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3D microstructures for nanostructured solid oxide fuel cell (SOFC) electrodes fabricated by infiltration/impregnation method are
constructed numerically, by using a phenomenological procedure. Key geometric properties of the constructed electrodes are
calculated at various infiltration loadings, including the percolation probabilities of pores and infiltrated nanoparticles, the total
and active three-phase boundary (TPB) length, backbone and nanoparticles surface areas, and backbone-nanoparticles boundary
area. The effects of backbone particle size, backbone porosity, nanoparticle size, and its aggregation risk are studied systematically.
Analytical models are developed to predict these geometric properties, and agree well with the numerical infiltration results, as well
as the literature data. It is found that the peak TPB length can be achieved at 63% coverage of the backbone surface by infiltrated
nanoparticles. More interestingly, the backbone structure has little effect on nanoparticles surface area, but significantly affects TPB
length, suggesting an strategy to identify electrode reaction mechanisms. Decreasing infiltrated particle size increases its surface
area, enhances the peak TPB length, and decreases the optimal infiltration loading, indicating small infiltrated particles essentially
benefits electrode performance. The results provide valuable information for understanding the geometric properties of the infiltrated
SOFC electrodes and contribute to the design of high performance SOFC electrodes.
© 2013 The Electrochemical Society. [DOI: 10.1149/2.057303jes] All rights reserved.
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In the last decade, infiltration/impregnation technique has drawn
tremendous attention in the community of solid oxide fuel cells
(SOFCs) to prepare nanostructured high performance SOFC elec-
trodes. The performance of infiltrated electrode is much higher than
conventional electrodes prepared by mixing and sintering processes.1

Theoretical and experimental studies2–5 suggest that the promotion
in electrode performance derives from the advanced microstructures
by its distinctive fabrication processes. In general, the infiltration
approach involves making a porous backbone layer of electrolyte
material onto the dense electrolyte layer by printing/casting and co-
sintering processes, then infiltrating the electrocatalyst nitrate solu-
tion into the backbone pores, followed by relatively low temper-
ature calcinations.6 The multiple steps permit the separate control
and optimization of the backbone and the electrocatalyst structures.
The low calcination temperature can suppress the detrimental reac-
tions between the electrolyte and electrocatalyst/electrode materials.7

More importantly, nanosized electrocatalytic particles can be formed
in typical range of 50 ∼ 100 nm.1 This unique structure results in a
significant enhancement in electrochemical active sites for electrode
reactions.

From the phenomenological standpoint, the electrode performance
is directly linked with the electrode geometric properties. One of
the most important geometric properties is the three-phase bound-
ary (TPB) line, where the ionic conducting phase (backbone phase),
electronic conducting phase (electrocatalyst phase), and the pores
meet with each other. Many works show that the electrode perfor-
mance is directly linked with the TPB length.8 This is particularly
true for the (La,Sr)MnO3 (LSM) – yttria-stabilized zirconia (YSZ)
composite electrodes,9 because LSM (YSZ) is almost a pure elec-
tronic (oxygen ionic) conductor, and thus the electrode reactions
are restricted to the TPB lines with a width of atomic dimensions.
Zhu et al.2 proposed a geometric model and found orders of magni-
tude enhancement in TPB length of infiltrated electrodes, compared
with the conventional composite electrodes. The model considered
the conventional composite electrode as a random packing system of
LSM and YSZ spherical particles, and modeled the infiltrated elec-
trode as a sphere-packed backbone, entirely coated with single-layer
nanoparticles of another phase. By incorporating the charge-transfer
resistance per TPB length and the ionic conductivity of YSZ, the
particle-layer model10 confirmed that: (1) the area specific resistance
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(ASR, �cm2) of the LSM infiltrated YSZ electrodes can be much
smaller than that of the conventional LSM-YSZ electrodes; and (2)
the ASR value is inversely proportional to the square root of volumet-
ric TPB length. However, this conclusion may not be applicable to
all electrode materials. When the mixed-conducting perovskite, such
as (La,Sr)(Co,Fe)O3 (LSCF), or (La,Sr)FeO3 (LSF) is used as the
infiltration phase for cathodes, oxygen ions can transport through the
perovskite bulk. As a result, the area for oxygen adsorption and in-
corporation is extended from the contacting lines (TPB) to the surface
of the infiltrated nanoparticles. Moreover, the charge-transfer area is
broadened to the interface of backbone-nanoparticles boundaries.8

Based on experiments, Shah et al.4 developed a surface resistance
(SR) model for infiltrated SOFC electrodes. They found that that the
ASR of LSCF infiltrated Ce0.9Gd0.1O1.95 (GDC) electrodes depends
on the fundamental ASR of LSCF surface, and the electrode ASR
(600◦C) is inversely proportional to the LSCF nanoparticles surface
area. More recently, Rainer and Gorte11 showed that the ASR (600◦C)
of LSF infiltrated YSZ electrodes depends strongly on the LSF sur-
face area but is independent of LSF film thickness. These studies
suggest that the surface area of infiltrated mixing-conducting phase
is a key parameter for the electrode performance. Partially because
of this, the infiltrated mixing-conducting phase is usually idealized
as a dense thin film coating on the surface of backbone structure (in-
dicating no TPBs), which is modeled as micrometer-scale columns
(or with nano-scale branches)5 Interestingly, this configuration was
used in a theoretical model (TFV model) for conventional compos-
ite SOFC electrodes by Tanner, Fang, and Virkar,12 before the ap-
plication of infiltration method in the SOFC field. Since then, the
TFV model has been widely used for simulating the infiltrated elec-
trodes. Based on TFV model, Nicholas et al.13 modeled the infiltrated
electrode structure as micrometer-scale columns coated with hemi-
spherical nanoparticles, proposed the simple infiltrated microstruc-
ture polarization loss estimation (SIMPLE) model, and applied the
SIMPLE model to predict the ASR of (Sm,Sr)CoO3 infiltrated GDC
electrodes and LSCF infiltrated GDC electrodes. These experimental
studies and models (the random-packing approaches and the thin-
film approaches) successfully illustrate and confirm the importance
of electrode microstructures. However, the detailed geometric prop-
erties and their variations with infiltration loading and percolation
behaviors still remain unclear. An in-depth understanding of the ge-
ometric properties of infiltrated electrodes is crucial to identify reac-
tion mechanisms and to optimize the microstructure for performance
enhancement.
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Three-dimensional (3D) quantification of the electrode microstruc-
ture is necessary to clarify these geometric properties. By using fo-
cused ion beam – scanning electron microscopy (FIB-SEM) or X-
ray microscopy techniques, a significant progress has been made
for the 3D microstructure reconstruction of conventional compos-
ite electrodes.14,15 However, these methods are presently unable to
reconstruct the infiltrated microstructures as the relative low reso-
lutions (e.g. 10–50 nm) of these techniques are insufficient to pro-
vide microstructural information of the infiltrated nanoparticles (can
be about 25 nm in radius). Apart from experimental techniques,
numerical modeling offers an efficient and economical way of ex-
ploring the microstructures of SOFC electrodes. A plenty of nu-
merical models has been developed to construct the conventional
composite electrodes.16,17 However, according to the authors’ best
knowledge, no numerical model has been developed for recon-
structing the microstructures of SOFC electrodes with infiltrated
structure.

