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H I G H L I G H T S

• Proposed particle-based method to
quantify the 3D current distribution in
electrodes.

• Current distribution at particle level is
scattered within porous micro-
structures.

• 30% of electrode volume is under-
utilized as particles do not transfer
enough current.

• Safe operation and advanced micro-
structural design can be based on this
3D method.

• This novel 3D methodology over-
comes the limitations of macro-
homogeneous modeling.
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A B S T R A C T

The electrode microstructural properties significantly influence the efficiency and durability of many electro-
chemical devices including solid oxide fuel cells. Despite the possibility of simulating the electrochemical
phenomena within real three-dimensional microstructures, the potential of such 3D microstructural information
has not yet been fully exploited. We introduce here a completely new methodology for the advanced char-
acterization of inhomogeneous current distribution based on a statistical analysis of the current of each particle
within the microstructure. We quantify the large variation in local current distribution and link it to the particle
size dispersion, indicating how particle coarsening can trigger further degradation. We identify two classes of
particles: those transferring more current than average, which show 10–40% more particle-particle contacts, and
those producing more current than average, characterized by∼2.5 times larger three-phase boundary length per
unit volume. These two classes of particles are mutually exclusive, which implies that up to the 30% of the
electrode volume within the functional layer is underutilized. This fundamental insight goes well beyond the
predictions of continuum modeling, allowing us to revisit the current standards regarding safe operating con-
ditions and to suggest alternative strategies based on nanoparticle infiltration, template-assisted synthesis and
additive manufacturing for designing more durable electrodes.

1. Introduction

The twenty-first century is expected to witness the transition from

the abundant use of fossil fuels to a clean and sustainable energy
economy based on renewable resources [1]. In this scenario, electro-
chemical energy conversion and storage, as provided by fuel cells and
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batteries, will play a prominent role [2,3]. Both these key technologies
generally employ porous electrodes, typically consisting of a dispersion
of granular particles or agglomerates, to extend the electrochemical
reaction into a larger volume and thus decrease the internal losses of
the energy conversion processes [4].

It has been widely recognized that the electrode microstructural
characteristics significantly affect the electrochemical efficiency and
durability of both fuel cells and batteries [5–9]. This has been widely
investigated in the literature especially for solid oxide fuel cells (SOFCs)
[10,11], which are chosen as the main focus of this study. Traditionally,
the electrochemical behavior of the electrodes has been interpreted
using macro-homogeneous models [12–16], which describe the con-
servation and transport of charged and chemical species in 1D or 2D by
assimilating the porous microstructure to a homogeneous continuum,
with averaged microstructural properties represented by effective
transport and geometrical parameters [17,18]. Such effective micro-
structural properties were estimated only by using percolation models
[19,20] until 3D tomography enabled the reconstruction of the real
electrode microstructure [21–25].

However, despite the availability of the full structural details across
different length scales, microstructural analysis has to date been still
largely limited to obtaining averaged parameters, which characterize
the electrode structure as a whole. Some examples include the tortu-
osity factor [21,26,27], which is a measure of how convoluted the
conduction and diffusion pathways are, or the three-phase boundary
(TPB) density [28,29], which is the length per unit volume of the
contact perimeter among different conducting phases where charge-
transfer occurs. In this way, complex 3D information is reduced to a
single averaged value to simplify modeling. While simulating the
transport and reaction processes within the reconstructed 3D micro-
structure has become computationally affordable [30–42], the full po-
tential of such a three-dimensional electrochemical simulation has not
yet been totally exploited. For example, 3D electrochemical simulation
has been used to predict voltage profiles along the electrode thickness
or polarization curves, which can be done with high fidelity by con-
tinuum models too [43–47]. However, 3D electrochemical simulation
can be used to go beyond the predictions of macro-homogeneous
models and to quantify the heterogeneous distribution of electro-
chemical processes [48,49], assessing the occurrence of hot spots or
unbalanced current distribution which may trigger degradation phe-
nomena [38,39], so that to identify their primary causes in order to
guide the rational design of the electrode microstructure. Notably, at
the present no experimental technique is capable to probe such three-
dimensional inhomogeneous current distribution, thus modeling re-
presents the only strategy currently available to provide this type of
advanced guidelines. To the best of our knowledge, to date there are no
published studies regarding the three-dimensional quantification of
inhomogeneous current distribution and its implications on perfor-
mance optimization and degradation. Such an improved understanding
can be achieved by resolving the conducting phases into individual
particles and characterizing the current distribution at the micro/na-
noscopic particle level.

