nanopowders

A solid solution of gadolinium-doped (10 mol%) ceria (CGO),
CGO doped with 1 mol% Fe,0; (1Fe-CGO), and CGO doped
with 5 mol% Fe,0; (5Fe-CGO) were synthesized using an
aqueous precipitation method.*® The precursors used were
cerium(m) nitrate (Ce(NOj3)3:6H,O, 99%), gadolinium(m)
nitrate  (Gd(NO3);-6H,0, 99.9%), and iron(m) nitrate
(Fe(NO3)3-9H,0, 98%), all from Sigma-Aldrich. First, a 200 ml
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aqueous solution containing a total of 6 g of the precursors
was prepared with stoichiometric amounts of cations. Next,
28 g of hexamethylenetetramine (HMT, 99%, Sigma-Aldrich)
was slowly added to the solution under constant stirring for 3
h at 85 °C to obtain the precipitated oxides. The products
were collected by centrifugation, washed by successive
rounds of centrifugation with water and isopropyl alcohol,
dried at 100 °C for 12 h, and then calcined in air at 500 °C
for 2 h.

Powder characterization

Powder X-ray diffraction (XRD) patterns were obtained using
a Philips X'Pert-MPD diffractometer with Cu K, radiation
over the 5-90° 26 range at 0.02° 26 steps per second. The
diffractograms were analysed using the X'Pert Highscore
software to calculate the lattice parameters and crystallite
sizes via the Rietveld method, using MgAl,O, as a standard.

The chemical compositions were determined by
inductively coupled plasma atomic emission optical
spectroscopy (ICP-OES) using a Spectro Across spectrometer.
Powder densities were determined using a Micrometrics
AccuPyc II 1340 gas pycnometer after degassing with 200
purges. The specific surface areas (SSAs) of the samples were
determined by nitrogen gas adsorption measurements (at 77
K) (Micromeritics Gemini VII) according to the Brunauer-
Emmett-Teller (BET) method. Before the analysis, all samples
were degassed under vacuum at 300 °C for ~18 h using a
Micromeritics VacPrep 061. The morphology of the powders
was analysed by scanning transmission electron microscopy
(STEM) using a JEM-2100 (JEOL) microscope operating with a
parallel beam at 200 kV, equipped with a 4k x 4k (TVIPS)
camera. The distribution of the atomic elements of the CGO
and 5Fe-CGO samples was qualitatively analysed using
electron energy loss spectroscopy (EELS) mapping images.

Cylindrical pellets of 6 mm in diameter of CGO, 1Fe-CGO,
and 5Fe-CGO were prepared by uniaxial pressing (1000 kgf
em™2) and sintered at 1200 °C and 1400 °C with 1 h dwelling
time. The microstructures of the sintered samples were
analysed by scanning electron microscopy (SEM, Inspect F50)
with a secondary and backscattered electron detector. The
SEM analyses were conducted on polished and thermally
etched surfaces (1100 °C and 1300 °C for the samples
sintered at 1200 °C and 1400 °C, respectively). The average
grain sizes were evaluated using the Image] software. The
energy dispersive spectroscopy (EDS) elemental mapping of
the CGO samples sintered at 1400 °C was performed with the
SEM JSM-6010LA microscope.

Surface segregation

The surface excess of Fe,O; in CGO nanoparticles was
determined by the superficial lixiviation method following a
protocol described elsewhere.*>*"** Typically, the experiment
was performed by ultrasonicating ~100 mg of the as-
prepared powder with 2 g of 0.1 M HNO; solution (pH = 1)
for 1 h. The separation of the supernatant and the powder
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was carried out by centrifugation at 13000 rpm for 1 h.
Subsequently, ~1 g of the supernatant solution was collected
and diluted in ~10 g of H,0. These solutions were analysed
by ICP-OES to determine the precise composition, providing
the quantity of lixiviated ions from the surface of the
nanoparticles.