In this work, a numerical method is first developed to construct
the 3D microstructure of infiltrated SOFC electrodes. Based on the
constructed microstructure, the percolation properties of infiltrated
nanoparticles and pores, and the geometric properties, including TPB
length, nanoparticles surface area, backbone surface area and inter-
facial area of backbone-nanoparticles boundaries are calculated. The
effects of particle size and porosity of the backbone, and the infil-
trated particle size and its aggregation risk are studied systematically.
In addition, two analytical models are developed to predict these geo-
metric properties, and are fully validated by the numerical infiltration
results.

Numerical Infiltration Methodology

In practice, the infiltration procedure involves multiple steps. The
backbone structure and infiltration phase are prepared at different
stages, and undergo two distinctive sintering processes.7 Ideally, the
processing details should be incorporated into the modeling approach
as the electrode microstructure heavily depends on the processing
history. However, it is difficult to capture all these kinetic details,
such as the high temperature sintering of backbone structure and
the relative low temperature calcinations of infiltration inks, due to
the unclear mechanisms. In this study, the numerical construction
methods for the conventional composite electrodes17 is adopted and
revised to construct the infiltrated electrodes from a phenomenological
standpoint. Accordingly, the infiltrated electrodes can be numerically
realized by two steps – the backbone generation and the addition of
infiltration phase, during which numerical sintering is included. Based
on the experimental observations,1 the backbone and infiltration phase
are considered as spherical particles. Thus the numerical sintering
can be simulated by allowing contact angles between particles. In
the following sections, the algorithm for backbone generation and
nanoparticles infiltration are described.

Backbone generation.— The backbone structure is generated by
randomly dropping spherical particles within a domain with sufficient
dimensions, followed by the enlargement of particles (thus allowing
contact angles) to simulate sintering. This methodology is oft-used
to those construction methods for conventional composite electrodes
fabricated by screen printing or spin coating.17 The domain is dis-
cretized into cubic pixels (or voxels). All the pixels of the domain
are assigned a gray value of 0 to represent an empty container. Then
the backbone particles are randomly packed using the morphologi-
cal dilation method to form point-to-point contact, proposed in our
previous study.18 During the packing of backbone particles, the bot-
tom and lateral boundaries act as solid walls and the top boundary is
open for particles dropping into the domain. Although the particles
are dropped from the top boundary, the generated backbone structures
are isotropous. The particle radius is rBBcosθ. The random packing
procedure is repeated till the domain cannot contain any additional
backbone particle. Then, the backbone particles are in situ expanded
to a radius of rBB, so as to create a contact angle, θ between back-

bone particles. Typically, θ is usually considered as 15◦.19 All the
pixels belonging to the backbone particles are assigned a gray value
of −1. To ensure sufficient porosity of the infiltrated electrodes, high
porosity of the backbone structure is required, i.e. 40%–60%. In the
fabrication procedure, usually various types of pore formers are used
to control the backbone porosity. In this study, the backbone porosity
is controlled by randomly erasing a certain amount of particles before
enlargement.

For electrode microstructure construction, the domain size and
resolution (pixel size) are very important parameters. According to
the work by Cai et al.,20 the domain side length should be at least
2.5 times particle diameter to eliminate the randomness of structure
generation, and the particle diameter should be 10 times the resolution
to ensure the calculation accuracy. In this study, the backbone particle
diameter is selected as 0.4 μm, 0.3 μm, and 0.2 μm. Thus the domain
size is set up as 1 μm × 1 μm × 1 μm. And the nanoparticle radius,
rNP is in range of 25 nm and 75 nm. Accordingly the resolution is
5 nm. Therefore, the domain contains 8 million pixels, requiring full
performance of a 4 GB RAM computer. For the case rBB = 0.2 μm,
rNP = 25 nm, and 10 vol.% infiltration loading, typical numbers of
backbone particles and infiltrated nanoparticles are 25 and 5341, re-
spectively. The domain size and resolution will be verified to be suf-
ficient in the section of results and discussion.

Nanoparticles infiltration.— Nanoparticles are coated randomly
onto the surface of the generated backbone structure one-by-one. Par-
ticular attention is given to the sintering and the aggregation risk of
nanoparticles. The sintering of nanoparticles forms the contact angles
of nanoparticle - backbone particle pair and nanoparticle - nanoparti-
cle pair. Strong evidence for the contact angle of nanoparticle - back-
bone particle pair has been given by SEM micrographs. For example,
Shah et al.4 first reported that the infiltrated LSCF nanoparticles on
the GDC backbone surface are hemispheres. Recently, Nicholas et
al.13 reported that the infiltrated Sm0.5Sr0.5CoO3-δ nanoparticles on
the GDC backbone surface were also hemispherical. Fig. 1 shows
some typical infiltrated electrode microstructures, including LSM in-
filtrated YSZ electrode21 (Fig. 1a), Ni infiltrated magnesium – doped
lanthanum gallate (LSGM) electrode22 (Fig. 1b), and Pd infiltrated
YSZ electrode23 (Fig. 1c). It can be seen that the nanoparticles in the
infiltrated electrodes can be considered as hemispheres, independent
of backbone morphology, nanoparticle size, and its aggregation risk.
Therefore, we assume the contact angle of nanoparticle - backbone
particle pair to be 90◦. Fig. 1d shows the high resolution TEM for
Pd infiltrated YSZ electrode.23 It can be seen that the contact angle
between Pd particles is about 60◦, which is used as the contact an-
gle between nanoparticles in this work. Accordingly, the sintering of
nanoparticles is simulated by directly coating the nanoparticle with a
designed radius of rNP onto the backbone surface or onto the nanopar-
ticles surface, with the nanoparticle center on the coated surface, as
shown in Fig. 2. The pixel value of nanoparticles is assigned to be
1, leaving the pixel value of intersecting part with the backbone un-
changed.