In this paper we propose a completely new methodology for the
advanced microstructural characterization at the particle level, moving
away from viewing the microstructure as a monolithic block, and ex-
plore its potential in both real and synthetic 3D electrodes, enabling
identification of regions with specific properties relevant to perfor-
mance as well as prediction and design of improved micro and nanos-
tructures. As a case study to apply this methodology, we consider the
functional layer of a porous SOFC anode made of Ni as the electron-
conducting phase and scandia-stabilized zirconia (ScSZ) as the ion-
conducting phase (see Fig. 1a). First, we mesh the digitally re-
constructed phases (Fig. 1b) and solve for the transport and electro-
chemical reactions of charges and gas species within the 3D electrode
microstructure, thus obtaining the electric potential, current density
and gas concentration in every point of the corresponding phase

(Fig. 1c). Then, the microstructure is resolved into individual particles
(Fig. 1d and e), allowing for the quantification of the statistical dis-
tribution of current and other truly three-dimensional properties at the
particle level. This approach enables exploitation of the full information
contained in 3D microstructural datasets, enabling fundamental un-
derstanding of the reasoning behind inhomogeneous current and/or
potential distributions, with their consequent impact on electrode life-
time, and suggesting strategies for the advanced design of porous
electrodes.

2. Materials and methods

2.1. 3D tomography and generation of synthetic microstructures

The electrode under consideration is a porous SOFC anode made of
Ni and ScSZ (solid volume fraction Ni/ScSZ equal to 40/60), operating
at 973 K in 97% H2–3% H2O gas mixture [50,51], wherein the fol-
lowing electrochemical reaction:

+ → +
− −H O H O e2g ScSZ g Ni2( ) ( )

2
2 ( ) ( ) (1)

is assumed to occur at the three-phase boundaries (TPBs) between the
Ni, ScSZ and pore phase. The microstructure of this real electrode was
reconstructed by using 3D tomography as described by Tariq et al. [52].
The electrode was impregnated with epoxy resin under vacuum to en-
hance the phase contrast during focused ion beam-SEM (FIB-SEM) to-
mography. A Ga-ion beam was used to mill a region of∼2·103 μm3 for a
total electrode thickness of 17 μm and thus acquire consecutive images
with a voxel resolution of 30 nm. SEM images were aligned and seg-
mented by using ImageJ [53] and Avizo 7.0.1 (Visualization Science
Group, Mérignac, France). Fig. 1a shows a 3D rendering of the micro-
structure analyzed. The reconstructed domain can be viewed as the
functional layer of a typical anode-supported SOFC. Notably, the
functional layer is more relevant than the supporting layer in terms of
3D inhomogeneous current distribution because, in the functional layer,
transport phenomena and electrochemical reactions interact each
other. On the contrary, the supporting layer may be effectively de-
scribed with a continuum approach [54].

Three synthetic microstructures were generated by using the
packing algorithm described by Bertei et al. [55] and converted in
voxel-basis by using isotropic voxels of 30 nm. The three synthetic
structures consisted of a three-dimensional random arrangement of
overlapping spherical particles within a box with square base of
122 μm2 and thickness of 16.8 μm, nominally having the same porosity
(∼30%), Ni solid volume fraction (∼40%) and mean particle diameter
(∼1.2 μm) of the tomographic dataset. The first synthetic structure,
named “Synth 00”, was produced by using mono-dispersed particles
while the other two structures, “Synth 20” and “Synth 40” respectively,
were generated according to a Gaussian distribution of the particle
diameter, centered at 1.2 μm, with a nominal standard deviation of 20%
and 40%, respectively. A 3D rendering of the synthetic microstructures
is shown in Fig. S1.

Both the real and synthetic microstructures were meshed in
Simpleware ScanIP 7.0 (Synopsys, Mountain View, USA) to obtain
conformal meshes of ∼40·106 elements.