Thermo-mechanical and electrochemical characterization

Cylindrical pellets of 6 mm in diameter of CGO, 1Fe-CGO,
and 5Fe-CGO were prepared by uniaxial pressing (1000 kgf
em™?) for dilatometry analysis (TMA). The TMA runs were
carried out using the Setaram Labsys equipment between
room temperature and 1400 °C with a heating rate of 10 °C
min~' under a synthetic air flow of 50 ml min™".

The electrical properties of cylindrical pellets (typically, 10
mm diameter and 2 mm thick) sintered at 1400 °C for 1 h
were analysed by electrochemical impedance spectroscopy
measurements (EIS), under a synthetic air flow, in the
temperature range of 300-800 ©°C.** The impedance
measurements were performed using the Novocontrol
frequency analyser (Alpha A), using a frequency between 10
MHz and 1 Hz and an AC amplitude of 100 mV. A high-purity
gold paste was used to prepare the electrodes in the Au/CGO/
Au symmetric cell configuration. The collected diagrams were
analysed with the ZView software. The total resistance was
measured by EIS, including both the bulk and grain
boundary contributions, and the total conductivity values
were calculated by normalizing the dimensions of the
sample.

Results and discussion
Powder characterization

The chemical composition data of the CGO powders analysed
by ICP-OES are shown in Table 1. The results show that the
measured amount of gadolinium and iron were close to the
nominal ones.

The X-ray diffraction (XRD) patterns of the calcined
samples are shown in Fig. 1. The diffractograms were
indexed to the single-phase fluorite structure of ceria (ICDD
96-900-9009). No second phase was detected by XRD,
suggesting that both gadolinium and iron were either
dissolved in a solid solution or segregated at the interfaces of
the ceria nanoparticles. Broad peaks typical of nanosized
crystallites can be observed. Increasing the Fe content
resulted in a greater broadening of the diffraction peaks,
indicating a decrease in crystallite sizes, as shown in Table 2.

Table 1 Chemical composition of the Fe-doped
determined by ICP-OES

CGO powders

Sample Fe (mol%) Gd (mol%) Fe,O3 (mol%) Gd,O; (mol%)
CGO 0.0 10.6 0.0 5.3
1Fe-CGO 3.0 10.4 1.5 5.2
5Fe-CGO 8.8 9.0 4.4 4.5
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Fig. 1 X-ray diffraction patterns of CGO and Fe-doped CGO.

By using the XRD and BET data, the crystallite size,
lattice parameter, density, specific surface area (SSA), total
specific surface area (TSA), specific GB interface area (SGB),
and SGB/SSA ratio of the samples were determined, as
listed in Table 2. The crystallite sizes decreased as the iron
content increased, a feature associated with the effect of
segregated dopants on reducing the interfacial energies.***’
According to coarsening models, during the isothermal
growth of nanoparticles, the average particle size (d,)
dependence with time (¢) follows a general law of growth

(eqn (2)).
dy — do = kDay(t — to) (2)

where d, is the average particle size at ¢y; D is the diffusion
coefficient; ¢ is the interfacial energy; k is a constant that
depends on the approach to develop the kinetic equation; the
exponent n = 2, 3, ..., generally reflecting the growth
mechanism.*® According to eqn (2), a small crystallite size
can be favoured at a given temperature if the o; is reduced.

The reduction in interfacial energy is intrinsically
connected to interfacial segregation as described in eqn (3),
which is based on an extension of the Gibbs adsorption
isotherm.**>°

0; = 0o — I'AHgeq (3)

where o; is the interface energy of the doped material, o,
represents the interface energy of the undoped material,
AHg, is the enthalpy of segregation, and I3 is the solute
excess at the interface, expressed by n/A, in which n is the
amount of the component at the interface and A is the
interface area. eqn (3) holds for both the solid-gas (surface)
and solid-solid (grain boundary) interfaces. However, such a
relation is strictly valid for systems with a single-phase and
low concentration of dopants.’® Based on eqn (2) and (3),
and the decrease in the crystallite size upon Fe addition, it is
possible to expect that the interface excess is likely to take
place in the Fe-doped CGO samples.

