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and Stefan Baumann a

Mixed-conducting composites play pivotal roles in ceramic devices for advancing efficient and

environment-friendly energy consumption and conversion processes. Conventionally, these materials

are synthesized via the blending of distinct conducting phases, where grain percolation of each phase is

considered essential. This approach inevitably leads to intertwined networks interspersed with inactive

regions, limiting the overall performance. This study challenges this conventional paradigm by proposing

an alternative percolation mechanism that circumvents the need for strict grain connectivity. The

mechanism is demonstrated in composites of doped ceria with iron–cobalt oxide additives, where grains

of the doped ceria constitute over 80 vol% and are nearly completely percolated for efficient and rapid

ionic conduction. Remarkably, even though the additive-induced electronic conducting grains occupy

less than 20 vol% and are distributed as islands, the observed electronic conductivity far surpasses

conventional predictions. This anomaly is attributed to the accumulation of charge carriers at ceria grain

boundaries, which facilitates electronic conduction. Through extensive structural and compositional

analyses at micro- and nanoscale levels, the study unveils novel insights into the intricate architecture of

this advanced percolation network. Furthermore, the optimization of these composites is achieved by

enriching iron and cobalt cations at ceria grain boundaries, while inhibiting grain coarsening. This

delicate balance culminates in excellent and sustainable mixed conductivity for oxygen permeation, thus

advancing the potential of mixed-conducting composites for applications in clean and efficient energy

technologies.
Introduction

Mixed ionic and electronic conducting materials are indis-
pensable in deploying electrochemical ceramic devices to
supplant high carbon-emitting industrial processes and facili-
tate energy conversion from green sources.1,2 For instance, these
materials are widely applied as dense membranes in catalytic
membrane reactors for partial oxidation of hydrocarbons,3
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hydrogen purication,4 and water splitting,5,6 as well as porous
electrodes in solid oxide fuel cells (SOFCs) for green power
conversion.7

Perovskite oxide compounds such as Ba0.5Sr0.5Co0.8Fe0.2O3−d

and La0.6Sr0.4Co0.2Fe0.8O3−d are widely recognized for their
excellent mixed ionic and electronic conductivity.8,9 However,
these materials suffer from poor chemical and dimensional
stability in application-relevant atmospheres involving CO2,
H2O, CH4, H2S, and/or SO2.10,11

By contrast, the uorite-type compounds, such as ZrO2

stabilized by Y or/and Sc,12–14 as well as CeO2 doped with triva-
lent rare earth elements (Gd, Sm, and Nd), demonstrate supe-
rior chemical compatibility with corrosive gas species.15,16

Unfortunately, Y- or Sc-stabilized ZrO2 shows negligible elec-
tronic conductivity within the application temperature range of
800–1000 °C.17 Similarly, trivalent lanthanide (Gd, Sm, and Nd)
doped CeO2 functions predominantly as a pure ionic conductor
across a broad range of oxygen partial pressure from 0.21 atm to
∼10−15 atm in the same temperature window.18 To introduce
mixed conductivity in CeO2, lanthanide dopants with mixed
valence states, e.g., Pr and Tb, can be utilized.19–21 In addition,
This journal is © The Royal Society of Chemistry 2025
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the electronic conductivity can be enhanced by adding a single
or binary oxide containing redox-active transition metal
element(s).22–27 At sufficiently high concentrations, these addi-
tives form an interconnected grain network supporting
substantial electronic conductivity. However, excessive additive
content leads to a volumetric dilution of the uorite matrix and
disrupts the contiguity of uorite grains,28 both of which are
detrimental to the already sluggish ionic conduction. Thus, it is
essential to minimize the additive content while ensuring
effective electronic percolation. Experimental ndings suggest
that even a minor addition (∼2 mol%) of Fe, Co or Cu cations to
doped CeO2 can feasibly induce p-type electronic conduction
under air condition.29,30

These additives do not form separate electronic conducting
grains but predominantly segregate at ceria grain boundaries,
existing as point defects or a thin amorphous layer.30,31 In this
case, the electron/hole conduction occurs along ceria grain
boundaries, as illustrated by schematic I in Fig. 1(a). The cor-
responding electronic conductivity (line I in Fig. 1(b)) for
2 mol% Co-modied Ce0.8Gd0.2O2−d exhibits a high activation
energy and remains approximately an order of magnitude lower
than the ionic conductivity.29 Consequently, the resultant elec-
tronic conductivity is insufficient for high-performance elec-
trochemical applications, particularly when compared to CeO2

doped with mixed-valence cations such as Pr. A likely cause is
the low concentration of charge carriers at ceria grain
boundaries.
Fig. 1 Schematic illustrations (a) and the corresponding electronic c
boundaries serve as critical pathways formixed ionic and electronic cond
electronic conductor, respectively, with intergranular gaps denoting grai
different concentrations. Red and black line arrows represent electroni
transport and thinner ones indicating slower conduction. In (b), lines I,
modified Ce0.8Gd0.2O2−d,29 20 vol% CoFe2O4–80 vol% Ce0.8Gd0.2O2−d,27

electronic conductivity values of line II are estimated to be equal to a
approximately one order of magnitude higher.27 For comparison, the el
O2−d

32 are also presented. The respective activation energies, expressed

This journal is © The Royal Society of Chemistry 2025
An alternative and underexplored composite architecture is
proposed herein, as illustrated by schematics II and III in
Fig. 1(a). In this structure, the transition metal oxide additive(s)
not only forms islands of electronic conducting grains within
the ceria matrix but also decorates ceria grain boundaries with
transition metal element(s). This conguration enables ceria
grain boundaries to act as an “electronic conducting shuttle”
between adjacent electronic conducting grains. As compared to
the system in schematic I where ceria grain boundaries serve as
the sole electronic conducting channels, this arrangement can
offer physically shortened paths for electrons/holes along ceria
grain boundaries without blocking ionic conduction pathways
across ceria grain boundaries. However, experimental results
reveal striking conductivity differences between two similar
structure representatives: 80 vol% Ce0.8Gd0.2O2−d–20 vol%
CoFe2O4 (ref. 27) and 81.5 vol% Ce0.8Gd0.2O2−d–18.5 vol%
FeCo2O4.16 Their electronic conductivities, plotted as lines II
and III in Fig. 1(b), differ by over two orders of magnitude. The
20 vol% CoFe2O4 additives fail to overcome the electronic
conductivity bottleneck of Ce0.8Gd0.2O2−d. A likely cause is the
insufficient transition metal segregation at ceria grain bound-
aries (schematic II in Fig. 1(a)), which results in highly tortuous
electronic conducting paths. By contrast, the addition of
18.5 vol% FeCo2O4 leads to enriched transition metal segrega-
tion at ceria grain boundaries (schematic III in Fig. 1(a)),33

signicantly accelerating electronic transport along ceria grain
boundaries.16
onductivities (b) of microstructural configurations where ceria grain
uction. In (a), blue and yellow polygons represent grains of the ionic and
n boundaries. Black dots of varying densities indicate charge carriers at
c and ionic pathways, respectively, with thicker ones signifying faster
II, and III correspond to the electronic conductivities of 2 mol% Co-
and 18.5 vol% FeCo2O4–81.5 vol% Ce0.8Gd0.2O2−d,16 respectively. The
mbipolar conductivities, given that the ionic conductivity values are
ectronic conductivity values of pure Ce0.8Gd0.2O2−d

29 and Ce0.8Pr0.2-
in kJ mol−1, are annotated next to the plotted data.