2.2. Electrochemical modeling

The 3D numerical model, implemented in Comsol 5.2 [56] and re-
ported in Table S1, is based on the conservation of electrons, oxygen
ions and hydrogen within the corresponding phases, that is, Ni, ScSZ
and pore phase, respectively. The physics and electrochemistry are kept
as simple as possible to highlight only the effect of the 3D micro-
structure on the inhomogeneous current distribution. Within the bulk of
each phase there is neither production nor consumption of charged or
chemical species. The electronic and ionic current densities, Ie and IO,
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are calculated according to Ohm law [57] by considering the electronic
and ionic bulk conductivity of Ni and ScSZ, respectively. The molar flux
of hydrogen NH obeys the Fick law of diffusion, where the diffusion
coefficient equals the binary diffusivity of the H2/H2O gas mixture.

The electrochemical reaction involving electrons, oxygen ions and
hydrogen (Eq. (1)) is assumed to take place at each percolating three-
phase boundary (TPB) among Ni, ScSZ and pores. The current ex-
changed per unit length of TPB, iTPB, follows Butler-Volmer kinetics as a
function of the local activation overpotential, η, which equals the dif-
ference between electronic and ionic potentials, VNi and VScSZ, and in-
cludes the local equilibrium potential difference [13,58]. iTPB and η are
considered positive in fuel cell operation mode.

The current exchanged at the TPB, iTPB, represents a source term,
applied along the TPB line, in the conservation equations of electrons,
oxygen ions and hydrogen. In particular, iTPB is linked to the current
densities Ie and IO and hydrogen flux NH according to the reaction
stoichiometry. This is mathematically enforced by integration in every
infinitesimal control volume v shared by the three phases around an
infinitesimal TPB line ℓ, as reported in Table S1, thus ensuring that the
three conservation equations are coupled at the shared TPB.

The model is closed by boundary conditions. At the electrode/
electrolyte interface, electronic current and hydrogen flux must vanish
while the ScSZ ionic potential is set to zero as a reference potential. At
the electrode/current collector interface, the ionic current is set to zero,
the Ni electric potential is set equal to the total applied overpotential
ηtot while the inlet hydrogen molar fraction is specified. No flux con-
ditions are enforced elsewhere in every internal interface within the
electrode domain.

A simple analytical solution of model equations is obtained by ap-
plying the macro-homogeneous approach, which assimilates the elec-
trode microstructure to a continuum of the three phases with uniform
effective properties [17]. Considering negligible electronic ohmic
losses, fast gas diffusion and small activation overpotential, the profiles

of ionic potential and current density along the electrode thickness are
obtained analytically by solving for the conservation of oxygen ions.
The analytical solution of such a 1D macro-homogeneous model is re-
ported in Table S2 and is considered as a benchmark for the 3D simu-
lation.

The list of symbols used in the model is reported in Table S3, while
Table S4 and Table S5 summarize the parameters used in the 3D and 1D
simulations, respectively. In particular, TauFactor [59] was used to
evaluate the mean TPB density and the effective ionic conductivity
required by the 1D analytical model.

2.3. Calculation of advanced microstructural metrics and integration with
models

After solving the 3D model, the values of current density and elec-
tric potential are known at each node of the mesh. Numerical results are
extracted by interpolating the values at the nodes of the mesh to a 3D
grid with the same size of the original dataset. In parallel, the binary
watershed algorithm implemented in Quiq3D (IQM Elements, London,
UK) is used to resolve each phase of the segmented 3D microstructure
into individual particles. Then, the two 3D datasets, containing parti-
cles and model solution, are superimposed: in this way, the mean value
of current magnitude and electric potential can be associated to each
particle. In addition, the contacts and TPB information are stored, thus
enabling for the calculation of the current produced at the TPB of each
particle. In order to make 3D particle statistics comparable to the
analytical results of the 1D model, both the current density and the
current produced per particle volume are normalized by multiplying for
the volume fraction of the corresponding phase.

It is worth noting that the same particle-based statistical approach
can be used regardless the specific electrochemistry simulated by the
model; for example, the statistical analysis may concern the distribution
of the degree of particle lithiation in lithium-batteries [60].