This journal is © The Royal Society of Chemistry 2023
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Table 2 Crystallite sizes, lattice parameters, density, specific surface area (SSA), total specific area (TSA), specific GB area (SGB), and GB/SSA ratio of

CGO and Fe-doped CGO samples

Crystallite  Lattice Density Specific surface area  Total specific area  Specific grain boundary =~ SGB/SSA
Sample sizes (nm)  parameters (A) (g em™) (m>g™) (m> g™ area (m* g ") ratio
CGO 8.5+0.1 5.4277 £ 0.0017 5.397 £0.027 111.4+0.6 154.8 +1.7 21.7 £ 0.9 0.19 + 0.01
1Fe-CGO 7.8+0.1 5.4213 £ 0.0016  5.366 + 0.012  106.9 + 0.5 169.6 + 1.9 314 1.0 0.29 £ 0.01
5Fe-CGO 6.5 +0.1 5.4144 £ 0.0020  4.746 £ 0.020 108.1 £ 0.5 230.1 £ 3.1 61.0 £ 1.6 0.56 £ 0.01

The calculated cubic lattice parameter of the CGO sample
was 5.4277 + 0.0017 A. The CGO lattice parameter is slightly
higher than that of CeO, (a = 5.4110 A, ICDD 96-900-9009).
Such lattice expansion is due to the difference in the ionic
radius of Gd** (0.105 nm) and Ce*" (0.097 nm) with
coordination number VIIL>” Previous studies of similar CGO
samples have reported lattice parameters in the range of
5.4166 A to 5.42 A.*7°'753 The lattice parameters of Fe-doped
CGO linearly decreased as the amount of iron increased in
the sample. This linear relationship can be fitted as a = 5.427
- 0.1733x. It is interesting to note that the CGO lattice
parameter dependence on the gadolinium content usually
deviates from a linear Vegard-type relationship.”* The
observed decrease in the lattice parameter is possibly
attributed to the smaller radius of Fe** (0.078 nm) than that
of both Ce*" (0.097 nm) and Gd*" (0.105 nm).***

The density values of the Fe-CGO powders measured by
gas pycnometry are shown in Table 2. The pycnometer uses
the gas displacement method to accurately measure the
volume of the sample. The measurement procedure includes
consecutive purges to ensure a clean surface, free of water
and other possible adsorbed species before data collection.
The measured density of the CGO powder (5.397 g cm™) was
much lower than the ~7.2 g em™ theoretical density (CeO, -
7.22 g em™?; Gd,O3 - 7.41 g em™). On the other hand, the
density of the CGO sample calculated from XRD data was
7.149 g cm™. Such a difference suggests that the pycnometer
density is possibly affected by the surface of the
nanoparticles. The density of nano-oxides with small
crystallite sizes (<20 nm) has been reported to exhibit lower
values than the theoretical ones.*>**>> Such an effect is still
unclear, but it was attributed to a structural disorder related
to a low-density superficial layer in nanoparticles.*® Since the
surface of nanocrystalline oxides represents a high
percentage of the total volume of the particle, surfaces with a
high number of defects are likely to induce a decrease in the
overall density of the material. This effect is more
pronounced in the Fe-doped samples 1Fe-CGO and 5Fe-
CGO, which have measured densities of 5.366 g cm™ and
4.746 g cm >, respectively. Fe doping can contribute to the
decrease in the density of CGO because of the lower
theoretical density of iron oxide (5.24 g cm™). However, the
lower density of the Fe-doped CGO is likely to be related to
the effect of the decreased crystallite size due to the
segregated iron cations on the surface of the ceria particles.

The specific surface areas of the CGO, 1Fe-CGO, and 5Fe-
CGO samples were 111.4, 106.9, and 108.1 m> g,

This journal is © The Royal Society of Chemistry 2023

respectively. The addition of iron to the CGO slightly
decreased the SSA, which can be associated with the dopant
distribution into the CGO matrix. The SSA can also be related
to the calculated total specific surface area (TSA) and specific
GB interface area (SGB) shown in Table 2. The TSA was
calculated using eqn (4), assuming tetrakaidecahedral grains,
by:
7.1

TSA = o (4)

where p is the measured density (Table 2) and d is the
crystallite size. The TSAs of all samples were higher than the
SSA, indicating that the particles are agglomerated. The
higher the difference between SSA and TSA, the higher the
specific grain boundary area (SGB), which can be calculated
according to eqn (5).