J. Mater. Chem. A, 2025, 13, 14940–14956 | 14941
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Given these ndings, further optimization of this composite
architecture is imperative to maximize concurrent ionic and
electronic conduction. The network geometry and ceria grain
boundary composition are expected to have critical effects. To
the best of our knowledge, the impact of network geometry has
not yet been thoroughly investigated and discussed. While the
ceria grain boundary composition is known to govern electronic
percolation, its precise modulation and characterization have
proven challenging. Additionally, its inuence on ionic
conductivity remains unclear.

In this work, we systematically address these open questions
and challenges using FeCo2O4 modied Ce0.8Gd0.2O2−d mixed
conductors as a model system. The FeCo2O4 content is limited
to 15 wt% (∼19.05 vol% or ∼11.44 mol%), i.e., a concentration
insufficient for realizing grain percolation. Notably, these two
components exhibit strong chemical interactions, leading to
the formation of a new electronic conducting GdFeO3-type
perovskite, in which Ce substitutes for Gd and Co for Fe.16,28,34,35

This strong interaction provides an excellent opportunity to
tailor grain boundary composition and properties. Our results
demonstrated that sintering conditions signicantly inuence
the grain boundary structure and segregation. We further
introduce a novel approach, wherein Gd2O3 as an additional Gd
source is incorporated to enhance phase interactions and
optimize the grain boundary environment.

To elucidate the fundamental mechanisms governing mixed
conduction, grain boundary characterization is performed at
the nanoscale using scanning transmission electron micros-
copy, combined with energy-dispersive X-ray spectroscopy.
Microscale analysis is conducted using scanning electron
microscopy and electron backscatter diffraction to quantita-
tively assess the microstructural evolution and geometric effects
on conduction pathways. Finally, the advances in grain
arrangement and grain boundary composition in mixed ionic
and electronic conduction are evaluated through electro-
chemical impedance spectroscopy and performance testing in
oxygen separation/purication applications.
Experimental
Material preparation

The FeCo2O4 modied Ce0.8Gd0.2O2−d (FC-CGO) mixed
conductors were synthesized via a solid-state reactive sintering
process,34,36 wherein 85 wt% of Ce0.8Gd0.2O2−d (Treibacher
Industrie AG, 99%) was ball-milled in ethanol with 15 wt%
FeCo2O4. The latter was prepared from a rawmaterial mixture of
Fe2O3 (Merck, 99%) and Co3O4 (Merck, 99%) in a 3 : 4 mole
ratio. Although FeCo2O4 spinel was not pre-synthesized, high-
temperature XRD analysis revealed that a complete chemical
reaction between Co3O4 and Fe2O3 occurs at ∼900 °C, yielding
FeCo2O4 spinel.36 The dried and sieved powders were pressed
into pellets at∼19 MPa and densied aer a single-step heating
in air at a rate of 3 K min−1 to either 1050 °C or 1200 °C for 10 h.
Details of sample preparation and treatment that are not
specic here can be found in a previous study.36 The samples
are denoted as FC-CGO_LT and FC-CGO_HT, with “LT” and
14942 | J. Mater. Chem. A, 2025, 13, 14940–14956
“HT” referring to the sintering temperature of 1050 °C and
1200 °C, respectively.

To promote phase interaction, the total Gd content in the FC-
CGO powder was further increased by adding Gd2O3 (Sigma-
Aldrich, 99.9%) until the overall Gd/Ce ratio from 2 : 8 to 3 : 7.
This resulted in a composition of approximately 8.1 wt% Gd2O3,
13.8 wt% FeCo2O4, and 78.1 wt% Ce0.8Gd0.2O2−d. The same
synthesis procedures were then applied to this composition,
and the resulting sample is referred to as FCG-CGO_HT.

Additionally, four other conductors were synthesized for
comparison analysis. A pure ionic conductor (IC), sintered from
Ce0.8Gd0.2O2−d with minor Fe2O3 addition, represents the
uorite-type ionic conducting phase resulting from phase
interaction in the FeCo2O4 modied Ce0.8Gd0.2O2−d

composites.28

A pure electronic conductor (EC), synthesized as a composite
containing spinel, rock-salt, and perovskite phases, represents
the collective performance of all electronic conducting phases
present in the FeCo2O4 modied Ce0.8Gd0.2O2−d.28

Two mixed conductors (40FC-CGO_HT and CF-CGO_HT)
were prepared from 40 wt% FeCo2O4–60 wt% Ce0.8Gd0.2O2−d

and 15 wt% CoFe2O4–85 wt% Ce0.8Gd0.2O2−d, respectively.
The preparation steps for these additional samples are

detailed in ESI Note 1.†

Phase and microstructure investigation

Microstructural characterization and phase analysis were per-
formed on polished sample cross-sections using scanning
electron microscopy (SEM; Merlin, Carl Zeiss Microscopy,
Oberkochen, Germany) and electron backscatter diffraction
(EBSD; NordlysNano, Oxford Instruments, Wiesbaden, Ger-
many). The volume fraction of each phase was estimated by
assuming area fraction equivalence,37 determined via image
analysis using the HKL Channel 5 soware package based on
the EBSD results. Grain percolation and tortuosity calculations
were performed using the open-source toolkit PoreSpy.38

Grain boundary characterization

Cross-sectional samples were prepared via focused ion beam
(FIB) milling using a FEI Strata 400 system equipped with Ga
ion beam. Further thinning and cleaning were applied to the
lamellas using an Ar ion beam in a Fischione Nanomill 1040 at
900 eV and 500 eV beam energy, respectively. Transmission
electron microscopy (TEM) and energy-ltered TEM (EFTEM)
imaging were conducted using a FEI Tecnai F20 at 200 kV. High
resolution high-angle annular dark-eld (HAADF) imaging,
energy-dispersive X-ray spectroscopy (EDXS) chemical mapping,
and electron energy loss spectroscopy (EELS) spectrum imaging
were performed using a FEI Titan G2 80-200 ChemiSTEM
microscope. This system was equipped with an XFEG, a probe
Cs corrector, a Super-X EDXS system, and a Gatan Ennium ER
(model 977) spectrometer with DUAL EELS acquisition capa-
bility.39 A convergence semi-angle of 22 mrad was approximated
for scanning transmission electron microscopy (STEM) imaging
and EDXS mapping with a typical time of around 10 minutes.
Background subtraction was applied to improve signal clarity.
This journal is © The Royal Society of Chemistry 2025
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The collection semi-angles were 80–220 mrad for HAADF
imaging. The image quality was enhanced by application of an
iterative rigid alignment algorithm, followed by smoothing
using a non-linear ltering algorithm.40

Performance assessment

The material performance was assessed via total conductivity
measurements and oxygen permeation experiments.