Fig. 1. Schematic illustration of the novel methodology for the advanced quantification of porous electrodes: a) 3D tomographic reconstruction of a real Ni/ScSZ
porous anode (Ni in gray, ScSZ in green, pore phase is transparent); b) meshing and c) simulation of the electrochemical reaction at the TPB (in red) along with gas
diffusion (in light blue) and electronic and ionic charge transport (gray and yellow arrows, respectively); d) identification of Ni and e) ScSZ particles according to
watershed algorithm. Figures b–e refer to a small subset for visualization purposes. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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3. Results and discussion

3.1. Validation of the 3D simulation

Before extracting advanced metrics, the validity of the 3D numerical
simulation must be assessed against the analytical predictions of the
macro-homogeneous model described in Table S2. Such an analytical
solution for the current and ionic potential distributions represents the
benchmark of the state-of-the-art macro-homogeneous models used in
the literature [17], which has been extensively validated with experi-
mental data [51]. Fig. 2 shows the ionic potential and ionic current
profiles along the thickness of the anode. The ionic potential increases
while the ionic current density monotonously decreases along the
thickness, indicating that the charge-transfer reaction is distributed
over the whole electrode volume. The 3D model (red dashed line)
quantitatively reproduces the same trends predicted by the analytical
solution (black solid line). The ionic potential of individual ScSZ par-
ticles as obtained by the 3D model (blue circles) follows closely the
analytical trend. The same considerations apply to the potential and
current distributions obtained in three synthetic microstructures as
reported in Fig. S2.

The smooth trends and the good match between analytical predic-
tions and 3D model results indicate that the three-dimensional volume
analyzed is big enough to be statistically representative of the entire
electrode microstructure [39,61]. In addition, the characteristic active
thickness tδ [62–64], wherein most of the charge-transfer occurs, is in
the order of 13 μm, which is much larger than the mean particle dia-
meter (∼1.2 μm); therefore, macroscopic gradients spread on a length
scale much larger than particle size [54,65,66]. This implies that field
variables, such as the electric potential and current density, are quite
uniform within each particle, so that each particle can be completely
characterized by a single value of potential and a single value of current
density. This justifies the applicability of our novel approach, in-
troduced in the next Section, which is based on the statistical analysis of
the potential and current evaluated in each individual particle.

However, the uniformity of current and potential fields within each
particle does not necessarily mean that, in any cross section parallel to
the electrolyte, each particle experiences the same potential and current
expected from the macro-homogeneous volume averaging: the scat-
tering of the particle ionic potential in Fig. 2a points out that there is
local heterogeneity of the microstructure. Hence, any deviations of
particle current or particle potential from the expected mean value
provide useful statistical information about the intrinsic heterogeneous,
three-dimensional current distribution within the microstructure.

In summary, Fig. 2 demonstrates the soundness of the 3D numerical

results. While the mean trends of current and potential can be easily
predicted by continuum macro-homogeneous models as already re-
ported in the literature [43–47], the statistical distribution of the de-
viations from the mean at the particle level contains truly three-di-
mensional information. The analysis, exploitation and significance of
this information is discussed in the next Section.

3.2. Novel advanced microstructural analysis

As anticipated in the previous Section, the deviation of particle
current density from the expected mean value contains useful in-
formation, which cannot be predicted by continuum macro-homo-
geneous models nor can it experimentally be measured by using the
present electrochemical probes [67,68]. A statistical analysis of the
current experienced by each particle is thus necessary to achieve a
fundamental understanding of the impact of the three-dimensional
microstructure on electrode performance.

Fig. 3a and b reports the distribution of the electronic and ionic
current density within each Ni and ScSZ particle as a function of the
distance from the electrolyte. Each particle is represented by a circle
whose radius is proportional to the particle volume. The black solid line
identifies the expected mean value of current density as predicted by
the macro-homogeneous model. Particles showing a current density at
least twice larger than the expected mean value are marked in blue,
while particles with a current density smaller than half the expected
value are marked in red. The vertical dot-dashed lines indicate the
center coordinate of each distribution.

Fig. 3a and b shows that the particles current distribution is mark-
edly scattered around the mean current profile. Such a wide scatter is
present also in synthetic microstructures, as reported in Figs. S3–S5.
Critically, this means that two particles, despite being at the same
distance from the electrolyte and having similar volume, may experi-
ence completely different current densities. In other words, particles do
not behave homogeneously and do not transfer the same current.