In practice, the aggregation is a constant obstacle to obtain uni-
form infiltration morphology.1 Thus various types of infiltration inks
are used, such as the aqueous of nitrate salts, and the molten nitrate
salts.7 During the infiltration procedure, if the nanoparticles prefer to
be coated onto the backbone surface, the coating morphology tends
to be uniform, otherwise, the nanoparticles tends to form aggrega-
tions. Obviously, this preference depends on the physical/chemical
properties of the infiltration inks. In the numerical infiltration, the risk
of aggregation formation (nanoparticles’ preference) is represented
by a weighting factor w. Before the coating of each nanoparticle, a
probability is assigned for coating onto the backbone surface,

PBBS = wAreaBBS/[wAreaBBS + (1 − w)AreaNPS] [1]

where w is the weighting parameter, in the range of 0 to 1. AreaBBS

[μm2μm−3] is the backbone surface area after infiltration, AreaNPS

[μm2μm−3] is the nanoparticles surface area as shown in Fig. 2.
Thus the probability of coating on the nanoparticles surface is,
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Figure 1. SEM micrographs of (a) LSM infiltrated YSZ electrode,21 (b) Ni infiltrated LSGM electrode,22 (c) chemically reduced and (inset of c) thermally
decomposed Pd infiltrated YSZ electrode, and (d) high resolution TEM of the inset of (c).23 (Reprinted with permission from Refs. 21–23. Copyright 2009 Elsevier
for,21 2011 The Royal Society of Chemistry for,22 and 2011 Elsevier for.23).

PNPS = 1 - PBBS. The calculation of AreaBBS and AreaNPS will be
presented in the following section. The weighting parameter, w, will
be studied to discuss its effects on aggregation risk. As indicated by
Eq. 1, in case of w = 0.5, there is no preference of coating. If w tends
to be 1, the nanoparticle prefers to be coated on the backbone surface,
indicating a low aggregation risk. Thus the w has a clear physical
meaning and it is linked with the properties of the infiltration inks,
although this linkage is not further studied at the present stage. We
conjecture w value relates with the nucleation rates of nanoparticles
on the backbone surface and the nanoparticles surface.

rBB 

rNP 

AreaNPS 

AreaBBS 
AreaNBI 

TPB 

60o 

90o 

Figure 2. Illustration of nanoparticles configuration (blue) on backbone sur-
face (red), and the definition of nanoparticles surface area, AreaNPS, back-
bone surface area, AreaBBS, interface area of backbone-nanoparticles bound-
aries, AreaNBI, three-phase boundary, TPB, and contact angles between par-
ticles. Dashed lines indicate fictional spheres, which do not exist in real
microstructure.

Calculation of Geometric Properties

Fig. 2 outlines part of these geometric properties, including the
nanoparticles surface area, AreaNPS [μm2μm−3], the backbone sur-
face area, AreaBBS [μm2μm−3], the interfacial area of backbone-
nanoparticles boundaries, AreaNBI [μm2μm−3], and the TPB length,
TPBL [μmμm−3]. In addition, the percolation probabilities of infil-
trated nanoparticles, Pinfiltration, and pores, Ppore, as well as the perco-
lated values of AreaNPS, AreaBBS, AreaNBI, and TPBL are calculated at
various infiltration loadings. The calculation method strictly follows
their definitions in the discretized domain. The infiltration loading
is represented by the percentage of nanoparticle pixels in the entire
domain, including pores. The percolation probability of infiltrated
nanoparticles/pores is defined as the total number of those nanopar-
ticles/pores pixels connecting with the bottom and top boundaries of
the domain, divided by the total amount of nanoparticles/pores pixels.
A morphological labeling method with 18-connectivity is used to dis-
tinguish these percolated pixels.24 The (percolated) AreaNPS is defined
as the total area of pixel facets belonging to (percolated) nanoparticle
pixels and (percolated) pore pixels, divided by the domain volume.
Similarly, the (percolated) AreaBBS is the total area of pixel facets
belonging to backbone pixels and (percolated) pore pixels, divided by
the domain volume. The (percolated) AreaNBI is the total area of pixel
facets belonging to the backbone pixels and (percolated) nanoparticle
pixels, divided by the domain volume. Note that these area properties
are overestimated by their definitions in the discretized domain. For
example, the surface area of a particle with a radius of rNP is estimated
as 6πrNP

2, higher than the theoretical value, 4πrNP
2. Thus these area

properties are then weighted by a factor of 2/3 to eliminate this error.
The (percolated) TPBL is the total length of pixel edges belonging to
the backbone pixels, (percolated) nanoparticle pixels, and (percolated)
pore pixels, divided by the domain volume, and a correction factor of
1.455 is used to eliminate the zigzag effect.25
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Results and Discussion

The numerical infiltration is repeated at least two times for each
condition. The discrepancy of calculation results for the same con-
dition is found to be negligible. Fig. 3 shows the results of 5 times
simulations for an infiltrated electrode with the backbone porosity of
50 vol.%, the backbone particle radius of 0.2 μm, the nanoparticle
radius of 25 nm, and the weighting parameter of 0.9, approaching the
oft-studied infiltrated electrodes.4,20 As is shown, the present domain
size (1 μm × 1 μm ×1 μm) and resolution (5 nm) are sufficient to
study the geometric properties as well as the percolation properties.
Thereafter, we select this case as the baseline condition to conduct
parametrical studies.

Fig. 4 shows the 3D microstructures of infiltrated SOFC electrodes
under the baseline condition with infiltration loadings of 5, 10, and
15 vol.%, corresponding to electrode porosities of 45, 40, and 35
vol.%, respectively. As shown in Fig. 3, this infiltration loading of 10
vol.% corresponds to a maximum TPBLtotal. For the 10 vol.% load-
ing, more than 99% nanoparticles are percolated and almost all the
pores are percolated (Fig. 5a). In addition, the nanoparticles surface
area is found to be 10 μm2μm−3 (Fig. 5c), higher than the backbone
surface area before infiltration, 6.8 μm2μm−3 (Fig. S1). According to
the definition of infiltration loading in the present study, a threshold
loading of 6 vol.% of entire volume corresponds to 10.7 vol.% of solid
volume, which is still much lower than the normal threshold (for per-
colation purpose) loading of 30 vol.% for the conventional composite
electrodes, in consistent with the experimental observations.22,26 In
other words, a remarkable conductivity of infiltration phase can be
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Figure 3. Sufficiency validation of the 1 μm × 1 μm × 1 μm domain size
and the 5-nm resolution, by 5-times numerical infiltration results under the
baseline condition (rBB = 0.2 μm, backbone porosity = 50 vol.%, rNP = 25 nm,
w = 0.9). (a) percolation probability of nanoparticles, and (b) total TPB length.