Total conductivity (stot), dened as the sum of ionic (si) and
electronic conductivity (se) (see eqn (1)), was measured under
air and argon (Ar) conditions using electrochemical impedance
spectroscopy (EIS) at frequencies from 0.1 Hz to 10 MHz.

Measurements were conducted every 50 K from 900 °C to
750 °C. Prior to measurements, silver paste was brushed on the
polished sample surfaces, and red at 900 °C for 1 h to form
a thin current-collecting silver layer. Each sample was saturated
at the target temperature for 1 h before measurement.

stot = si + se (1)

Oxygen permeation was measured using a 4-end in-house
built setup. To eliminate surface exchange limitations, the
sintered pellets were polished and screen printed with a ∼4 mm
thick porous La0.58Sr0.4Co0.2Fe0.8O3−d coating on both sides.34,41

The coated pellets were then sealed with gold rings and
mounted in glass tubes at∼1020 °C under pressure. One side of
each pellet was fed with air at a ow rate of 250 ml min−1, while
the other side was swept by Ar at a ow rate of 50 ml min−1.
Oxygen ux was recorded at steady-state conditions every 50 °C
from ∼1000 °C down to ∼850 °C, and then normalized by the
oxygen partial pressure gradient across the pellet to determine
oxygen permeance. If the permeation process is limited by bulk
diffusion rather than surface exchange, oxygen permeance can
be described by eqn (2).34,41

Oxygen permeance ¼ R

16F 2
� 1

L
� samb � T (2)

where samb is the ambipolar conductivity, as dened by eqn (3).
T is the temperature, R is the gas constant, L is the total
membrane thickness, and F is the Faraday constant.

samb ¼ si � se

si þ se

(3)

The partial conductivity values (si and se) were calculated by
combining eqn (1) and (3).

The temperature dependence of conductivity was assessed
using activation energy, determined from:

lnðconductivity� TÞ ¼ � Ea

R� T
þ k (4)

where Ea is the activation energy and k is the rate constant.

Results and discussion
Material characterization

Microstructure and composition. The sintered samples
generally exhibit gas-tight microstructures with minimal
This journal is © The Royal Society of Chemistry 2025
residual porosity, as evidenced by Fig. 2(a, c and e). Each sample
comprises three primary groups of grains, distinguishable by
their varied appearances and morphologies. According to
previously published ndings,42 concave-shaped grains corre-
spond to newly formed Gd, Fe-rich oxides, while grey and dark
grey grains are assigned to a Ce–Gd oxide, and Fe–Co oxides,
respectively. The Ce–Gd oxide grains form a continuous matrix
that encases the other phases, which are homogeneously
distributed as discrete islands, with no observable long-range
percolation in the 2D view in Fig. 2.

Further analysis via EBSD on randomly selected cross-
sections, as shown in Fig. 2(b, d and f), conrms the crystallo-
graphic nature of these grains. The grains of the Ce–Gd oxide
and the Gd, Fe-rich oxide adopt a Ce1−xGdxO2−d uorite and
a GdFeO3-type perovskite structure, respectively, while the Fe–
Co oxide grains exhibit either a spinel or a rock-salt structure.
Notably, the Ce1−xGdxO2−d uorite phase, which serves as the
ionic conducting phase, constitutes over 80 vol% in every
sample due to the 85 wt% Ce0.8Gd0.2O2−d precursor input.
Whereas, the electronic conducting phases, possessing perov-
skite, spinel, and rock-salt structure,28 collectively remain below
the theoretical percolation threshold value of 30 vol%.

A comparative assessment reveals that FC-CGO_LT and FC-
CGO_HT contain similar proportions of individual electronic
conducting phases. However, FCG-CGO_HT exhibits a higher
concentration of perovskite and rock-salt phases, coupled with
a reduced fraction of the spinel phase. The increased perovskite
formation in FCG-CGO_HT suggests an enhanced phase inter-
action due to the incorporation of Gd2O3.

Fig. 3 provides an in-depth illustration of the grain percola-
tion characteristics of ionic and electronic conducting phases,
using FC-CGO_HT as an example. As depicted in the right
column of Fig. 3(a), nearly all grains of the ionic conducting
phase contribute to forming a percolating network. In contrast,
as shown in the middle column of Fig. 3(b), the grains of elec-
tronic conducting phases fail to form a percolating network due
to their insufficient volume. Similar results are observed for FC-
CGO_LT and FCG-CGO_HT samples, as shown in Fig. S1(a–d).†

Critical geometry factor for ionic conduction. A mixed
conductor composed of both ionic and electronic conducting
phases exhibits a lower effective ionic conductivity than a pure
ionic conductor, when considering identical macroscopic
geometry (characterized by area – S and length/thickness – L).
This reduction primarily arises from two factors: (i) volumetric
dilution of the ionic conducting phase due to the presence of
electronic conducting phases and (ii) increased tortuosity
within the ionic conduction network.

The effective geometry factor for ionic conduction is derived
from the apparent geometry factor (L/S) through eqn (5),43,44

which is schematically depicted in the inset of Fig. 4(a).�
L

S

�
effective

¼ L

S
� si

Vi

¼ L

S
�NM (5)

where si represents the tortuosity of the ionic conducting
network, and Vi denotes the volume fraction of the ionic con-
ducting grains. The si/Vi ratio is known as the so-called Mac-
Mullin number (NM).43,44 Given that si > 1 and Vi < 1 in any
J. Mater. Chem. A, 2025, 13, 14940–14956 | 14943
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Fig. 2 Microstructural characterization via SEM (left column) and EBSD phasemappings (right column) for FC-CGO_LT (a and b), FC-CGO_HT (c
and d) and FCG-CGO_HT (e and f). In these images, black dots and lines correspond to pores and grain boundaries, respectively. The annotation
given below delineates the specific phases corresponding to the numbered and color-coded grains, with their respective volume fractions
provided alongside the individual phase mappings. (a, c and d) were adapted with permission from the previously published studies.34,36
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composite system, NM is always greater than 1. Consequently,
a low NM (indicative of a low si and a high Vi) of the ionic con-
ducting phase reects high ionic conduction efficiency.

The calculated NM values, presented in Fig. 4(a), follow an
increasing trend: FC-CGO_HT < FC-CGO_LT < FCG-CGO_HT.
This trend is consistent with the volumetric increase of the
ionic blocking but electronic conducting phases, as well as the
rise in tortuosity (from 1.503 to 1.566, and to 1.581) of the ionic
conducting network. These NM values are more than one order
of magnitude lower than the one (∼34.55) calculated for 40CF-
CGO_HT, where the high concentration (∼41.2 vol%, Fig. S2(a
and b)†) of electronic conducting grains leads to severely
limited ionic conduction paths with a tortuosity of ∼18.44
(Fig. S1(e and f)†).