(TSA-SSA)
SGB = —— 7

(5)
The (TSA - SSA) difference is divided by two because each
grain boundary is shared by at least two grains. The SGB
increased as the amount of iron increased in the system. This
behaviour indicates a possible preference of the dopant
towards the GB segregation. As shown in eqn (3), the
interface energy is directly related to interface segregation.
Thus, if the SGB area increases, it means that the GB is
becoming more thermodynamically stable than the surface,
which indicates a reduction in the GB energy and an increase
in GB excess.*>"°

The addition of Fe in the CGO resulted in single-phase
compounds, ie., no secondary phase was detected by XRD
(Fig. 2). Therefore, the dopant is either dissolved in solid

Spatial Drift

Fig. 2 STEM EELS of CGO.
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solution or segregated at the interfaces. Although it is
difficult to precisely determine the solubility limit of Fe,O;
into CGO nanoparticles, similar systems, e.g., Fe,O;-doped
SnO,, pointed out to a very low iron solubility, with the major
fraction of the dopant segregated at the grain boundaries.*"

To further investigate the dopant's distribution on the
CGO nanoparticles, the surface segregation was directly
measured by using the selective solubility method. Such a
surface lixiviation method was previously proposed and
tested in similar oxide systems.*®* The method is based on
the solubility difference between the dopant and the matrix,
in which an acid solution selectively removes the exposed
ions at the surface of the nanoparticle. Considering that the
acid solution cannot access the ions located in both the GBs
and the bulk, it is possible to determine the surface excess by
quantifying the ion content in the solution used for the
lixiviation of the surface. Following the procedure detailed in
the Experimental section, the surface excess (/) for the
present system was calculated according to eqn (6):

I'=n/SSA (6)

where n is the number of moles of dopant lixiviated for each
sample.

The surface excess was measured for the three metals
presented in this system (Table 3). Only a small amount of
cerium was detected in the lixiviated solution, 0.006, 0.060,
and 0.076 umol m > for CGO, 1Fe-CGO, and 5Fe-CGO
respectively, confirming the stability of cerium oxide in
nitric acid. It is interesting to observe that ~0.2 pumol m™
of Gd segregated on the surface of CGO nanoparticles,
while Fe-doped samples exhibited a larger amount of
lixiviated Gd. Thus, the experimental results showed that
adding a sintering aid in Gd-doped ceria changes the
distribution surface cations and possibly the formation of
the ceria:gadolinia solid solution; a feature that influences
both the sintering and the electrochemical properties of
ceria-based compounds. The Fe®* ion surface excess for
1Fe-CGO was very low (0.007 pmol m™), suggesting that
the main fraction of the dopant was either in a solid
solution or segregated at the GBs. However, for the 5Fe-
CGO, a pronounced increase in iron concentration (0.139
umol m™) was detected on the surface as shown in
Table 3. In the Fe-CGO system, upon increasing the iron
content from 1 mol% Fe,0;, both the bulk and the grain
boundary reach saturation and the surface excess /" rapidly

Table 3 Fe, Gd, and Ce surface excess (I) of CGO and Fe-doped CGO
samples

I (umol m™)
Sample Fe Gd Ce
CGO 0.001 = 0.000 0.197 + 0.001 0.006 + 0.000
1Fe-CGO 0.007 + 0.000 0.246 + 0.001 0.060 + 0.000
5Fe-CGO 0.139 + 0.001 0.245 + 0.001 0.076 + 0.000
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Spectrum Image

Fig. 3 STEM EELS of 5 mol% Fe-doped CGO.

increases with increasing Fe content. The lixiviation method
showed the interaction of Gd and the sintering aid and the
distribution of the dopants in the material. Such a
distribution has a direct impact on the properties of ionic
conductors synthesized using simultaneous doping for ionic
conductivity (Gd) and as a sintering aid (Fe).