Figure 4. 3D visualization of the baseline structure with infiltration load-
ings of 5, 10, and 15 vol.% (rBB = 0.2 μm, backbone porosity = 50 vol.%,
rNP = 25 nm, w = 0.9).

obtained at relative low infiltration loadings. Since the conventional
infiltration inks usually produces a limited amount of infiltration phase
(i.e. 3 vol.%7), multiple infiltrations are required. It is expected that
the geometric properties are influenced by the infiltration loading,
the backbone particle size, the backbone porosity, the nanoparticle
size, as well as the weighting parameter, which will be studied in the
following parts.
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Figure 5. Calculation results of percolation probabilities of nanoparticles and
pores (a), total and percolated TPB lengths (b), total and percolated nanopar-
ticles surface areas (c) as a function of infiltration loading under various back-
bone particle radiuses of 0.1 μm, 0.15 μm, and 0.2 μm (backbone porosity
= 50 vol.%, rNP = 25 nm, w = 0.9).

Effects of backbone particle size.— In addition to the baseline
condition, another two conditions with backbone particle radiuses of
0.15 μm and 0.1 μm are studied, leaving other factors unchanged,
including backbone porosity, nanoparticle size, and weighting param-
eter. Fig. 5a shows the percolation probabilities of nanoparticles and
pores as a function of infiltration loading. It is found that both the
nanoparticles and pores show clear percolation thresholds with sharp
transition in percolation behaviors at the thresholds. As shown in
Fig. 5a, decreasing backbone particle radius increases the percolation
threshold of nanoparticles. For example, the threshold loading is in-

creased from 6 vol.% to 11 vol.%, when the backbone particle radius
is decreased from 0.2 μm to 0.1 μm. The combination effects with
infiltrated nanoparticle size will be discussed in Section 4.3. For com-
parison, the pore percolation behaviors are insensitive to the backbone
particle size. In addition, more than 95% pores are percolated when
the electrode porosity is higher than 10 vol.%. For example, all the
pores are available for gas transport at 20 vol.% porosity.

Fig. 5b shows the evolutions of the total and active TPB length. It
is found that the total TPB length initially increases with increasing
infiltration loading, reaches a maximum value, and then decreases
with a further increase in infiltration loading due to the contact be-
tween nanoparticles as illustrated in Fig. 1d. This tendency is clearly
visualized in Fig. 4. For the low infiltration loading shown in
Fig. 4a, TPB length is limited by the amount of nanoparticles. When
the infiltration loading is increased (Fig. 4b), TPB length is enhanced.
However, a too high infiltration loading decreases the exposed back-
bone surface area (Fig. 4c) and nanoparticles may not access the
backbone surface, leading to a decrease in TPB length. In addition,
the total TPB length highly depends on the backbone particle size.
For instance, the peak TPBLtotal is enhanced from 300 μm.μm−3 to
700 μm.μm−3 when the backbone particle radius is decreased from
0.2 μm to 0.1 μm, probably due to an increase in the backbone sur-
face area (Fig. 5b). Meanwhile, the optimal loading for the peak TPB
length is increased with decreasing backbone particle size, indicating
a sacrifice of electrode porosity. The percolated (active) TPB length
shows a similar dependence on the infiltration loading with the total
TPB length, as is shown in Fig. 5b. Two percolation thresholds are
observed for TPBLactive - the lower one and higher one corresponding
to the percolation threshold of nanoparticles and pores, respectively.
It is shown that the lower percolation threshold is quite close to the
optimal infiltration loading for peak TPB length. Thus, the infiltration
loading must be controlled carefully, especially for the electrode sys-
tems where TPB length is the performance limiting factor, e.g. LSM
infiltrated YSZ electrodes.

As shown in Fig. 5c, the nanoparticles surface area shows a peak
value at an infiltration loading of 35 vol.% (electrode porosity of 15
vol.%). Interestingly, the total nanoparticle surface area does not vary
noticeably with varying backbone particle size. On the one hand, the
initial backbone surface area is increased with decreasing backbone
particle size (Fig. S1), providing more sites for nanoparticles infil-
tration. On the other hand, the amount of backbone particles is also
increased. Thus the curved undercuts between backbone particles are
much more easily flattened by the nanoparticles. Their combined ef-
fects may be the reason why the backbone particle size has little effect
on nanoparticles surface area. In addition, the percolated surface area
of nanoparticles, AreaPNPS (Fig. 5c) is almost the same as the total sur-
face area, AreaNPS between the low and high percolation thresholds.
Based on the results shown in Fig. 5b and 5c, it is found that a vari-
ation in backbone particle size changes the TPB length but does not
alter the nanoparticle surface areas. This finding offers an alternative
way of identifying the electrode reaction mechanisms by measuring
the cell performance with different backbone particle size. According
to the model development, the summation of backbone surface area
(AreaBBS) and the interface area of backbone-nanoparticles bound-
aries (AreaNBI) is equal to the initial backbone surface area. Therefore,
both AreaBBS and AreaNBI are affected by the backbone particle size.
As shown in Fig. S1, AreaNBI (AreaBBS) increases (decreases) linearly
with infiltration loading at the same rates for various backbone particle
sizes, then approaches gradually to the initial backbone surface area
(zero). The transitional point is the percolation threshold of AreaPNBI

(Fig. S1), the same as that of nanoparticles, before which AreaNBI is
independent of backbone particle size. When the transition point is
achieved, AreaPNBI tends to be stable (Fig. S1). Under normal infiltra-
tion loadings below 30 vol.%, all the backbone surface is percolated
as shown in Fig. S1, because all the pores are percolated (Fig. 5a).

Effects of backbone porosity.— The backbone porosity is changed
from 50 vol.% for the base case to 40 vol.% and 60 vol.% in this sec-
tion. Fig. 6a shows the percolation probability of nanoparticles with
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Figure 6. Calculation results of percolation probabilities of nanoparticles and
pores (a), total and percolated TPB lengths (b), total and percolated nanopar-
ticles surface areas (c) as a function of infiltration loading under various back-
bone porosities of 40 vol.%, 50 vol.%, and 60 vol.% (rBB = 0.2 μm, rNP = 25
nm, w = 0.9).

the three porosities. It is found that the percolation threshold only
decreases slightly with increasing backbone porosity. Interestingly,
this result is similar to the percolation theory for conventional com-
posite electrodes, in which the percolation threshold is independent
of electrode porosity.19 Fig. 6a also presents the percolation probabil-
ity of pores. It is found that the percolation threshold increases with
the backbone porosity. However, it indicates a unique threshold of
10 vol.% in terms of electrode porosity, above which more than 95
percent of pores are percolated.

