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Featured Application: Solid oxide fuel cells (SOFC) are one of the power-generated devices
that have received much attention over the last decade due to advantages, such as a high
efficiency, quietness, multiple fuels, and the inexpensive catalyst nature. To improve the
performance of SOFC, the electrospun electrode is introduced to the SOFC, which can be
achieved by impregnating nanoscale particles on the backbone surface of fibers. In this paper,
a theoretical model was developed for the electrospun electrode. This model captures the key
geometric parameters and their interrelationships, which can be used to design the microstructure
parameters, such as the particle radius, fiber radius, and impregnation loading.

Abstract: Electrospinning is a new state-of-the-art technology for the preparation of electrodes
for solid oxide fuel cells (SOFC). Electrodes fabricated by this method have been proven to have
an experimentally superior performance compared with traditional electrodes. However, the lack
of a theoretic model for electrospun electrodes limits the understanding of their benefits and
the optimization of their design. Based on the microstructure of electrospun electrodes and the
percolation threshold, a theoretical model of electrospun electrodes is proposed in this study.
Electrospun electrodes are compared to fibers with surfaces that were coated with impregnated
particles. This model captures the key geometric parameters and their interrelationship, which are
required to derive explicit expressions of the key electrode parameters. Furthermore, the length of the
triple phase boundary (TPB) of the electrospun electrode is calculated based on this model. Finally,
the effects of particle radius, fiber radius, and impregnation loading are studied. The theory model of
the electrospun electrode TPB proposed in this study contributes to the optimization design of SOFC
electrospun electrode.
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1. Introduction

Solid oxide fuel cells (SOFC) have received much attention over the last decade due to advantages,
such as a high efficiency, quietness, multiple fuels, and the inexpensive catalyst nature [1–4]. One of the
major challenges related to SOFCs is the short lifetime introduced by the high operating temperature.
The decrease of the working temperature is an effective method to increase the lifespan of SOFC.
Therefore, lower or intermediate temperature SOFC have been extensively studied in recent years [5,6].
The electrochemical reactions in the SOFC electrode only take place at the so-called triple phase
boundary (TPB), where oxygen ions, electrons, and gaseous species cohere. The reaction activity
of the TPB sharply decreases with decreasing temperature. Therefore, it is significant for lower or
intermediate temperature SOFC to have a long TPB.
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The TPB length is a critical geometric parameter of the electrode and dominates the
SOFC and electrode performance [7,8]. Meanwhile, the TPB itself is strictly associated
with the electrode micromorphology [9,10]. To further improve the electrode performance,
many studies focused on deriving an optimal micromorphology from various fabricating
processes, such as screen-printing [11,12], freeze-casting/phase inversion [13,14], co-precipitation [15],
impregnation/infiltration [16,17], and electrospinning [18,19]. Several types of electrodes with distinct
microstructures have been successfully prepared.

Conventional electrodes (CE), which are fabricated by sintering composite powders, have been
widely and deeply studied both experimentally and theoretically. The TPB length of CE can be
extracted from the detailed microstructure obtained, by focused ion beam-scanning electron microscopy
(FIB-SEM) [20,21] or X-ray diffraction [22]. Theoretical models for TPB calculation can be used to
systematically study the impacts of the electrode properties, including the particle size, porosity,
and component fraction on the TPB length. Among those models, the random sphere packing model
has become popular [23–25].

However, to improve the electrode performance or lower the operation temperature, limitations
of the CE, such as the incompatible thermal expansion coefficient of the anode (e.g., Ni and
yttria-stabilized zirconia (YSZ)) and high polarization loss of the cathode [26–28], have to be overcome.
To address those problems, a nanostructured electrode can be introduced to the SOFC, which can
be achieved by impregnating nanoscale particles on the backbone surface of another phase [16,29].
The nanostructure of the impregnated electrode (IE) leads to a tremendous enhancement of the TPB
length and the impregnation phase volume fraction (e.g., Ni) is much lower than that of the CE [30].
From a phenomenological viewpoint, there are two distinct IE constituents: backbone and coated
impregnation nanoparticles. These features constitute the basis of theoretical models because the IE is
modeled in many cases as a sphere-packed backbone with a surface that is coated with nanospheres of
another phase [26,30].