Fig. 2 and 3 show the STEM-EELS images for CGO and
5Fe-CGO, respectively. The images evidenced that the
nanoparticles are highly agglomerated, which confirms the
high specific GB area data listed in Table 2. The EELS
mapping images show that the atomic elements were
homogeneously distributed on the surface of the
nanoparticles. For the CGO, iron was not detected, whereas
for the 5Fe-CGO sample, iron was equally distributed along
with cerium, gadolinium, and oxygen.

The experimental findings show that iron segregated in
CGO on the surface and at the GB, the GB being the
dominant segregation. The increased GB area observed in the
powders doped with 5 mol% Fe,O; suggests that the dopant
affects the solid-solid interface (GB) to facilitate the sintering
process.

Sintering and electrochemical characterization

The temperature dependence on the linear shrinkage and
shrinkage rate profiles for the Fe-CGO samples are shown in

ALy (%)

25— 1Fe-CGO
5Fe-CGO

~1100°C, ~ 1270 °C] 1
|

~ 880 °C1

d(AL/Ly)idt

400 ] 600 800 1000 1200 1400

Temperature (°C)

Fig. 4 Linear shrinkage profiles (top) and the differential shrinkage
with respect to time (bottom) for CGO, 1Fe-CGO, and 5Fe-CGO
samples.
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Fig. 4. All samples exhibited an onset of linear shrinkage at
~600 °C. The CGO sample had a temperature-driven
retraction of ~20% at 1400 °C while Fe-doped samples had a
~28% retraction at the same sintering temperature. The Fe-
doped samples showed two pronounced rate maxima in the
shrinkage rate profiles. Such a two-stage densification
mechanism is usually observed in composite materials and
possibly reflects the segregated iron on the surface of the
particles.”>” The two well-defined maxima of linear
shrinkage rates for Fe-doped samples are associated with the
densification and grain growth mechanisms.’® The 1Fe-CGO
sample exhibited the first maximum at ~1100 °C, whereas
the 5Fe-CGO had the first significant retraction shifted to a
lower temperature (~880 °C). The second maximum of both
Fe-doped samples coincides at ~1270 °C. It is observed that
with increasing Fe content, the activation energy for
densification decreased, as there was a displacement of the
peaks of maximum shrinkage (sintering activity) to lower
temperatures. The shrinkage profiles suggest a change in the
densification mechanism after Fe doping. There is an
indication that surface reactivity is increased with Fe doping.
Such an effect is related to the segregation of iron at the
grain boundary interface, minimizing the GB energy and
favouring the elimination of high-energy solid-gas interface
leading to densification. From the experimental results, it is
verified that the addition of small amounts of Fe alters the
sintering mechanism, increasing the densification rate and
reducing the CGO sintering temperature.

To further study the effect of Fe doping on CGO, a
temperature close to the maximum activity of the CGO
sample was chosen, ie., T = 1200 °C. Fig. 5 shows the
microstructure of the polished and thermally etched samples
sintered at 1200 °C. The observed features agree with the
discussed densification processes based on dilatometric
analysis (Fig. 4). The CGO sample sintered at 1200 °C

Fig. 5 SEM images of polished and thermally etched cross-sections of
(a) CCO, (b) 1Fe-CGO and (c) 5Fe-CGO, sintered at 1200 °C. Insets
show a higher magnification region.

This journal is © The Royal Society of Chemistry 2023
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1Fe-CGO
1400°C

Fig. 6 SEM images of polished and thermally etched cross-sections of
(a) CGO, (b) 1Fe-CGO and (c) 5Fe-CGO, all sintered at 1400 °C. Insets
show a higher magnification.