The total TPB length is shown in Fig. 6b. Similar to the effects
of backbone particle size, a decrease in backbone porosity increases

the peak TPB length, because decreasing backbone particle size and
porosity increases the initial backbone surface area. Furthermore,
the peak TPB length is proportional to the initial backbone surface
area. For instance, the peak TPBLtotal for backbone porosities of 40
vol.%, 50 vol.%, and 60 vol.% is 370 μm.μm−3, 300 μm.μm−3, and
250 μm.μm−3, respectively. And the corresponding initial backbone
surface area is 8.1 μm2μm−3, 6.8 μm2μm−3, and 5.5 μm2μm−3, re-
spectively (Fig. S2). In fact, this rule is also applicable to the effects
of backbone particle size. Despite of the backbone particle size and
backbone porosity, TPBLtotal can be expressed as a function of (initial)
backbone surface area, which will be presented in the following sec-
tion. Note that the backbone surface area may be reduced for a smaller
backbone porosity, say 30 vol.% which is, however, not usually used
for infiltration. The percolated TPB length is also shown in Fig. 6b.
As can be seen, once the percolation threshold is achieved, the peak
percolated TPB length is obtained, thus the infiltration loading must
be carefully controlled to achieve both good percolation properties
and high TPB length.

Fig. 6c shows the dependence of nanoparticles surface area on
backbone porosity. For the various backbone porosities, AreaNPS is
insensitive to backbone porosity at infiltration loading of below 20
vol.%. With an increase in backbone porosity, the peak AreaNPS is
enhanced and the corresponding infiltration loading is increased as
well. The peak AreaNPS corresponds to an electrode porosity of 15
vol.%. Similarly, the percolated nanoparticles surface area shown in
Fig. 6c is independent of the backbone porosity at an infiltration
loading of lower than 20 vol.%. Since the backbone porosity affects
the TPB length but does not noticeably influence the nanoparticle
surface area, varying the backbone porosity could be another method
to identify electrode reaction mechanisms. One ideal model may be the
samaria - doped ceria (SDC) infiltrated Ni anodes. Recently, Chueh
and Haile studied well-defined SDC-Ni geometries and interfaces,
and demonstrated that SDC nanoparticles surface area scales with
electrode activity, rather than the TPB lines density.27 Referring to the
work by D. Ding et al.,3 Fig. 7 shows the peak power densities of
button cells supported by SDC infiltrated Ni anodes as a function of
SDC loading. Three batches of button cells with anodic pore former
loadings of 10 wt% (FC10), 20 wt% (FC20), and 30 wt% (FC30) are
studied. It is shown that, before the maximum peak power density is
reached, the power densities for the various backbone porosities are
basically the same. But high backbone porosity leads to increase the
peak power density. The tendency of nanoparticles surface area with
infiltration loading (Fig. 6c) is in good agreement with this results,3

validating the present study.

Figure 7. Reprint of the Fig. 6 in Ref. 3, showing the peak power densities
(600◦C) of SDC infiltrated Ni anode-based button cells under various SDC
infiltration loading. FC10, 20, and 30 represent anodic pore former loading of
10 wt%, 20 wt%, and 30 wt%, respectively. (Reprinted with permission from
Refs. 3. Copyright 2007 Elsevier.)
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Figure 8. Calculation results of percolation probabilities of nanoparticles and
pores (a), total and percolated TPB lengths (b), total and percolated nanoparti-
cles surface areas (c) as a function of infiltration loading under various nanopar-
ticle radiuses of 25 nm, 50 nm, and 75 nm (rBB = 0.2 μm, backbone porosity
= 50 vol.%, w = 0.9).

The backbone porosity affects the interface area of backbone-
nanoparticles boundaries and the backbone surface area as well as
their percolation properties in a similar way, shown in Fig. S2.

Effects of nanoparticle size.— Three groups of nanoparticle sizes
with radiuses of 25 nm, 50 nm, and 75 nm are studied. Fig. 8a shows
the percolation probability of nanoparticles. The percolation thresh-
old is found to increase with increasing nanoparticle size, which is
contrary with the effects of backbone particle size. Interestingly, the
percolation probability of nanoparticles seems to be a function of the

size ratio of nanoparticles to backbone particles, rNP/rBB. For exam-
ple, the case rNP = 25 nm, rBB = 0.1 μm shown in Fig. 5a, and the
case rNP = 50 nm, rBB = 0.2 μm shown in Fig. 8a have the same
ratio, rNP/rBB = 0.25, and show a unique percolation threshold of 11
vol.%. The percolation threshold increases from 6 vol.% to 14 vol.%
when the size ratio increases from 0.125 (Fig. 5a) to 0.375 (Fig. 8a).
According to the percolation theory for conventional composite elec-
trodes, the percolation threshold is only a function of particle size
ratio.19 However, for infiltrated electrodes, the percolation threshold
of nanoparticles is not only a function of rNP/rBB, but also a function
of aggregation risk of nanoparticles, which will be presented in the
following section. The percolation of pores shows little dependence
on the nanoparticle size (Fig. 8a).

As shown in Fig. 8b, the total TPB length (TPBLtotal) can be re-
markably enhanced by decreasing nanoparticle size. For example, a
peak TPBLtotal length of 80 μm/μm3 is shown in case of rNP = 75 nm,
while the peak TPB length is increased to 300 μm/μm3 when the
nanoparticle radius is reduced to 25 nm. Meanwhile, the optimal infil-
tration loading corresponding to the peak TPBLtotal is reduced from 20
vol.% to 10 vol.%. Accordingly, reducing nanoparticle size not only
increases TPB length but also decreases the optimal infiltration load-
ing, leading to a higher electrode porosity. As shown by the percolated
TPB length in Fig. 8b, the optimal infiltration loading is approaching
to the percolation threshold as reducing nanoparticle size.