Critical geometry factor for electronic conduction. For elec-
tronic conduction, a distinct geometry factor was applied
14944 | J. Mater. Chem. A, 2025, 13, 14940–14956
because the electronic conducting grains are spatially isolated.
Considering electronic conduction between the neighboring
electronic conducting grains, the critical geometry factor can be
represented by the distances between neighboring electronic
conducting grains. These distances were analyzed here via the
mean linear interception method. Briey, this method involves
20 randomly placed lines (10 vertical and 10 parallel) onto
a binary image containing only the electronic conducting
grains, thresholded in black (see Fig. 4(b), inset). Grayscale
analysis, performed using ImageJ,45 yielded intergranular
distance distributions. The obtained distribution proles
progressively broaden and shi toward larger distance ranges
from FC-CGO_LT to FCG-CGO_HT, and to FC-CGO_HT, as
compared in Fig. 4(b). This trend correlates with the observed
grain growth in Fig. S3.† Clearly, as grain size increases, elec-
tronic conducting grains become more widely spaced, which
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Overall grain/phase distribution maps (left column), non-percolation maps (middle column) and percolation maps (right column) of ionic
conducting phase (a) and electronic conducting phases (b) in FC-CGO_HT.

Fig. 4 Critical geometry effects on ionic and electronic conduction reflected by the MacMullin number (ratio of tortuosity to volume fraction) of
ionic conducting grains (a) and the intergranular distance distribution profiles for electronic conducting grains (b).
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may contribute to an increase in electronic conduction
resistance.

Grain boundary investigation. Fig. 5 illustrates that the grain
boundaries of the ionic conducting phase, i.e., the Ce1−xGdx-
O2−d uorite, exhibit Ce depletion alongside Gd, Fe, and Co
enrichment. The observed Ce depletion and Gd segregation are
well-documented phenomena in sintered Ce1−xGdxO2−d uorite
compounds without any additives.46–48 Uniquely, the investiga-
tion of FC-CGO_HT in Fig. 5(b) reveals the presence of two
parallel Gd segregation lines near the grain edges, despite the
limited resolution.

Based on the EDXS elemental mapping, the cation intensity
ratios (Gd/Ce, Fe/Ce, and Co/Ce) are detailed in Fig. 6. The Gd/
Ce ratio exhibits a greater increase from the grain interior to the
boundary in FC-CGO_HT than in FC-CGO_LT, suggesting that
This journal is © The Royal Society of Chemistry 2025
Gd segregation is enhanced at higher sintering temperatures.
Additionally, in FC-CGO_HT, the Gd/Ce ratio exhibits a relaxa-
tion at the grain boundary core, with its maximum values
occurring at positions adjacent to the core. This observation
corroborates previous atomic-scale investigations, which
revealed ordered Gd segregation at two atomic planes adjacent
to the core.33,35 Analogous phenomena have been reported in Y-
stabilized zirconia, where ordered Y segregation at grain
boundary vicinities has been observed experimentally and
simulated computationally.49

In contrast, the Fe/Ce and Co/Ce ratios show a considerably
weaker increase from the grain interior to the boundary in FC-
CGO_HT than in FC-CGO_LT, suggesting that a higher sintering
temperature inhibits Fe and Co segregation. This trend aligns
with prior studies on Co-modied Ce0.8Gd0.2O2−d

50,51 and
J. Mater. Chem. A, 2025, 13, 14940–14956 | 14945
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Fig. 5 Elemental mapping via EDXS across ceria grain boundaries in FC-CGO_LT (a), FC-CGO_HT (b), and FCG-CGO_HT (c). The upper grain is
randomly oriented, while the lower one is along its [101] zone axis.
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Ce0.8Tb0.2O2−d,20 which indicates that signicant Co enrich-
ment at ceria grain boundaries is only feasible below ∼1100 °C.

Following the incorporation of Gd2O3, FCG-CGO_HT
exhibits the smallest increase in all cation intensity ratios
from the grain interior to the boundary. In some cases, ceria
grain boundaries appear nearly devoid of Fe and Co segregation
(see Fig. S4†). This suggests that Gd2O3 acts as a grain boundary
scavenger.

In-depth analysis across ceria grain boundary in FC-
CGO_LT. Due to the pronounced overall grain boundary
segregation, FC-CGO_LT was investigated in more detail via
high-resolution (atomic level) EELS. Fig. 7(a) presents an
annular dark-eld (ADF) image, where bright spots correspond
to cation positions. The grain boundary exhibits a well-
crystallized structure, indicating the absence of signicant
amorphous phases or interstitial cations. Elemental intensity
maps for Ce M4,5, Gd M4,5, Fe L2,3, Co L2,3 and O K edges
(Fig. 7(b)) reveal that cation distributions closely resemble those
in Fig. 5(a). Notably, grain boundary atomic positions are
14946 | J. Mater. Chem. A, 2025, 13, 14940–14956
predominantly occupied by Gd, while Fe and Co positions
remain unresolved due to diffuse intensity patterns. Around the
atomic positions most enriched in Gd (indicated by the gray
arrows in Fig. 7(b)), a noticeable reduction in O intensity is
observed. This observation suggests the co-segregation of Gd

0
Ce

with V ��
O ; leading to the formation of dopant–vacancy

complexes.
The oxidation state of Ce was determined using Ce M4,5-edge

EELS spectra. As shown in Fig. 7(c), the spectra feature two
characteristic peaks – Ce M4 and M5. The overall peak intensi-
ties are weaker at the grain boundary core (C) than in the grain
bulk regions (R and L), reecting either a lower Ce density or
a reduced grain boundary thickness. A noticeable increase in
the M5/M4 intensity ratio is observed at the grain boundary core
compared to the grain interior, indicative of a partial reduction
of Ce4+ to Ce3+.33,35,46,52,53 The Ce3+ fraction (x) was quantied
using the relationship R = 0.925(1 − x) + 1.25x,33 where R is the
M5/M4 intensity ratio in second derivative spectra and 0.925 and
1.25 represent reference R values for Ce4+ and Ce3+,
This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Elemental intensity ratios across ceria grain boundaries in FC-CGO_LT (a), FC-CGO_HT (b), and FCG-CGO_HT (c). The left grain is
randomly oriented, while the right one is along its [101] zone axis. The EDXS scanned areas and directions are indicated in the HAADF images
obtained by STEM as shown in the first column of Fig. 5.
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respectively.54 The highest R value of 1.137, determined near the
grain boundary core, corresponds to a Ce3+ fraction of ∼65.2%,
as shown in Fig. 7(d). This R value falls within the range re-
ported for Ce0.85Gd0.11Pr0.04O2−d (R = 1.0)55 and Ce0.8Gd0.2O2−d

(R = 1.2),47 conrming a reasonable estimation.
Unlike Ce, Fe cations at ceria grain boundaries are

predominately stabilized as Fe3+, as reported in previous
studies.33,56 In contrast, the oxidation states of Co can vary
among 2+ and 3+, as evidenced by the coexistence of spinel and
rock-salt phases. However, precise determination of Co oxida-
tion states remains challenging due to excessive noise in its L2,3
spectra (not shown here).