(Fig. 5a) exhibited a porous structure with neck formation
and particles forming distinguishable grain boundaries,
compatible with an intermediary stage of densification. On
the other hand, the SEM images of samples 1Fe-CGO and
5Fe-CGO (Fig. 5b and c¢) show considerably higher
densification (~90% relative density) compared to CGO at
the same temperature. This result confirms the effectiveness
of Fe as a sintering aid. The addition of the sintering aid had
a marked effect on the grain size of the ceramics. The
calculated average grain size values for the CGO, 1Fe-CGO,
and 5Fe-CGO samples were 0.018 + 0.021 um, 0.24 + 0.14 um
and 0.37 + 0.19 pm, respectively.

Fig. 6 shows the SEM images of the polished and
thermally etched samples sintered at 1400 °C. Increasing
the sintering temperature of the CGO to 1400 °C had no
significant effect on the porosity as compared to the sample
sintered at 1200 °C (Fig. 5). Such results indicate that the
critical pore size was exceeded in intermediate sintering
stages, preventing further densification with increasing
temperature. The SEM images in Fig. 6b and c show that
the 1Fe-CGO and 5Fe-CGO samples have achieved a higher
densification at this temperature (>95% relative density).
The 1Fe-CGO sample exhibited little residual porosity,
mostly located at the triple points, while in the 5Fe-CGO
sample, the pores were eliminated. The 1Fe-CGO sample
presented an average grain size of 2.87 + 0.98 um and the
5Fe-CGO sample an average of 2.69 + 1.08 um, representing
a ten-fold increase in grain size compared to the sample
sintered at 1200 °C. A similar grain growth for both
samples is consistent with the shrinkage profiles (Fig. 4)
that show the maximum shrinkage rate and final stage of
sintering activity at the same temperature (1270 °C), as well
as a similar intensity of the peak related to the maximum
shrinkage rate.

In Fig. 6, a distinctive contrast difference between some
grains reveals darker grains in the Fe-doped samples
(indicated by yellow arrows). Such dark grains increased with
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Fig. 7 SEM images of polished and thermally etched cross-sections
and corresponding EDX elemental mapping of (a) 1Fe-CGO and (b)
5Fe-CGO, both sintered at 1400 °C.

increased Fe doping and were absent in the samples sintered
at 1200 °C (Fig. 5). The EDS analysis was carried out, and the
resulting elemental distribution maps of the Fe-doped
samples are shown in Fig. 7. A clear correspondence between
the EDS and phase contrast in SEM images evidenced that
dark grains are isolated Fe-rich grains formed in both 1Fe-
CGO and 5Fe-CGO sintered samples. The calculated
volumetric fraction of Fe-rich grains was estimated at 1 and 5
vol% for the 1Fe-CGO and 5Fe-CGO samples, respectively.
The formation of a second Fe-rich phase at 1400 °C
indicates that the system reached the grain boundary
saturation.>® With increasing sintering temperature, as the
grains grow, the grain boundary specific area decreases and
the net concentration of dopant increases.’® The increased
dopant concentration rapidly increases the concentration of
solute atoms segregated at the GBs which eventually results
in the formation of a Ferich second phase.*”®" The
secondary phase was further observed by the XRD of the
samples heated to 1400 °C shown in supplementary Fig.
S1,f where additional peaks are observed for the Fe-doped
samples and are attributed to the gadolinium iron oxide
phase (ICDD 00-048-0077). Such peaks were not observed in
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Fig. 8 Nyquist plots of CGO and Fe-doped CGO samples sintered at
1400 °C measured under a synthetic air flow at 300 °C. Inset shows
the expanded high-frequency region.
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the samples treated at 1200 ©°C, in which the grain
boundary surface was high enough to promote the
solubility of segregated iron.