Because the TPB length of the nanostructured electrode is directly related to the total backbone
surface area [31], it is logical to explore new frameworks with increased surface areas to improve the
electrode performance. The basic backbone formed by many one-dimensional nanostructures (e.g.,
nanofibers) possesses a high surface area and porosity [32], which implies a novel backbone structure.
Because electrospinning is a simple and effective method to produce uniform one-dimensional
nanofibers with a high specific area and porosity, it has become a new state-of-the-art technology
for the preparation of electrodes for SOFCs [33]. Li et al. [34] studied fibrous Ni-coated YSZ anodes,
where the YSZ nanofibers were prepared via electrospinning and then electrolessly plated with a layer
of Ni. Their results suggested that the Ni loading is only 30 wt.%, that is, lower than that of CE.
Two anodes with the same Ni fraction were prepared by electrospinning and power processing,
respectively. The test results showed that the peak power density of the cell with the electrospun anode
is twice that obtained using the power-processing anode, which was attributed to the longer TPB of
the former anode. Zhao et al. [33] compared La0.8Sr0.2Co0.2Fe0.8O3−δ (LSCF) nanorod/Ce0.8Gd0.2O1.9

(GDC) nanoparticle composite cathode with LSCF/GDC nanoparticle cathode. The polarization
resistance of the former is five times smaller than that of the latter. Further studies indicated that
the cathode performance is better when the diameter of the nanofibers is sufficiently small [33,35].
Other studies [36,37] confirmed the significant influence of the microstructure and intrinsic properties
of the basic components on the cathode performance.

Although the CE and IE have been widely studied, the electrospun electrode (EE) morphology
differs from that of the CE or IE. The models and results for the CE and IE cannot be directly applied
to the EE. The 3D reconstruction via FIB-SEM or X-ray diffraction is a powerful tool to quantitatively
analyze the geometric properties of CEs. However, those methods cannot be used to reconstruct the
impregnated microstructure due to the resolution gap [31]. Therefore, although the experimental
activities are strong, as aforementioned, most experiments focused on the preparation and testing of the
macro-performance; quantitative analyses of the geometric properties are rare. Contrary to in-depth
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experimental studies, there is little theoretical research, to the best of our knowledge. The work of
Enrico, A. and Costamagna, P [38] was developed specifically for LSCF fibers. Being LSCF a MIEC
(mixed ionic electronic conductor, embedding both electronic and ionic conduction simultaneously),
a number of infiltrated particles below the percolation threshold were considered. Conversely, in the
present work, the fibers are considered to be a pure ionic conductor, and percolation of the infiltrated
electronic conducting particles is a mandatory feature for the electrochemical reaction to expand into
the electrode bulk, i.e. for the infiltration/fiber interface to contribute to the TPB. In this paper, based on
the microstructure of EE reported in literatures [18,19] and the percolation threshold, a theoretical
model was developed for the EE by comparing the EE to fibers with surfaces that were coated with
impregnated particles. This model captures the key geometric parameters and their interrelationship,
which can be used to derive explicit expressions of several key electrode parameters. Furthermore,
the TPB length of the EE was calculated based on this model. Finally, the effects of the particle radius,
fiber radius, and impregnation loading were systematically studied.

2. Theoretical Model

Generally, EE is fabricated by combining electrospinning and impregnation methods.
The nanofibers are firstly prepared via electrospinning, followed by casting/printing on the electrolyte
and co-sintering to generate the backbone. Subsequently, nanoparticles are coated on the surface of the
backbone by impregnation. However, with increasing impregnation loading, the layers of the coated
particles may vary from less than one layer to more than one layer.