Different from the effects of backbone structure, nanoparticles sur-
face area is highly sensitive to the nanoparticle size. As shown in
Fig. 8c, smaller nanoparticle size leads to higher total/percolated
nanoparticles surface area. Thus reducing nanoparticle size essen-
tially benefits electrode performance, because both the TPB length
and nanoparticles surface area are enhanced. It should be mentioned
that the nanoparticles surface area can be larger than the initial back-
bone surface area, depending on the nanoparticle size and infiltra-
tion loading. But in some cases, for instance rNP = 75 nm shown in
Fig. 8c, the nanoparticles surface area is always lower than the ini-
tial backbone surface area of 6.8 μm2/μm3, no matter what is the
infiltration loading. This may be caused by the flattening of un-
dercuts between backbone particles and the smoothing of nanopar-
ticles surface. The other geometric parameters, including AreaNBI,
AreaBBS, AreaPNBI, and AreaPBBS are shown in Fig. S3. Their chang-
ing rates with infiltration loading are found to be increased by reducing
nanoparticle size.

Effects of aggregation risk of nanoparticles.— As indicated by
Eq. 1, the weighting parameter w represents the aggregation risk of
nanoparticles. A higher w value indicates a lower risk to form nanopar-
ticle aggregations. To reveal the effects of the aggregation risk, the w
values are varied from 0.9 to 0.5 and 0.1. As shown in Fig. 9a, the per-
colation probability of nanoparticles decreases with increasing w. As
expected, if the nanoparticles are uniformly coated onto backbone sur-
face with a low risk of aggregation, a low infiltration loading is needed
to form a continuous network of nanoparticles. In practice, the aggre-
gation risk can be modified by tailoring the infiltration conditions.
For example, Liang et al.23 studied the Pd infiltrated YSZ electrodes
by infiltration - chemical reduction process (Fig. 1c) and infiltration -
thermal decomposition process (inset of Fig. 1c). As shown in Fig. 1c,
the chemically reduced Pd nanoparticles tend to form aggregations,
indicating poorly - percolated network, while the thermally decom-
posed Pd nanoparticles are coated uniformly onto the YSZ backbone
surface, exhibiting lower electrode ASR.23 In addition to the aggre-
gation risk, the percolation threshold of nanoparticles is also a strong
function of rNP/rBB as discussed above. Fig. 10a shows the contours
of percolation threshold as a function of rNP/rBB and w, showing that
the percolation threshold increases with increasing rNP/rBB and de-
creasing w. This can be verified by experimental observations. From
the work by He et al.,28 Fig. 10b shows the electric conductivity of
LSM and (La,Sr)CoO3 (LSC) infiltrates with infiltration loading. As
shown, the percolation threshold of LSC infiltrate is ∼10 vol.%, and
the percolation threshold of LSM infiltrate is ∼5 vol.%. As indi-
cated by the inset SEM micrographs, compared with LSM infiltrate,
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Figure 9. Calculation results of percolation probabilities of nanoparticles and
pores (a), total and percolated TPB lengths (b), total and percolated nanoparti-
cles surface areas (c) as a function of infiltration loading under various weight-
ing parameters of 0.1, 0.5, and 0.9 (rBB = 0.2 μm, backbone porosity = 50
vol.%, rNP = 25 nm).

LSC infiltrate has larger particle size and higher aggregation risk,
hence higher percolation threshold. Zhan et al. reported that, all the
nanoparticles are percolated at an infiltration loading of 2.51 vol.%,
when rNP/rBB = 45 nm/1.5 μm for Ni infiltrated LSGM electrodes.22

The corresponding weighting parameter, w could be estimated by us-
ing Fig. 10a. First, the contour plot data in Fig. 10a is extrapolated
to obtain the percolation threshold vs. w relationship under rNP/rBB

= 0.03 condition as shown in Fig. 10c. Then, w can be easily estimated
as 0.92 for the reported percolation threshold of 2.51 vol.%. For high
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Figure 10. Contour plot of percolation threshold of infiltrated nanoparticles
[vol.%] as a function of particle size ratio, rNP/rBB and weighting parameter, w
(a). And the reported electric conductivities at 700◦C for LSM infiltrated YSZ
electrodes (open symbols) and LSC infiltrated YSZ electrodes (solid symbols)
as a function of infiltration loading28 (b). Square and circle symbols represents
different infiltration conditions. The corresponding SEM micrographs are inset.
And the illustration of w estimation based on the experimental data - rNP/rBB
= 0.03, percolation threshold = 2.51 vol.% in22 (c). (Scatters data and SEM
micrographs in b are reprinted with permission from Refs. 28. Copyright 2004
The American Ceramic Society.)

rNP/rBB values, the effects of w are not obvious. For example, in case
of rNP/rBB = 0.15, the percolation threshold increases from 7 vol.%
to 11 vol.% when w is decreased from 0.9 to 0.1. However, in case of
rNP/rBB = 0.36, the percolation probability is about 14 vol.%, inde-
pendent of w. At high rNP/rBB values, the infiltrated structure is similar
to the morphology of conventional composite electrodes, in which the
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percolation probability is only a function of particle size ratio. But
there is essential difference between these two types of structures. For
the conventional composite electrodes, particles are located randomly
in the 3D space. While for the infiltrated electrodes, the nanoparticles
are coated onto the backbone surface, which is a highly curved surface
with a fractional dimension between 2D and 3D. Fig. 9a also shows
the percolation probability of pores, indicating no dependence on w.
In summary, the percolation probability of pores is only a function of
electrode porosity.

The total and percolated TPB length is shown in Fig. 9b. It is found
that the peak TPB length only increase slightly, while the optimal
infiltration loading increases significantly with decreasing weighting
parameter (w). For instance, the optimal loading increases from 10
vol.% to 25 vol.% when w decreases from 0.9 to 0.5. That means
lower infiltration loading is sufficient to enhance TPB length, if the
nanoparticles can be coated uniformly onto backbone surface.

As shown in Fig. 9c, the weighting parameter has negligible effect
on the nanoparticles surface area, probably because the roughness of
nanoparticle surface is not affected by the weighting parameter. Due
to the increase of aggregation risk (decrease of w), AreaNBI, AreaBBS,
AreaPNBI, and AreaPBBS evolves much gradually with increasing in-
filtration loading, shown in Fig. S4.