The influence of Fe doping on the electrical properties of
the CGO samples was measured by EIS. Fig. 8 shows the EIS
diagrams of the samples at 300 °C under synthetic air. The
EIS diagrams of studied samples are qualitatively similar,
showing a small semicircle at the high-frequency end, with
relaxation frequency > 10° Hz, and a second semicircle at
intermediary frequencies (10°-10* Hz) that is convoluted with
the electrode polarization spike at the low-frequency end.
The EIS diagrams can be fitted with the equivalent circuit
(RLCPE)(RgbCPEgy), where Ry, ) and CPE(, o1, represent the
resistance (R) and capacitive components (constant phase
element, CPE) of the bulk (b) and grain boundary (gb). Fe-
doped samples with high apparent density (~95%) have
lower total resistivity compared to the CGO sample. Such a
decrease is mainly observed in the Ry, component, which is
considerably larger in CGO than in the Fe-doped samples.
The bulk resistances of all samples are in the same range
revealing that the Fe had a less marked effect on the bulk
conductivity of the Fe-doped samples. Nevertheless, 5Fe-CGO
has the smallest Ry, value. The observed properties agree with
the microstructure of the samples shown in Fig. 6 and
previous EIS data on porous solid electrolytes, in which the
blocking of charge carriers is mainly observed in the grain
boundary frequency range.®

The similar microstructure, grain size, and density of
samples sintered at 1400 °C allow the evaluation of the CGO
ionic conductivity with increasing Fe addition. The EIS
measured under 4% H,/Ar (not shown) was used to assess
the performance of the Fe-doped samples at a reducing
atmosphere. Under low oxygen partial pressure (po,), the bulk
(R,) and GB resistances (Ryp,) exhibit a mixed ionic-electronic

T (°C)
0 800700 600 500 400 300
= CGO air
294w K = 1Fe-CGO air
> m  5Fe-CGO air
41 $in > 1Fe-CGO 4% H,/Ar
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a
o
= 2=091eVv
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Fig. 9 Arrhenius plots of the total electrical conductivity of CGO and
Fe-doped CGO samples sintered at 1400 °C measured under a
synthetic air flow and 4% H,/Ar.
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conductivity.®*®* The increase in Fe content decreased both
bulk and GB resistances at low po,. Under a reducing
atmosphere, iron oxide (Fe,O3;) has been reported to reduce
to Fe;0, at 300 °C and then to metallic Fe at 450 °C.°® The
secondary Fe-rich phase, observed in Fig. 7, is prone to
reduce and therefore exhibiting a relatively high electronic
conductivity, which also decreases the bulk resistance of the
Fe-doped CGO samples.

Arrhenius plots of the total conductivity obtained under
synthetic air and 4% H,/Ar are shown in Fig. 9. All samples
exhibited Arrhenius-type thermally activated temperature
dependence of the total electrical conductivity. At high po,
(synthetic air), the electrical conductivity is mostly ionic,
whereas in 4% H,/Ar, a large fraction of electronic charge
carriers develops. At high temperatures and low po, ceria
exhibits an n-type conductivity due to its double valence
state.®®°® The higher conductivity of ceria under hydrogen is
related to the mixed ionic-electronic properties of the ceria-
based materials. The calculated activation energies of CGO
are comparable to previously reported values®® and have no
significant dependence on the Fe content. The addition of Fe
increases the density of the samples, and therefore increases
the total conductivity of the samples sintered at 1400 °C.

Conclusions

The distribution of Fe added as a sintering aid in gadolinia-
doped ceria was investigated. Iron segregates preferentially at
the solid-solid interface (grain boundaries) of agglomerated
ceria nanoparticles rather than in the bulk as a solid
solution. The segregated iron species at the grain boundary
are the ones to promote grain size decrease and faster
densification of CGO. The results revealed a surface excess of
0.139 umol m™? for 5 mol% Fe-doped CGO, which is
associated with an increase in the specific grain boundary
area. The sintering studies showed that Fe promoted the
densification of CGO at a lower temperature than that of
undoped ceria-gadolinia. Grain boundary saturation of the
additive was observed with increasing sintering temperature
due to the decrease in the specific GB area, leading to the
formation of Fe-rich grains at 1400 °C. The effect of the
dopant on the electrical properties was mainly attributed to
the increased density of Fe-doped samples. Iron doping had
a small effect on the mixed ionic electronic properties of the
CGO samples.
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