The multiple fabrication processes of EE lead to its distinctive microstructures.
From a phenomenological viewpoint, the EE is a combination of the backbone and outer
shell. The backbone closely resembles the packing of straight fibers because it is fabricated by sintering
electrospinning fibers. Despite the sintering, the backbone still holds the straight fiber structure [33,38].
The outer shell consists of impregnated nanoparticles, which adhere to the backbone surface. Based on
the microscopic images [33,34], the nanoparticles are spherical. To simulate the heat treatment, contact
angles are allowed between the spheres and between fibers and spheres.

Therefore, the backbone is considered to be a straight fiber structure in the theoretical model and
the impregnated particles are considered to be spheres. In addition, all of the electrospun fibers and the
impregnated particles in EE are of similar size. Thus, in order to simplify the model, the assumption
that all of the electrospun fibers (the impregnated particles) have the same radii is adopted. The contact
angle is widely used to describe the sintering process, which is generally set as 15◦ in CE and IE [29,35].
As a result, it is reasonable to assume the contact angle between particles or between fiber and particle
is 15◦. As we all know, in the impregnating process, the nanoparticles randomly stick to the surface
of the fibers irregularly [18]. Therefore, we assume that the particles are randomly dispersed on the
fiber face. In fact, fibers possess three surfaces, including the top, side, and bottom surface where the
nanoparticles can stick. The intersection between the fibers covers part of the surface of the fibers.
However, it is a formidable challenge for the quantitative calculation of the reduction of the fibers
surface due to the intersection between the fibers. Thus, we assume that the total area of the top and
bottom surface of fiber equals to the reduction of the fibers surface due to the intersection between
the fibers. The nanoparticles can only stick to the side surface of the fibers in this theoretical model.
In a word, the assumptions include the following:

1. All electrospun fibers have constant radii.
2. All particles have constant radii.
3. The particles are coated on the fiber face; the contact degree is 15◦.
4. The contact degree between particles is 15◦.
5. If the outer shell is smaller than one layer, the particles will be randomly dispersed on the

fiber face.
6. The intersecting region between the fibers is neglected.
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Figure 1 shows the schematic diagram of the developed theoretical model: Straight fibers (yellow
cylinders) are randomly arranged in the electrode, acting as the backbone; nanoparticles (gray spheres)
are coated on the fiber surfaces in three possible configurations. Depending on the impregnation
loading, the shell may be smaller than one layer and one layer may be bigger (Figure 1, from left to
right). For a shell, which is not smaller than one layer, the percolation ratio Pshell of the particles is 1.
However, if the shell is smaller than one layer, the particles are randomly dispersed on the fiber face
based on the fifth assumption (Figure 2a). In this case, the Pshell must be determined via percolation
theory. Several particles cannot be connected to any of the percolation clusters (Figure 2a, red oval
frame), and thus do not contribute to the TPB and need to be deleted, as shown in Figure 2b. In this
paper, an algorithm was proposed to determine the Pshell of the shell that is smaller than one layer.
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Figure 2. The schematic diagram of the case in which the shell is smaller than one layer, (a) the particles
are randomly dispersed on the fiber face and some particles do not percolate in the red oval frame and
(b) shows the schematic after deleting the particles that do not percolate.

3. TPB Length Calculation

For the TPB length calculation, the fiber and particle are considered to be ionic and electronic
conductors, respectively. Exchanging their roles will not influence the TPB calculation because they
are pure (ionic or electronic) conductors. However, the influence on the TPB of the mixed ionic and
electronic conductor (MIEC) is still under discussion [39].