Such a wide scatter poses serious limitations to the application of
macro-homogeneous models for the definition of safe operating con-
ditions. For example, one may constrain the maximum operating cur-
rent of the electrode in order to prevent excessive Joule heating [69],
which may trigger degradation phenomena. However, Fig. 3a and b
shows that the real maximum current density experienced by particles
is significantly larger than the expected maximum value predicted by
continuum models. In fact, the maximum current density predicted by
the continuum analytical model is equal to 1235 Am−2 in the simu-
lated operating conditions; Fig. 3a and b reveals that there exist par-
ticles experiencing current density values beyond 4000 Am−2, that is

Fig. 2. Validation of the 3D numerical simulation against the prediction of the analytical macro-homogeneous model reported in Table S2: a) ScSZ ionic potential and
b) ionic current density as a function of the dimensionless distance from the electrolyte. The prediction of the analytical model is reported with a black solid line
while the red dashed line shows the results of the 3D model averaged within 20 cross sections parallel to the electrolyte interface. The blue circles in a) refer to the
ionic potential of the individual ScSZ particles identified in the 3D model. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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more than three times larger than what predicted by continuum mod-
eling. Such high current density values generate local Joule heating, as
further elaborated in Fig. S12, which shows that up to 6% of ScSZ vo-
lume and 8% of Ni volume are subject to a local Joule heating larger
than what continuum modeling predicts. Hence, continuum models
underestimate the maximum current density experienced by particles at
least by a factor 3, and as such are inapplicable for the determination of
safe operating conditions, which can instead only be assessed by the
truly three-dimensional approach that we have developed.

The reason why the particles current distribution is scattered around
the mean value can be discovered through a statistical analysis at the
particle level. Fig. 3c and d reports the particle size distribution for Ni
and ScSZ for both the whole dataset (gray) as well as for the particles
transferring at least twice the average current (blue) and less than half

the average current (red). For the sake of conciseness, the last two
classes of particles are denoted in the following as blue particles and red
particles. Fig. 3c and d shows that red particles are predominantly small
particles, being 10–20% smaller than average. On the other hand, blue
particles are typically slightly larger than the mean diameter of the
phase, although not necessarily. These results are confirmed in syn-
thetic datasets (Figs. S3–S5), denoting generality of the behaviors
found. However, the particle diameter is not an unambiguous micro-
structural descriptor to distinguish between blue and red particles.

A clearer insight is given by Fig. 3e and f, which reports the fre-
quency distribution of the number of neighbors for each phase. In this
study, two particles of the same phase are considered neighbors if they
are in contact each other. Therefore, the number of neighbors identifies
the connectivity of a particle within the phase it belongs to. Fig. 3e and

Fig. 3. Current density distribution at the particle level. a) Electronic current density for Ni particles and b) ionic current density for ScSZ particles as a function of the
dimensionless distance from the electrolyte. The black solid line reports the mean current profile predicted by the analytical macro-homogeneous model. The radius
of the bubble is proportional to particle volume. Note that the y-axis is plotted in logarithmic scale. c) Frequency distribution of the equivalent diameter of Ni and d)
ScSZ particles. e) Frequency distribution of the number of neighbors per particle for Ni and d) ScSZ, where neighbors are particles of the same phase in contact with
each other. The whole dataset is reported in gray, particles transferring at least twice the average current are reported in blue, while particles transferring less than
half the average current are reported in red. The vertical dot-dashed lines refer to the center coordinate of each distribution. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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f shows that there is a clear separation between red and blue particles in
terms of connectivity, with red particles having 40–50% less neighbors
than average (mostly having just one neighbor, which prevents current
to be transferred to another particle), while blue particles have at least
two neighbors and, in general, 10–40% more neighbors than average.
Notably, red particles account for up to 14% of ScSZ volume though all
ScSZ particles are percolating. Figs. S3–S5 confirm these results in
synthetic microstructures for both the Ni and ScSZ phases.

The advanced analysis reported in Fig. 3 enabled particle con-
nectivity to be identified as the key reason why particles transfer less or
more current than average. Irrespective of the phase considered, par-
ticles with 40–50% less neighbors than average transfer less current,
while most of the current is carried by particles with at least two
neighbors having 10–40% more neighbors than average. Particle con-
nectivity is particularly important for the Ni phase (Fig. 3e), whose
main function is to transfer electrons away from the electrode active
region, which is close to the electrolyte interface.