Grain boundary charge state analysis. According to classical
space charge theory for acceptor-doped ceria and zirconia,57

oxygen vacancies ðV ��
O Þ exhibit an enhanced concentration at

grain boundary cores. This localized enrichment generates
positively charged cores that repel positive charge carriers (V ��

O

and electronic holes) while attracting negatively charged ones
(electrons and acceptor dopants like Gd

0
Ce). This redistribution

of charge carriers leads to the formation of space charge layers
in the vicinity of the core region, which contributes to partially
or fully neutralizing the space charge potential.
This journal is © The Royal Society of Chemistry 2025
However, for FC-CGO_LT, the O intensity monotonously
decreases from the ceria grain interior to the ceria grain
boundary (see Fig. 7(d)), with no evident O-enriched or V ��

O

depleted region adjacent to the grain boundary core. This
observation aligns with previous studies on ceria and zirconia
that reported O depletion peaks at grain boundary cores without
evidence of adjacent O-enriched or V ��

O depleted layers,47,58–60

suggesting that directly picturing oxygen vacancy proles
remains challenging. An additional analysis of cations' valence
states and occupation sites is therefore conducted.

The presence of Ce3+ at the grain boundary indicates the
absence of bounded oxygen, which is consistent with the
observed decrease in O intensity (Fig. 7(d)). Since only∼0.8% of
CeO2 can be thermally reduced to Ce2O3 even at 1420 °C,61 and
considering FC-CGO_LT's low sintering temperature (1050 °C),
the observed high Ce3+ fractions cannot be attributed to
thermal reduction. Instead, it likely arises from the grain
boundary structure, where V ��

O formation and accumulation are
energetically favorable or structurally necessary.52,53

The absence of interstitial cations in Fig. 7(a) suggests Fe
and Co primarily substitute the Ce sites, though their precise
atomic positions remain unresolved. Thus, the Fe and Co
cations (average valence < 4+) appear to act as heterogeneous
J. Mater. Chem. A, 2025, 13, 14940–14956 | 14947
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Fig. 7 STEM-EELS analysis across the ceria grain boundary in FC-CGO_LT: (a) the simultaneously recorded ADF (annular dark field) image; (b)
elemental intensity maps from CeM4,5, Gd M4,5, Fe L2,3, Co L2,3 and O K edges based on EELS spectrum imaging; (c) representative Ce M4,5-edge
EELS spectra collected from different positions, including the grain boundary core (C) and the adjacent grain interior regions (R and L) as
indicated in the inset ADF image; (d) TheO intensity and the calculated Ce3+ fraction profiles across the region shown in the inset. The left grain is
randomly oriented, while the right one is along its [101] zone axis.
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acceptor dopants localized almost exclusively at ceria grain
boundaries. They diffuse externally from the additive sources
rather than internally from the ceria grain bulk.

Given the high concentrations of Fe
0
Ce; Co

0
Ce; Co

00
Ce and Gd

0
Ce

for charge compensation, it is surprising that there is still an
excess of oxygen vacancies, necessitating Ce4+ reduction. We
believe that the high Ce3+ faction is associated with the emer-
gence of a grain boundary superstructure,62 which possesses
a lower oxygen coordination as compared to the CeO2 uorite
structure. Consequently, the investigated ceria grain boundary
is not expected to exhibit substantial charge imbalance.

This analysis does not provide evidence for the formation of
space charge layers for FC-CGO_LT. Instead, it reveals a co-
enrichment of acceptors and V ��

O at the grain boundary, closely
resembling the behavior observed in doped ceria with a high
acceptor concentration at grain boundaries.63

With increased sintering temperature for FC-CGO_HT and
FCG-CGO_HT, the situation may change and will be discussed
later.

Mechanisms of grain boundary composition evolution. The
observed grain boundary compositions can be rationalized by
considering temperature-dependent diffusion and segregation
pathways of transition elements. These elements may: (1)
14948 | J. Mater. Chem. A, 2025, 13, 14940–14956
diffuse to ceria particle surfaces, (2) segregate at ceria grain
boundaries, (3) dissolve into ceria lattices, forming a solid
solution, or (4) precipitate as a secondary phase.

At relatively lower temperatures (800–900 °C), transition
metal cations preferentially accumulate at ceria particle
surfaces and grain boundaries,50,51,64 which is driven by energy
minimization mechanisms and promotes densication of ceria
particles.65 As temperature increases, the closure of free
surfaces and grain boundary coalescence lead to the over-
saturation of cation segregation, ultimately triggering the
precipitation of secondary phases. The observed Fe and Co
segregation proles for FC-CGO_LT and FC-CGO_HT align well
with this framework.

For FCG-CGO_HT, minimal Fe and Co segregation supports
the hypothesis that Gd2O3 scavenges Fe and Co segregation.
This phenomenon is attributed to the formation of
a Gd1−xCexFe1−yCoyO3−d perovskite phase at temperatures
above 1050 °C.36 Consequently, Fe and Co cations, which
segregate at low temperatures, are effectively removed upon the
formation of this perovskite phase. The reduction in Fe and Co
segregation also leads to a decrease in grain boundary mobility
at the higher temperature of 1200 °C, as evidenced by the
This journal is © The Royal Society of Chemistry 2025
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smaller grain size of FCG-CGO_HT relative to FC-CGO_HT (see
Fig. S3†).

Regarding Gd segregation, its driving force can be partially
attributed to grain boundary energy reduction,63 although the
prevailing explanation involves the space charge effect.57,66,67

The contribution of lattice strain relaxation is considered
minimal due to the relatively small ionic radius mismatch
between Gd and Ce.57,66

As analyzed previously for FC-CGO_LT, the space charge
effect is not evident. The relatively low sintering temperature
(1050 °C) is likely to result in either incomplete formation or
inhibition of space charge layers due to the early-stage accu-
mulation of Fe and Co acceptors alongside V ��

O : Besides, once the
grain boundary is decorated with Fe and Co cations, the overall
boundary energy is expected to decrease, facilitating the segre-
gation of Gd from the grain interior, where it exists at a higher
energy state.

As the sintering temperature increases in FC-CGO_HT, it
remains uncertain whether the enhanced Gd segregation arises
from an emerging space charge effect or is a consequence of
grain boundary migration and merging.