Figure 1 shows that the impregnated fibers are randomly distributed in the electrode. They have
different lengths, positions, and orientations. Because of the different volume fraction, the number
of fibers also differs. For the TPB calculation, a repeating unit is first abstracted by tailoring the
impregnated fiber, as shown in Figure 3. This way, the volume-specific effective TPB length λv

TPB can
be given by:

λv
TPB = 2πrel sin α0 · Zio−elnv pio pel (1)
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where rel are the radii of the electron-conducting particles in the shell; α0 is the contact angle between
the fibers and particles, which is 15◦ [40,41]; Zio−el is the coordination number between the fibers and
particles in the repeating unit; nv is the number of repeating units per unit volume; pio is the percolation
ratio of the ion-conducting fibers; and pel is the percolation ratio of the electron-conducting particles.
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Based on Equation (1), the primary task of determining λv
TPB is the determination of the parameters

in the equation, that is, the coordination number between the fibers and particles in the repeating unit
Zio−el, number of repeating units per unit volume nv, percolation ratio of the ion-conducting fibers pio,
and percolation ratio of the electron-conducting particles pel.

The coordination number between the fibers and particles in the repeating unit: the coordination
number Zio−el between the fibers and particles in the repeating unit can be geometrically derived.
Figure 4 illustrates the geometric relations in the repeating unit. The coordination number is:

Zio−el = 2
360◦

θ
η (2)

where θ is the central angle of the fiber occupied by one particle (see Figure 4a). Notably, two layers
of particles surround the fiber in the repeating unit, as shown in Figure 3. The parameter η is the
impregnation loading, which is defined as the ratio of the total impregnated particle number, to the
particle number of the one-layer case. Therefore, η is 1 in the one-layer shell case. For shells with more
than one layer, η is still 1 because the particles beyond the first layer are not in contact with the fibers,
and thus do not influence the TPB length. However, η is smaller than 1 in the shells that are smaller
than one layer.
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The central angle θ can be geometrically calculated by:

θ = arccos
2h2

1 − h2
2

2h2
1

(3)

where h1 and h2 are schematically illustrated in Figure 4, they are calculated as:

h1 =
√

r2
io − (rel sin α0)

2 + rel cos α0 (4)

h2 = 2 · rel cos α0 (5)

where rio is the radius of the ion conducting fiber.
The number of repeating units per unit volume nv: The volume of the ion-conducting fiber in the

repeating unit is:
Vfib = 2h3πr2

io (6)

where h3 is schematically illustrated in Figure 4, it is calculated as:

h3 = 2rel cos α0 cos 30◦ =
√

3rel cos α0 (7)

Therefore, the number of repeating units per unit volume nv can be derived by:

nv =
Vio

Vfib
(8)

where Vio is the volume fraction of the ion conducting fibers in electrode.
Percolation ratio of ion-conducting fibers pio: Based on the fabrication process and microscopic

images, all ion-conducting fibers are interconnected. Therefore, the percolation ratio of the
ion-conducting fibers is set to pio = 1.

Percolation ratio of electron-conducting particles pel: The percolation ratio of the
electron-conducting particles depends on the impregnation layers of the shell. In shells with equal or
more than one layer, all particles percolate; therefore, pel = 1. However, if the shell is smaller than one
layer, the pel is obtained based on percolation theory. An algorithm was developed to automatically
identify percolating particles. Because the percolated cluster must start from the top particle layer
to the bottom particle layer, the algorithm starts from the top layer particles, like the green ones in
Figure 5a. A loop is used to identify the clusters starting from every top layer particle. In this way,
some isolated clusters will be automatically filtered out, such as the C4 and C5 in Figure 5a. The result
will be all of the clusters starting from the top, as the C1, C2 and C3 shown in Figure 5b. However,
not every identified cluster can stretch to the bottom of the cylinder. If a cluster contains no bottom
layer particle, for example, the C2, it will be deleted. Thus, the remaining clusters are all percolated,
shown as C1 and C3 in Figure 5c. The amount of the particles in those clusters divided by the total
particle number in shells with one layer will be pel.Appl. Sci. 2019, 9, x FOR PEER REVIEW 7 of 11 
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4. Results and Discussion

The TPB length of the EE was firstly calculated using our proposed theoretical model by Office
Excel. Subsequently, a study was conducted to determine the effects of the impregnation loading,
particle radius, and fiber radius on the TPB length. Baseline conditions were set for the parametrical
study: the volume fraction of the ion-conducting fibers Vio is 0.45, the fiber radius is 150 nm, the particle
radius is 30 nm, and pel = 1. Unless otherwise stated, the baseline conditions were adopted.