A similar approach has been adopted for the analysis of the current
per unit volume exchanged by particles at their three-phase boundaries.
Notably, while Fig. 3 focused on the capability of particles to transfer
current within the same phase, here the analysis addresses the efficacy
of particles to exchange current from one phase to the other, which is
related to the rate of the electrochemical reaction described in Eq. (1).
Fig. 4a and b reports the current per unit of electrode volume produced
within Ni and ScSZ particles as a function of the distance from the
electrolyte. As in Fig. 3, particles are classified into those that produce
at least twice the average current (blue) and less than half the average
current (red). Figs. S6–S8 report the same results for three synthetic
microstructures.

Fig. 4a and b shows that current production is not uniformly dis-
tributed among the particles, varying over more than two orders of
magnitude through the electrode. The analysis of the particle size dis-
tribution in Fig. 4c and d reveals that blue particles are generally
15–30% smaller than average and constitute just a tiny fraction of the
phase, being about 5% of the phase volume. On the other hand, a large
fraction of particles, accounting for 20–30% of the solid volume within
the functional layer, produce less current than average.

Fig. 4e and f shows that the TPB length per unit of particle volume is
the key microstructural property to distinguish between red particles
and blue particles. In fact, there is a clear separation between the two
classes of particles: red particles have 50–90% less TPB density than
average (or no TPB at all), while blue particles show about 2.5–3 times
more TPB than average. This behavior is confirmed in the three syn-
thetic microstructures (Figs. S6–S8).

The relevant outcomes of Figs. 3–4 are schematically summarized in
Table 1, which reports the necessary conditions for a particle to transfer
or produce more or less current than average. Generally, a large frac-
tion of both solid phases is made up by particles which do not sig-
nificantly contribute to the electrochemical reaction, only a tiny frac-
tion of particles outperform the others. The size of the particles is not
sufficient to distinguish well-performing from poor-performing parti-
cles, with small particles transferring less current than average while
also producing more current per unit volume. Instead, other funda-
mental microstructural descriptors enable distinction between the two
classes of particles: particle connectivity is relevant for transferring
current within the same phase, while the current conversion between
different phases is determined by the TPB length per unit of particle
volume.

Thus, the intrinsic stochastic distributions of number of neighbors
and TPB length per particle produce the broad scattering of the current
profiles discussed in Figs. 3 and 4, resulting in a volume fraction up to
28% of particles which do not contribute significantly to current pro-
duction, and just a tiny volumetric fraction, as low as 4%, which is more
suited for current conversion by producing at least twice the average
current but may also be responsible for localized Joule heating and, as a
result, accelerated degradation. The next Section explores how

electrode manufacturing can be efficiently informed to overcome these
limitations by exploiting these new insights.

3.3. Strategies for advanced electrode design

The advanced microstructural characterization presented in the
previous Section revealed inhomogeneous current distribution at the
particle level and enabled identification of the key microstructural
properties to enhance performance, namely particle connectivity and
TPB length per unit of particle volume. The randomness of the particle
arrangement [70] affects the distribution of such microstructural
properties, causing inhomogeneous current transfer and, ultimately, an
inefficient utilization of the electrode microstructure. Therefore, dif-
ferent strategies can be explored to optimize the electrode micro-
structure.

The first investigation concerns how the particle size dispersion
affects the inhomogeneous current distribution. Three synthetic mi-
crostructures, consisting of randomly dispersed overlapping spherical
particles, were generated as shown in Fig. S1. The synthetic micro-
structures have the same nominal macroscopic properties except for the
standard deviation of the particle size dispersion, ranging from 0% (i.e.,
mono-dispersed particles) up to 40%. The advanced microstructural
analysis of the synthetic structures is reported in Figs. S3–S8.