Analytical model – AreaBBS and AreaNPS vs. infiltration loading.—
It can be seen from the above discussions that the infiltration loading,
t [vol.%] is an important parameter affecting the nanoparticles surface
area (AreaNPS) and the backbone surface area (AreaBBS). During the
numerical infiltration, the backbone surface area is reduced as part
of it is covered by nanoparticles. When the infiltration loading is
increased by a small step of dt, the backbone surface area is decreased
by dAreaBBS. It is noted that only an infiltration loading of PBBSdt
is coated on the backbone surface, where PBBS is the probability
for nanoparticles coated onto the backbone surface (refer to Eq. 1).
Furthermore, the decrease of backbone surface area, dAreaBBS can be
related to the effective infiltration loading, PBBSdt, as,

d AreaBBS = −k0 PBBSdt [2a]

where k0 [μm2μm−3/vol.%] represents the area reduction of backbone
surface for nanoparticles per unit infiltration loading on the backbone
surface. In addition, k0 is constant below infiltration of 30 vol.%, which
will be discussed later. On the other hand, the nanoparticles surface
area is increased by dAreaNPS, derived from nanoparticles coated onto
the backbone surface and nanoparticles coated onto the nanoparticles
surface,

d AreaNPS = k1 PBBSdt + k2(1 − PBBS)dt [2b]

where k1 [μm2μm−3/vol.%] represents the area increase of nanopar-
ticles surface for nanoparticles per infiltration loading coated onto the
backbone surface, and k2 [μm2μm−3/vol.%] represents the increase
in nanoparticle surface area for nanoparticles per infiltration loading
coated onto nanoparticle surface. k1 and k2 are also assumed to be
constant below infiltration loading of 30 vol.%. Inserting Eq. 1 into
Eq. 2, and solving the differential equations with an initial backbone
surface area, Area0

BBS gives two groups of solutions depending on k2.
If k2 �= 0, it gives,

t = −
{

1

k0
− (1 − w)k1

k0[(1 − w)k2 + wk0]

}
AreaBBS − k1 − k2

k0k2
Area0

BBS

+
{

k1 − k2

k0k2
+ 1

k0
− (1 − w)k1

k0[(1 − w)k2 + wk0]

}

× Area0
BBS

(
Area0

BBS

AreaBBS

) (1−w)k2
wk0

[3a]

and

(k1 − k2)AreaBBS +k0 AreaNPS = k0k2t + (k1 − k2)Area0
BBS [3b]

If k2 = 0, it gives,

t = wk0 − (1 − w)k1

wk2
0

(
Area0

BBS − AreaBBS

)

+ (1 − w)k1

wk2
0

Area0
BBS ln

Area0
BBS

AreaBBS
[4a]

and

k1 AreaBBS + k0 AreaNPS = k1 Area0
BBS [4b]

By using Eq. 3 and Eq. 4, AreaBBS and AreaNPS can be calculated
at an given infiltration loading, t. Meanwhile, AreaNBI can be also
calculated as Area0

BBS - AreaBBS. It is believed that k0, k1, and k2

are related to the backbone structure, and nanoparticle size, but the
quantitative relationships are not clear yet. Instead, they are used as
fitting parameters. Eq. 3 and Eq. 4 are fitted to the data of numerical
infiltration, and then a better fitting result is selected by using the
criterion of fitting goodness (R-square). For validation, the SR model
is used, in which the surface area of nanoparticles is estimated as
the surface area summation of hemispherical nanoparticles, AreaNPS

= 3t/rNP.4 Fig. 11 shows the validation results for various conditions,
including the effects of backbone particle size (Fig. 11a), backbone
porosity (Fig. 11b), nanoparticle size (Fig. 11c), and weighting pa-
rameter (Fig. 11d). It is shown that the linear relationship (dashed
lines), AreaNPS = 3t/rNP agrees well with the numerical infiltration
results at low infiltration loading, e.g. less than 7 vol.%, under which
the nanoparticles may be isolated between each other. However, the
discrepancy occurs and increases with increasing infiltration loading
due to the contacting between nanoparticles (Fig. 1d and Fig. 4c).
Eq. 3 and 4 fit well with the numerical infiltration data under the
various conditions. The fitted values for k0, k1, and k2 are listed in
Table I. It is found that, Eq. 4 is more suitable for high rNP/rBB and
low w conditions, suggesting that the nanoparticles coated onto the
nanoparticles surface do not contribute to the nanoparticles surface
area for high rNP/rBB and low w levels.

The fitting and numerical construction results can be further vali-
dated by comparing the calculated electrode ASR with data from the
literature. According to the SR model, ASR of mixed ionic - electronic
conductor (MIEC) infiltrated electrode can be given by,

AS R = Rs/λAreaNPS [5]

where Rs is the fundamental ASR of MIEC infiltrate (�cm2), λ is the
electrode thickness (μm). As discussed above, the nanoparticles sur-
face area, AreaNPS is only affected by nanoparticle size and infiltration
loading. The nanoparticle radius for the baseline is 25 nm, the same as
the experimental work for LSCF infiltrated GDC electrode by Shah et
al.4 Thus the fitting results of AreaNPS by Eq. 3 for the baseline condi-
tion were inserted into Eq. 5. Note that Eq. 5 neglects the resistance of
backbone structure, while the recently proposed SIMPLE model by
Nicholas et al. considered it.13 Thus the SIMPLE model is also used
for validation. The reported parameters from the literature are used
for model validation. For example, Rs of LSCF is 100 �cm2 at 600◦C
and 10 �cm2 at 700◦C (for use of SR model and SIMPLE model);
Ionic conductivity of GDC is 0.0117 Scm−1 at 600◦C and 0.0272
Scm−1 at 700◦C (for use of SIMPLE model).4 The comparison be-
tween the reported experimental data (symbols) and the calculation
results (lines) are shown in Fig. 12. As is shown, the calculated results
basically agree with the experimental data. The discrepancy between
the SR model and the SIMPLE model derives from the resistance of
GDC backbone. In other words, the constructed results of the baseline
could be used to represent the experimental microstructure of LSCF
infiltrated GDC electrode. The SIMPLE model and the model devel-
oped in the present paper could serve as useful tools for predicting the
actual infiltrated electrode performance.