Figure 6 shows the dependence of the percolation ratio pel on the impregnation loading with
different radii of the electron conducting particles rel. Note that for an impregnation loading below
the threshold, pel = 0 due to no percolating particles existing. Furthermore, the threshold of the
impregnation loading η increases with the increase of the rel. This is because the smaller rel, the more
particles around the fiber, which will provide more options from the top to bottom of the fiber and form
the percolated cluster. However, for an impregnation loading higher than the threshold, the percolation
ratio pel steeply increases. When the impregnation loading is larger than 0.66, all particles are connected
for different rel, that is, pel = 1.
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Figure 7 shows the dependence of the TPB length on the impregnation loading. At a fixed Vio,
particles do not percolate when the impregnation loading is too low. Thus, the effective TPB length
is 0. However, when the impregnation loading reaches the threshold value of 0.48, an effective TPB
begins to form and reaches for η in the range from 0.48 to 0.6, which can be attributed to the increase
in the percolation ratio pel and coordination number. Compared with 0.48 < η < 0.6, the effective
TPB length enhances relatively slowly for η > 0.6. This is due to the fact that the percolation ratio pel
reaches its maximum (1) at η > 0.6 and remains constant.

Figure 7 shows that the effective TPB length increases with increasing Vio when the impregnation
loading is larger than the threshold value of 0.48. Moreover, the difference in the effective TPB length
due to the change of Vio increases with increasing η. For example, when η is 0.5, the effective TPB
length for Vio of 0.5 is 2.1× 1012 m-1 higher than that for Vio of 0.4. However, when η is 0.6, the effective
TPB length for Vio of 0.5 is 13.8×1012 m-1 higher than that for Vio of 0.4.
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Figure 8 shows the TPB length as a function of the electron-conducting particle radius rel and
ion-conducting fiber radius rio with the η = 1. The TPB length of EE is high on the order of 1× 1014,
which is close to the value of IE [30]. Note that the TPB increases with decreasing rel or rio. The TPB
length at a rel value of 30 nm only accounts for 37% of that at a rel value of 10 nm for rio = 150 nm.
However, the influence of rel on the TPB length varies. For instance, at a smaller rel, the TPB length
drops more rapidly; at a larger rel, the influence is weakened. Although finer impregnation particles are
favorable for the TPB length, they can also increase the aggregation risk and directly lead to a decrease
of the TPB length and bad electrode performance. In practice, the size of the impregnation particles
must be carefully controlled to maximize the electrode performance.
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5. Conclusions

A theoretical model was established for the electrospun electrode, which considers the fibers
as cylinders and the impregnated particle as spheres. Various layers of spheres are coated on the
cylinders based on different impregnation loadings. Based on this model, the TPB length of the
electrospun electrode was calculated, and the effects of particle radius, fiber radius, and impregnation
loading were also investigated. The results indicate that the effective TPB length difference due to
the change of Vio increases with increasing impregnation loading η. Furthermore, thinner particle
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and fiber sizes are favorable for the enhancement of the TPB length. An algorithm is developed to
calculate the percolation ratio of the electron conducting particles pel. It is found that the threshold of
the impregnation loading η increases with the increase of the rel. For an impregnation loading higher
than the threshold, the percolation ratio pel steeply increases. When the impregnation loading is larger
than 0.66, all particles are connected for different rel, that is, pel = 1.
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