Fig. 5 summarizes the most relevant results regarding the solid
volume fraction of particles producing less than half the average cur-
rent (red particles, Fig. 5a) or more than twice the average (blue par-
ticles, Fig. 5b). Fig. 5a indicates that as the particle size dispersion in-
creases, the fraction of particles which produce less current than
average increases, being up to ∼30% for ScSZ. This means that up to
∼1/3 of the ionic conductor volume is underutilized in terms of current
conversion. Consequently, a larger fraction of particles are forced to
outperform producing more current than average (Fig. 5b), albeit re-
presenting only a minor fraction of the phase volume if compared with
poor-performing particles. Therefore, we can conclude that a broader
particle size dispersion produces a broader distribution of current
produced per particle, that is, a more inhomogeneous current dis-
tribution. Moreover, as shown by Fig. S2b, the total current produced
by the electrode decreases as the particle size dispersion increases.

These results suggest that a wide particle size dispersion may have
detrimental effects on electrode performance, especially for its de-
gradation. For example, inhomogeneous current production can gen-
erate high local steam partial pressure and high local heat flux, which
may locally trigger Ni coarsening [71–77]. As Ni particles coarsen, the
particle size dispersion increases [78,79], thus inducing further in-
homogeneous current distribution according to our results. Further-
more, should Ni percolation be lost in some regions of the electrode,
other regions will compensate at the expenses of larger local current
densities, triggering further degradation processes, not only in the Ni
phase but also in the ionic conductor since current conversion takes
place at the shared TPBs. Although these implications can only be in-
dicative at the present, the methodology we propose is capable of
confirming these conclusions when coupled to in-operando 3D tomo-
graphy of electrodes during degradation tests [80–83] or with experi-
mental electrochemical probing [67,68], which is currently limited to
2D slices though.

A further insight to guide electrode manufacturing stems from a
closer inspection of the results highlighted in Figs. 3–4 and in Table 1.
In particular, we showed that two groups of particles can be identified:
those transferring more current than average, characterized by a large
number of neighbors, and those producing more current than average,
characterized by a large TPB length per unit volume. Ideally, a particle
is optimally utilized if it belongs to both groups, thereby excelling in
both transferring and producing current. As a consequence, the optimal
electrode microstructure should seek to maximize the fraction of such
ideally utilized particles.

In Fig. 6a and b particles are plotted as a function of the number of
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neighbors and the TPB length per unit volume: particles transferring at
least twice the average current are reported in purple, particles pro-
ducing at least twice the average current are colored in blue, while
particles belonging to both the groups are marked in green. Fig. 6a and
b shows that the particles belonging to the first group (in purple) are

gathered at the top-left corner of the graph, that is, in the region po-
pulated by particles with high connectivity, while particles belonging to
the second group (in blue) lie in the bottom-right corner where the TPB
length per unit volume is maximized. Particles which excel in both
transferring and producing more current than average (in green) lie in

Fig. 4. Distribution of current produced at the TPB at the particle level. a) Current produced at the TPBs of particles per unit of electrode volume as a function of the
dimensionless distance from the electrolyte for Ni particles and b) ScSZ particles. The black solid line reports the mean volumetric current profile predicted by the
analytical macro-homogeneous model. The radius of the bubble is proportional to particle volume. Note that the y-axis is plotted in logarithmic scale. c) Frequency
distribution of the equivalent diameter of Ni and d) ScSZ particles. e) Frequency distribution of the active TPB length per particle volume for Ni and f) ScSZ. The
whole dataset is reported in gray, particles producing at least twice the average current are reported in blue, while particles producing less than half the average
current are reported in red. The vertical dot-dashed lines refer to the center coordinate of each distribution. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

Table 1
Summary of necessary conditions for particles in order to transfer or produce more than twice or less than half the average current.

Particle class Diameter No. neighbors TPB per particle volume

Current transfer Current production Current transfer Current production Current transfer Current production

Less than half average current (red) 10–20% smaller / 40–50% smaller / / 50–90% smaller
More than twice average current (blue) / 15–30% smaller 10–40% larger / / 150% larger
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the middle of the two groups. Notably, these ideally utilized particles
constitute only a tiny fraction of the solid volume, as low as 1%. These
trends are confirmed also in the synthetic structures as reported in Figs.
S9–S11.