Analytical model – TPBLtotal vs. AreaBBS and rNP.— In principle,
the TPB length per unit volume (TPBLtotal) can be estimated if the
initial backbone surface area per volume (Area0

BBS) and TPB length
per initial backbone surface area are known. As illustrated in Fig. 2,
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Figure 11. Validation of Eq. 3 or 4 (solid lines) by the numerical infiltration results (scatter plots) under various conditions, including the effects of backbone
particle size (a), backbone porosity (b), infiltrated particle size (c) and weighting parameter (d). For comparison, the model by Shah et al.4 is shown in dashed lines.

the radius of the contact ring at a backbone-nanoparticle contact can
be considered as the nanoparticle radius, rNP. Let the contact numbers
of nanoparticles per unit initial backbone surface area be n [μm−2],
we can estimate the circumference summation of contact rings per
unit initial backbone surface area as n(2πrNP). However, this cannot
be used as the estimation of TPB length per initial backbone sur-
face area, due to possible overlapping between these contact rings
(Fig. 1d). Only these segments of contact rings contacting with pores
form TPBs. Similar with the model by Gokhale et al.,29 the TPB length
per initial backbone surface area may be estimated as the circumfer-
ence summation n(2πrNP) weighted by the area fraction of remaining
backbone surface, AreaBBS/Area0

BBS. Thus the TPB length per vol-
ume is given by,

T P BL total = Area0
BBSn(2πrNP)AreaBBS/Area0

BBS [6a]

On the other hand, the area summation of contact rings per
volume is,

Areaext
NBI = Area0

BBSnπr 2
NP [6b]

The superscript ‘ext’ indicates the ‘extended’ interface area of
backbone-nanoparticles boundaries, including the overlapped areas
of contact rings. According to the Johnson – Mehl - Avrami theory,30

which is usually used in nucleation, the extended interface area,
Areaext

NBI is linked to the real interface area AreaNBI as,

AreaNBI

Area0
BBS

= 1 − exp

(
− Areaext

NBI

Area0
BBS

)
[6c]

This may be ideal because the formation of infiltrated nanoparticles
is also a nucleation process. But it should be noted that the minimal
distance between infiltrated nanoparticles is limited by the contact

Table I. Fitting values of k0, 1 and 2 at various conditions.

rBB, μm rNP, nm Porosity, vol.% w

Baseline 0.1 0.15 50 75 40 60 0.5 0.1

k0 0.3805 0.8097 0.4381 0.3666 0.2726 0.4820 0.3057 0.6102 0.2585
k1 0.9131 5.4299 0.9334 1.3021 0.8462 0.9393 0.8540 1.5246 0.0987
k2 0.4814 0 0.3935 0 0 0.3129 0.5135 0.4707 0
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Figure 12. Model validation by using the reported ASR of LSCF infiltrated
GDC electrode,4 SR model, and SIMPLE model. (Scatters data is reprinted
with permission from Refs. 4. Copyright 2008 Elsevier.)

angle due to the sintering process. This is a little different from the
nucleation process, in which the nucleation sites are not restricted
by distance. Thus we introduce a dimensionless scaling factor, κ into
Eq. 6c,

AreaNBI

Area0
BBS

= 1 − exp

(
−κ

Areaext
NBI

Area0
BBS

)
[6d]

Eq. 6d is validated by the numerical construction results when κ
is equal to 2/3. Combining Eq. 6b and 6d, the contact numbers of
nanoparticles per initial backbone surface area is given by,

n = 3

2πr 2
NP

ln
Area0

BBS

AreaBBS
[6e]

Inserting Eq. 6e into Eq. 6a, the TPB length per volume is obtained,

T P BL total = 3AreaBBS

rNP
ln

Area0
BBS

AreaBBS
[7]

which is free from fitting parameters.
Fig. 13 shows the plots of Eq. 7 and the corresponding scatter

plots of numerical infiltration data, showing Eq. 7 agrees nicely with
the numerical construction results under the various conditions. The
backbone surface area corresponding to the peak TPB length yields,

dT P BL total/d AreaBBS = 0 [7a]

By solving Eq. 7a, it gives,

AreaBBS/Area0
BBS = 1/e [7b]

It means that the maximum TPB length is achieved at 63% cover-
age of backbone surface by nanoparticles. And the peak TPB length
is governed by the initial backbone surface area and the radius of
infiltrated nanoparticles, given by 1.11 Area0

BBS /rNP.
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Figure 13. Validation of Eq. 6 (solid lines) by the numerical infiltration results (scatter plots) under various conditions, including the effects of backbone particle
size (a), backbone porosity (b), infiltrated particle size (c) and weighting parameter (d).
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Table II. The marking of factors that affect geometric properties. Blank space means little or no effect.

Pinfiltration Ppore TPBLtotal TPBLactive AreaNPS AreaPNPS AreaNBI AreaPNBI AreaBBS AreaPBBS

Infiltration loading
√ √ √ √ √ √ √ √ √ √

rBB
√ √ √ √ √ √ √

Backbone porosity
√ √ √ √ √ √ √

rNP
√ √ √ √ √ √ √ √ √

w
√ √ √ √ √ √ √

Conclusion

By using the numerical infiltration method, important microstruc-
ture properties are calculated as a function of infiltration loadings,
including the percolation probabilities of infiltrated nanoparticles and
pores, total and percolated properties of TPB length, nanoparticles
surface area, backbone surface area, and interface area of backbone-
nanoparticles boundaries. The effects of backbone particle size, back-
bone porosity, infiltrated nanoparticle size, and the aggregation risk
of nanoparticles on various microstructure properties and percolation
properties are studied in detail. Table II summarizes the factors that
can affect these geometrical properties. The parametric study leads to
the following interesting conclusions:

(1) The percolation threshold of infiltrated nanoparticles depends
on the ratio of nanoparticle size to the backbone particle size
(rNP/rBB), and the weighting parameter, w, which represents
the aggregation risk of nanoparticles. The threshold infiltra-
tion loading is much lower than that for conventional composite
electrodes.

(2) The percolation threshold of pores is only a function of electrode
porosity. At an electrode porosity of higher than 10 vol.%, more
than 95% pores are interconnected for gas diffusion.

(3) Backbone particle size and backbone porosity have little effect
on nanoparticles surface area, but exhibit remarkable effects
on TPB length. Thus modifying backbone structure can be an
effective strategy to identify electrode reaction mechanisms, i.e.
whether the reaction occur at TPB or on the surface.

(4) Decreasing the size of the nanoparticles remarkably enhances
the TPB length and increases the nanoparticle surface area. In
addition, with smaller nanoparticle size, the optimal infiltration
loading corresponding to the peak TPB length is decreased,
leading to a higher electrode porosity. Thus decreasing infiltrated
particle size essentially benefits electrode performance.

Analytical models are developed to establish relationship between
the infiltration loading and the surface areas of nanoparticles/backbone
as well as the relationship among the TPB length, backbone surface
area and infiltrated particle size. Both models agree well with the
numerical infiltration results. Particularly, the analytical model for
TPB length is free from fitting parameters and can be used as a useful
tool for fast estimation of the infiltrated electrode properties. It is
found that the peak TPB length can be achieved when 63% of the
backbone surface is coated by infiltrated particles.
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