For FCG-CGO_HT, the observed minimal Gd segregation
may be attributed to inhibited grain boundary migration and/or
moderate grain boundary energy reduction, achieved by
removing Fe and Co while simultaneously introducing Gd
through the Gd2O3 additive. Additionally, the Gd2O3 additive
may further suppress space charge layer formation by neutral-
izing excess core charge through Gd doping directly at the grain
boundary.68 This hypothesis is well supported by a low fraction
of Ce3+ (∼48.5%, see Fig. S5†), implying less excess of V ��

O :

Nevertheless, variations among grain boundaries remain,
necessitating the following macroscopic assessments.
Material assessments

Total conductivity in respective atmospheres. Total
conductivity measurements were performed under air and Ar,
respectively, as a function of temperature. The obtained Cole–
Cole plots of impedance data were analyzed following the
procedure described in ESI Note 2.† Since it is not possible to
separate grain interior and boundary contributions, only total
resistances/conductivities are derived.

Under air conduction, see Fig. 8(a), the highest and lowest
stot were measured for the EC and IC samples, respectively. The
stot values of the IC sample closely match those of a reference
single-phase uorite compound Ce0.9Gd0.1O2−d (densied at
1300 °C for 3 h in air using powders produced by Solvay). This
similarity suggests that the IC sample consists of a uorite
phase with a Ce : Gd ratio of approximately 9 : 1 (rather than the
initial 8 : 2 ratio), while the inuence of secondary phases
(∼4.5 vol% as given in Fig. S2(c and d)†) is negligible.

The stot values of the mixed conductors fall between those of
the EC and IC samples, following the trend: FC-CGO_LT > FCG-
CGO_HT > FC-CGO_HT. Notably, FC-CGO_LT exhibits superior
stot above 800 °C, outperforming other mixed conductors with
comparable content (#20 vol% or 15 wt%) of electronic con-
ducting phase,69–71 as compared in Fig. 8(b).
This journal is © The Royal Society of Chemistry 2025
Under Ar conduction, as shown in Fig. 8(c), the EC sample
retains the highest stot, whereas FC-CGO_HT exhibits the
lowest. The stot of FC-CGO_LT and FCG-CGO_HT are compa-
rable to that of the IC sample, indicating a signicantly
increased contribution from the ionic conductivity, accompa-
nied by a decrease in the electronic conductivity.

A comparison of the percentage change in stot values from
air to Ar (Fig. S6†) reveal that the IC sample experiences
a marginal uctuation in total conductivity, consistent with its
dominant ionic conduction mechanism controlled by the uo-
rite phase. In contrast, the EC sample and all mixed conductors
are subject to a reduction in stot from air to Ar, indicative of a p-
type (hole) conduction mechanism. This reduction is substan-
tially greater for the mixed conductors than for the EC sample,
suggesting divergent p-type conduction mechanisms between
these two systems. These differences may arise from variations
in polaronic defect structures and disparate hopping pathways.

The temperature-dependence conductivity was further
analyzed through activation energy, as present in Fig. 8(e). All
samples exhibit positive activation energies, conrming
a semiconductor-like behavior where conductivity increases
with rising temperature.

Under air conditions, a clear distinction in activation ener-
gies is observed among the samples, with the IC sample dis-
playing the lowest and FC-CGO_LT the highest.

Under Ar conditions, the activation energies of mixed
conductors become comparable to that of the IC sample, indi-
cating a rising contribution from ionic conduction.

For the IC sample, the activation energy remains similar to
that of the Ce0.9Gd0.1O2−d regardless of the atmosphere, reaf-
rming its pure ionic conduction behavior. However, for the
other samples, activation energy decreases when transitioning
from air to Ar, with the reduction being more pronounced in
mixed conductors than in the EC sample. For instance, FC-
CGO_LT exhibits a remarkable 46% decrease in activation
energy.

This comprehensive comparison conrms that the mixed
conductors indeed exhibit mixed ionic and p-type conductivity.
The ionic conductivity is attributed to the uorite phase, while
the p-type conductivity is unlikely to be dominated by the
electronic conducting phases. Instead, alternative pathways
through the grain boundaries of the ionic conducting phase are
likely controlling the overall electronic conduction.

Similar to Pr-doped ceria,72 a small polaron hopping mech-
anism is proposed to explain the observed electronic conduc-
tion along ceria grain boundaries. The conductivity suppression
under Ar conditions is attributed to the reduction of Co cations.
In other words, a more uniform distribution of Co valence states
leads to a reduction of polaronic defect concentrations.

Total conductivity under an Ar-to-air gradient. Given the
substantial inuence of atmospheric conditions on conduc-
tivity, it is essential to evaluate the operando conducting
behavior of the mixed conductor under dual-atmosphere
applications. One such scenario is oxygen permeation, where
Ar and air are applied separately to opposite sides of the mixed
conductor. In this case, the conductivity is not spatially uniform
but varies continuously across the sample thickness.
J. Mater. Chem. A, 2025, 13, 14940–14956 | 14949
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Fig. 8 Total conductivity measured in air (a), Ar (c), and Ar-to-air gradient (d) with the corresponding activation energies given in (e). In (b), several
conductivity values in air reported for mixed conductors having a comparable content (#20 vol% or 15 wt%) of electronic conducting phase are
shown for comparison.69–71

14950 | J. Mater. Chem. A, 2025, 13, 14940–14956 This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Gradient variation of the rock-salt phase content (a) and total resistance (b) across the thickness of FC-CGO_HT after the oxygen
permeation test, where the two sample surfaces were exposed to Ar and air, respectively, below ∼1020 °C. The rock-salt phase content was
quantified from EBSD data with a step width of 5 mm, and fitted using a natural exponential function. The total resistance was calculated assuming
a natural exponential decay behavior.
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Consequently, resistance does not exhibit a linear dependence
on thickness.

We adopt the rock-salt phase as a tracer for the impact of Ar,
and investigate FC-CGO_HT using EBSD at the cross-section
aer the oxygen permeation measurement. As shown by the
phase mappings in Fig. 9(a), a notable variation in the rock-salt
phase is observed, with negligible content on the air side but
a substantial increase on the Ar side. The spatial distribution of
the rock-salt phase across the sample thickness follows
a natural exponential decay.

It is assumed that resistance growth with sample thickness
also follows a natural exponential function, mathematically
expressed as eqn (6) and plotted in Fig. 9(b).

r(l) = A0(e
kl − 1) (6)

where r(l) represents the resistance function against sample
thickness (l), which passes through the coordinate's origin (r(0)
= 0). And A0 and k are constants.

At l= L (total sample thickness), the total effective resistance
under an Ar-to-air gradient, denoted as Reff

tot, is obtained. This
value determines the effective total conductivity (sefftotjAr/air) via:

seff
tot

��
Ar/air

¼ L

S
� 1

Reff
tot

¼ L

S
� 1

rðlÞjl¼L

(7)

At the sample surface, the slope of r(l) corresponds to the
total conductivity in Ar (sArtot) or air (s

air
tot), as expressed by eqn (8)

and (9) (also plotted as the dashed lines in Fig. 9(b)).

dr

dl

����
l¼0

¼ 1

sAr
tot � S

(8)

dr

dl

����
l¼L

¼ 1

sair
tot � S

(9)
This journal is © The Royal Society of Chemistry 2025
By combining eqn (6)–(9), the sefftotjAr/air can be derived as:

seff
tot

��
Ar/air

sAr
tot

¼ ln g

g� 1
(10)

where g is dened as the ratio of total conductivity in Ar to that
in air:

g ¼ sAr
tot

sair
tot

(11)

A key advantage of this formulation is that it eliminates all
constants associated with the assumed natural exponential func-
tion, allowing sefftotjAr/air to be determined solely based on sepa-
rately measured total conductivities in air and Ar. This approach
can be extended to other materials, provided that r(l)follows an
exponential dependence with only two independent constants.