Fig. 6c schematically summarizes the results. Ideally, the fraction of
(green) particles which transfer and produce more current than average
should be increased in an optimized microstructure, which would imply
that both the number of neighbors and the TPB length per particle
should be increased simultaneously. However, Fig. 6 indicates that this
ideal design paradigm is not achievable because having both a large
number of neighbors with particles of the same phase and a large TPB
length with particles of the other phase are mutually exclusive condi-
tions. In other words, a particle cannot be in contact with both other
particles of the same phase to transfer current and, simultaneously,
with particles of the other phase to create an extended TPB to produce
current. This intrinsic constraint poses fundamental limitations to the
optimal exploitation of random electrode microstructures.

Therefore, an alternative strategy can be foreseen by designing
electrodes with particles specifically arranged to fulfill two specific
functions: a fraction of particles, organized to have a large number of
neighbors (i.e., moving upward in Fig. 6c), in order to transfer current,
and another fraction of particles, having large TPB length (i.e., moving
rightward in Fig. 6c), to produce current. Hence, the practical design
strategy suggests decoupling the two functions, to optimize specific
classes of particles to fulfill each function individually rather than
trying to arrange particles in a way to maximize both current transfer
and current production.

This strategy sets the pathway for advanced manufacturing of
electrodes. Scaffold electrodes infiltrated with nanoparticles [84–89]
are an example of the adoption of such a strategy: the scaffold provides
pathways for current transport while the dispersed nanoparticles pro-
vide large TPB length for current production. Additive manufacturing
[90–92], once optimized, can go even beyond and fully implement the
strategy we suggest. According to Fig. 6c, an advanced electrode mi-
crostructure should comprise a structured backbone for fast current
transport along with lateral finer branches to boost current production,
mimicking a fractal arrangement resembling for example human lungs
(see inset in Fig. 6c). All the three phases (i.e., ion-conducting, electron-
conducting and pore phase) should ideally be structured in this way,
although the porous phase might be simply randomly dispersed in the
case of fast gas transport. These indications complement the recent
guidelines we established for the 3D manufacturing of porous elec-
trodes [93] as well as the indications provided by macro-homogeneous
modeling regarding microstructural optimization as a function of
electrode thickness and operating conditions [17,18].

In summary, the fundamental understanding gained through our
novel 3D characterization methodology revealed the fundamental
limitations of random microstructures and sets a practical strategy to
manufacture advanced electrodes with particles organized to maximize

either current transport or current production, indicating that achieving
both functions simultaneously by the same class of particles is not
feasible.

4. Conclusions

This paper presented the potential of an innovative methodology to
perform the advanced three-dimensional characterization at the par-
ticle level in porous electrodes. The methodology consists of simulating
the transport and electrochemical reaction phenomena within the 3D
microstructure of electrodes, and then performs a statistical analysis of
the current experienced by each particle. Rather than focusing on
average properties, which can be readily predicted by existing con-
tinuum models, this new methodology allowed us to focus on the dis-
tribution of electrochemical performance at the particle level and ra-
tionalize the reasoning behind the observed inhomogeneous current
distribution.

Simulation results showed that the current at the particle level is
significantly distributed around the mean, revealing that particles do
not behave uniformly. Two classes of particles were identified, ac-
complishing specific functions: particles which transfer more current
than average, characterized by 10–40% more contacts than average,
and particles which produce more current than average, which show
∼2.5 times more three-phase boundary length than average. These two
classes are mutually exclusive each other, so that up to the 30% of
electrode solid volume within the functional layer is shown to be un-
derutilized.

The fundamental insight gained by this novel analysis allowed us to
suggest specific strategies for the advanced manufacturing of elec-
trodes, which should be oriented towards the design of microstructures
with backbone particles for optimized current transport along with
other particles conveniently arranged to maximize current production.
On the other hand, conventional electrodes with random micro-
structures are limited by inherently inhomogeneous current distribu-
tion, which broadens as the particle size dispersion increases. This is
expected to trigger local degradation mechanisms, revealing that safe
operating conditions should be set on the basis of the 3D methodology
that we propose, because continuum approximations will always un-
derestimate the maximum local current density and Joule heating.

Although these behaviors were demonstrated in solid oxide fuel cell
anodes, model equations can be easily adapted to take into account
additional transport, reaction and surface phenomena as well as to
apply the methodology to other electrochemical systems where porous
electrodes are used, including batteries, fuel cells and electrolyzers.
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