As shown in Fig. 8(d), the calculated sefftotjAr/air deviates from
sairtot but converges towards sArtot. This trend underscores the
dominant inuence of the lower oxygen partial pressure on total
conductivity. The dominating portion (either ionic or electronic
conductivity) of sefftotjAr/air will be discussed later.

Oxygen permeation. All the measured samples are oxygen
permeable, conrming their mixed ionic and electronic con-
ducting nature. The oxygen permeance values for membranes
with a thickness of approximately 1 mm are compared in Fig. 10,
following the order: FC-CGO_LT z FCG-CGO_HT > FC-CGO_HT.
This trend suggests that high-temperature sintering with
extended hold time has a detrimental effect on oxygen perme-
ation, whereas the addition of Gd2O3 exerts a benecial inuence.

Notably, substantially lower oxygen permeances have been
reported for a similar mixed conductor prepared from 80 vol%
Ce0.8Gd0.2O2−d (nano-sized powder) and 20 vol% CoFe2O4 (in
a preformed state rather than a raw Fe2O3 and Co3O4 mixture
used here).27 This reference sample (denoted as CF-CGO_ref.) is
included in Fig. 10 for comparison. The additive's initial state
J. Mater. Chem. A, 2025, 13, 14940–14956 | 14951
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Fig. 10 Oxygen permeances of membranes with thicknesses close to
1 mm.
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(preformed spinel or raw oxide mixture) is expected to have
limited inuence on oxygen permeation, since the spinel phase
inherently forms at ∼900 °C.36 However, the additive's Fe : Co
ratio (either 1 : 2 or 2 : 1) may play a role.

To further investigate this, FC-CGO_HT precursors were
modied by increasing the Fe2O3 : Co3O4 molar ratio from 3 : 4
to 3 : 1, yielding CoFe2O4. Other preparation steps remained
unchanged, producing the CF-CGO_HT sample. Its oxygen
permeances are comparable to those of FC-CGO_HT but higher
than the ones of CF-CGO_ref.,27 indicating that the Fe : Co ratio
(1 : 2 vs. 2 : 1) has a negligible effect on oxygen permeation.

Another potential factor inuencing oxygen permeation is
the initial particle size of Ce0.8Gd0.2O2−d powder, which will be
discussed later.
Fig. 11 Ambipolar conductivity (a) derived from oxygen permeation
conductivity and effective total conductivity.

14952 | J. Mater. Chem. A, 2025, 13, 14940–14956
Ambipolar conductivity. The measured oxygen permeation
data were used to determine samb via eqn (2), assuming negli-
gible surface exchange effects. As shown in Fig. S7,† the oxygen
permeance for both FC-CGO_LT and FC-CGO_HT as a function
of membrane thickness can be well-tted to eqn (2) across all
temperatures, conrming the validity of eqn (2) for membrane
thicknesses exceeding 0.3 mm.

The calculated ambipolar conductivities, see Fig. 11(a), show
variations among samples that mirror the trends observed in
oxygen permeances. The derived activation energy values closely
match previously reported values for the ionic conductivity of
pure Gd-doped ceria,27,29,30,73 but are signicantly lower than
those of CF-CGO_ref.27 This indicates that samb of the mixed
conductors synthesized here is predominantly governed by the
ionic conductivity. In contrast, for CF-CGO_ref.,27 samb is likely
limited by the electronic conductivity, being associated with the
depletion of Fe and Co grain boundary segregation.27

By combining the samb with the previously determined
sefftotjA~rair, the effective partial conductivities under an Ar-to-air
gradient were resolved and are compared in Fig. 11(b). The
results demonstrate that the effective electronic conductivities
substantially exceed the effective ionic conductivities, conrm-
ing that ionic transport is the limiting factor for samb.

Electronic conductivity. The effective electronic conductivity
follows the trend: FC-CGO_LT > FCG-CGO_HT > FC-CGO_HT.

The highest effective electronic conductivity values observed
for FC-CGO_LT can be attributed to: (1) the highest concentration
of Fe and Co cations at ceria grain boundaries (see Fig. 6), where
Co cations can exist in mixed valence states; (2) the shortest
transport paths along ceria grain boundaries, represented by the
shortest distance between electronic conducting grains, as indi-
cated in Fig. 4(b).

The lowest effective electronic conductivity for FC-CGO_LT is
then explained by the reduced Fe and Co segregation and
extended transport paths.
and effective partial conductivities (b) calculated from ambipolar

This journal is © The Royal Society of Chemistry 2025
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However, this interpretation does not fully account for the
moderate electronic conductivity observed for FCG-CGO_HT,
where Fe and Co segregation at grain boundaries is nearly
absent. This discrepancy suggests an alternative conduction
mechanism, such as Fe and Co cations dissolving into the ceria
lattice rather than forming grain boundary decorations. Further
conrmation was obtained by examining a sample subjected to
a 1 minute dwell time at 1200 °C, followed by rapid air
quenching. Elemental mappings across the grain boundary
(Fig. S8†) revealed Co enrichment in the grain interior near the
boundary, representing an initial stage of Co diffusion into the
ceria lattice. This diffusion is unlikely for FC-CGO_LT and FC-
CGO_HT because: (1) for FC-CGO_LT, the lower sintering
temperature (1050 °C) restricts Co incorporation into the lattice;
(2) for FC-CGO_HT, the nearly ordered Gd segregation at the
grain boundary can inhibit Co diffusion into ceria lattice.

Based on these ndings, a distinct electronic conduction
mechanism is proposed for FCG-CGO_HT: electronic transport
is facilitated by Co-doped ceria grains rather than ceria grain
boundary decorations. This accounts for the lowest activation
energy of total conductivity (dominated by electronic conduc-
tivity) in air, as shown in Fig. 8(e).

Ionic conductivity. The effective ionic conductivity follows
the order: FCG-CGO_HT $ FC-CGO_LT > FC-CGO_HT.

Despite the most favorable and lowest NM (see Fig. 4(a)), FC-
CGO_HT shows the lowest effective ionic conductivity, which
correlates with the presence of strongly ordered Gd segregation
(Fig. 5(b) and 6(b)) or a high space charge potential at ceria
grain boundaries. Whereas, the partially ordered segregation
(Fig. 7(b)) in FC-CGO_LT results in higher effective ionic
conductivity.

In FCG-CGO_HT, the reduction in grain boundary core
charge due to Gd doping may enhance ionic conduction across
the grain boundary.68 Additionally, Co lattice doping increases
oxygen vacancy concentrations, further contributing to
enhancing lattice ionic conductivity.
Fig. 12 Time dependence of oxygen permeance and ambipolar
conductivity of FC-CGO_LT.

This journal is © The Royal Society of Chemistry 2025
Stability. To evaluate long-term reliability, FC-CGO_LT was
operated under the permeation conditions for approximately 10
days at 857 ± 1 °C. During this period, gas analysis was inter-
rupted once for mass spectrometer recalibration.

As presented in Fig. 12, both oxygen permeance and ambi-
polar conductivity experience minor uctuations of ±2–3%
without a discernible time-dependent trend. This observation
conrms that FC-CGO_LT sustains a steady high-performance
state, attributed to the robustness of its mixed ionic and elec-
tronic conducting structure. Moreover, effects from a potential
elemental diffusion under an oxygen partial pressure gradient
are not reected and might be excluded in this case.

Further remarks. The primary advantage of FC-CGO_LT is its
high electronic conductivity, attributed to the Fe- and Co-cation
decoration at ceria grain boundaries. The Co cations in mixed
valence states play a more critical role. Notably, achieving such
decoration does not require a specic Fe : Co ratio in the addi-
tives. We propose that even pure Co3O4 additives could yield
comparable performance. However, attempts to prepare pure
Co3O4-modied Ce0.8Gd0.2O2−d were unsuccessful, as samples
cracked into pieces aer sintering due to thermal mismatch.
This suggests that a certain Fe2O3 content is necessary in
combination with Co3O4 to improve thermal compatibility with
ceria.

Interestingly, Y-stabilized ZrO2 appears to be mechanically
compatible with Co3O4. A study by B. Aktas et al.,74 successfully
prepared 8 mol% Y-stabilized ZrO2 with up to 15 wt% Co3O4

without cracking. Their ndings also noted a slight increase in
grain boundary conductivity, though signicantly lower than in
the present work. To achieve comparable conductivity levels,
the high sintering temperature (1400 °C) used in their study
should be reduced to prevent Co precipitation from zirconia
grain boundaries.

Other transition metal elements, such as Cr, Mn, Ni, and Cu,
exhibit high solubility and diffusivity at ceria grain boundaries
as well.75 These elements show variable valences upon heating
or under different atmospheres, and they are expected to have
a similar electronic impact on ceria grain boundaries if low-
temperature densication is achieved. However, their effects
on ionic conductivity differ. Unlike Fe, Co, Ni, and Cu, elements
like Cr and Mn possess valence states higher than 4+. They act
as donors with no contribution to balancing excess core charge.
As a result, they are not benecial for ionic conduction.31,76–78

It is noteworthy that transition metal elements leaching
from perovskites, such as La0.6Sr0.4CoO3−d

70 and Sr0.4Sm0.6-
FeO3−d,71 result in lower conductivity compared to Fe–Co spinel
oxides, as shown in Fig. 8(b). This is likely due to: (1) stabili-
zation of Fe and Co cations within the perovskite lattice, pre-
venting them from diffusing to ceria grain boundaries; (2)
interdiffusion of more cations between perovskites and
ceria,79,80 which can reduce oxygen permeation as reported in
multiple studies.81–83

Besides, the grain boundary decoration of transition metal
elements is also inuenced by the initial surface area of ceria
particles. Notably, nanosized Ce0.9Gd0.1O2−d exhibits no sin-
tering enhancement upon cobalt oxide addition,84 suggesting
J. Mater. Chem. A, 2025, 13, 14940–14956 | 14953
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that only limited Co coverage occurs on particle surfaces and
grain boundaries. This implies that a high surface area may
hinder grain boundary enrichment of Co cations, a hypothesis
that requires further validation.

Conclusions

Contrary to conventional percolation theory, which asserts that
optimal conductivity necessitates the continuous connectivity
of individual phases, this study establishes an alternative
paradigm in which superior mixed conductivities are achieved
through novel mechanisms free of strict phase percolation.

A case study exemplifying this concept involves mixed ionic
and electronic conductors synthesized from Gd-doped ceria
with iron–cobalt oxide additions. A superior network for
simultaneous ionic and electronic conduction is successfully
established by percolating additive (FeCo2O4)-induced elec-
tronic conducting grains within the ionic conductor (Gd-doped
ceria) through its mixed conductive grain boundaries. The study
demonstrates that percolation of the electronic conducting
grains within the Gd-doped ceria matrix is not a prerequisite for
achieving efficient electronic conduction, thereby signicantly
mitigating the ion-blocking effect.

Comprehensive structural and compositional analyses,
spanning from micro-to nanoscale, reveal that the observed
enhancements in conductivity are closely associated with: (1)
the geometry of the percolation network, which optimizes
conduction pathways; (2) the strategic segregation of iron and
cobalt at ceria grain boundaries, which enhances electronic
conduction. The synergistic optimizations in both ionic and
electronic transport, especially under dual-atmosphere condi-
tions, are achieved through the stabilization of the segregation,
alongside the suppression of grain growth, at a signicantly
lowered densication temperature of 1050 °C.

The optimized MIEC delivers an excellent and sustainable
oxygen permeation performance, advancing its applications in
clean and efficient energy technologies.
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50 D. Pérez-Coll, P. Núñez, J. C. C. Abrantes, D. P. Fagg,
V. V. Kharton and J. R. Frade, Solid State Ionics, 2005, 176,
2799–2805.

51 Z. Zhang, W. Sigle, M. Rühle, E. Jud and L. J. Gauckler, Acta
Mater., 2007, 55, 2907–2917.

52 H. Hojo, T. Mizoguchi, H. Ohta, S. D. Findlay, N. Shibata,
T. Yamamoto and Y. Ikuhara, Nano Lett., 2010, 10, 4668–
4672.

53 K. Song, H. Schmid, V. Srot, E. Gilardi, G. Gregori, K. Du,
J. Maier and P. A. van Aken, APL Mater., 2014, 2, 032104.

54 P. Yan, T. Mori, Y. Wu, Z. Li, G. J. Auchterlonie, J. Zou and
J. Drennan, Microsc. Microanal., 2013, 19, 102–110.

55 W. J. Bowman, J. Zhu, R. Sharma and P. A. Crozier, Solid
State Ionics, 2015, 272, 9–17.

56 E. V. Tsipis, J. C. Waerenborgh and V. V. Kharton, J. Solid
State Electrochem., 2017, 21, 2965–2974.

57 X. Guo and R. Waser, Solid State Ionics, 2004, 173, 63–67.
58 D. R. Diercks, J. Tong, H. Zhu, R. Kee, G. Baure, J. C. Nino,

R. O'Hayre and B. P. Gorman, J. Mater. Chem. A, 2016, 4,
5167–5175.

59 M. A. Frechero, M. Rocci, G. Sánchez-Santolino, A. Kumar,
J. Salafranca, R. Schmidt, M. R. D́ıaz-Guillén, O. J. Durá,
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