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� SOFC anode with embedded micro-
channels characterized by micro and
nano tomography.

� Tortuosity factors decrease exponen-
tially with the increase of electrode
porosity.

� Embedded micro-channels enhance
effective mass transport properties
by 250%.

� Permeability improves by 2e3 orders
of magnitude with the new electrode
design.

� Multi-length scale tomography is
essential for optimising hierarchical
structures.
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Effective microstructural properties are critical in determining the electrochemical performance of solid
oxide fuel cells (SOFCs), particularly when operating at high current densities. A novel tubular SOFC
anode with a hierarchical microstructure, composed of self-organized micro-channels and sponge-like
regions, has been fabricated by a phase inversion technique to mitigate concentration losses. However,
since pore sizes span over two orders of magnitude, the determination of the effective transport pa-
rameters using image-based techniques remains challenging. Pioneering steps are made in this study to
characterize and optimize the microstructure by coupling multi-length scale 3D tomography and
modeling. The results conclusively show that embedding finger-like micro-channels into the tubular
anode can improve the mass transport by 250% and the permeability by 2e3 orders of magnitude. Our
parametric study shows that increasing the porosity in the spongy layer beyond 10% enhances the
effective transport parameters of the spongy layer at an exponential rate, but linearly for the full anode.
For the first time, local and global mass transport properties are correlated to the microstructure, which
is of wide interest for rationalizing the design optimization of SOFC electrodes and more generally for
hierarchical materials in batteries and membranes.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Solid Oxide Fuel Cells (SOFCs) are one of the most promising
electrochemical devices for the efficient co-generation of heat and
electricity operating on a range of fuel gases [1,2]. Concentration
polarization is one of the three main loss mechanisms in SOFCs
[3,4]. It arises from slowgas-phasemass transport processes, which
results in a concentration gradient of reactants and products at the
chemically active sites.

Gas transport in porous electrodes mainly depends on pressure,
temperature, and gas species as well as the microstructural prop-
erties of the electrodes, such as porosity (ε), pore size (d) and hence
the permeability (k) [5-7] and tortuosity factor (t) which is often
used to characterize gas diffusion resistance due to the tortuous
pore volume [6,8,9].

These effective transport parameters can be obtained by image
analysis [10,11] and modeling of mass/heat flux on the 3D micro-
structure of the porous phase [6,12] acquired by X-ray computed
tomography or FIB-SEM (focused ion beam scanning electron mi-
croscope). Additionally, permeability is an important effective
transport parameter describing the resistance of the viscous flow in
the porous electrodes [13]. Viscous flow can occur to balance the
pressure gradient of gas species with different molecular weights,
such as H2 and H2O [14]. A simple one dimensional Dusty Gas
Fig. 1. (a)e(c) SEM images showing the hierarchical microstructures at the corresponding s
the gas flow trajectories at different regions of significantly different pore sizes; (f) Micro-CT
spongy layer (green). Each region has independent effective transport properties, as is show
used for heat flux and gas flow simulation to extract the local effective transport paramet
referred to the web version of this article.)
Model (DGM) calculation for a H2(97%)/H2O(3%) mixture shows
that the pressure-driven backflow of H2O can be up to 10% of the
total H2O molar flux in the working conditions reported by Bertei
et al. [14]. Such a permeation flux term is often erroneously
neglected in the literature, especially when applying the DGM,
resulting in an inaccurate prediction of concentration losses with
errors as large as 20e60% [15,16].

Tubular SOFCs offer a number of advantages over their mono-
lithic and planar counterparts, including higher volumetric power
densities, lower cost of manufacture, ease of gas sealing and higher
thermal resilience [17]. Recently a novel, hollow fiber tubular
anode-supported SOFC (HF-SOFC) fabricated by a phase inversion
(PI) technique, has attracted increasing attention [17-19].
Compared to a conventional tubular SOFC anode, which consists of
a symmetric sponge-like porous structure (pore diameter
d z 0.2 mm), the spongy anode of the HF-SOFC is embedded with
radially aligned micro-channels (d z 20 mm) for the purpose of
enhanced mass transport. Fig. 1a,b and c are SEM images showing
the local microstructures at the corresponding sites in Fig. 1d. Due
to the distinct difference in pore sizes, the trajectories of the fuel gas
are different in each region. For conventional tubular SOFCs, the
fuel gas travels in the tortuous spongy layer (i.e. the electrochem-
ically active region) according to trajectory I. On the contrary,
the introduction of the micro-channels in the HF-SOFC greatly
ites in (d) schematic illustration of HF-SOFC anode. The green and blue arrows indicate
data showing the full thickness of the anode, composed of the micro-channels (red) and
n in (e) and (g). (h) Nano-CT scan showing the pore phase in the spongy layer, which is
ers. (For interpretation of the references to colour in this figure legend, the reader is
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mitigates the resistance of the gas flow from the centre bore to the
anode/electrolyte interface as the gas molecules preferentially flow
through the micro-channels first and then access the interface by
diffusion, shown as trajectory II (Fig. 1d).

It is important to obtain the effective transport parameters of
the spongy layer (i.e. ts, ks in the green region of Fig. 1f) in order to
estimate the representative effective transport parameters for the
full anode and thus assess the overall benefits of the hierarchical
structure. However, the large difference of the pore diameter be-
tween themicro-channels (Fig.1e) and spongy layer (Fig.1g) makes
it impossible to resolve them simultaneously due to the trade-off
between image field of view (FOV) and resolution. This means the
two flow domains have to be characterized independently in order
to extract the microstructure parameters for the anode. Previous
work by Cooper et al. [20] estimated the tortuosity factor of the full
anode by empirically assigning an effective diffusivity of the spongy
layer; however, in this study, we develop this methodology further
to account for the inherent hierarchical microstructure using a
multi-length scale approach.

Here, we have conducted for the first time a multi-length scale,
non-destructive X-ray computed tomography (X-ray CT) imaging
approach for the full anode (using micro-CT, Fig. 1f) and spongy
layer (using nano-CT, Fig. 1h) respectively. This enables a unique,
coupled approach to modeling the global effective transport
properties of the fuel cell, whilst simultaneously accounting for
local microstructural complexity. Firstly, using the nano-CT data,
the heat flux analogy and gas flow simulations are performed using
the 3D microstructure of the spongy layer (Fig. 1h), which are then
used to define the effective transport parameters (i.e. tortuosity
factor, permeability and porosity) of the spongy layer (Fig. 1g). The
full-anode simulation (using both the heat flux analogy and gas
flow simulations) is conducted using the micro-CT data of the full
HF-SOFC (Fig. 1f) with the spongy layer represented by an effective
medium correction to the solid phase (the green region in Fig. 1f),
using effective transport parameters as an input obtained from the
nano-CT simulations. By using this mean-field average approach in
multi-length scale tomography, the representative effective trans-
port parameters describing the overall capability of the fluid flow in
the full anode can be obtained: this is crucial for the electro-
chemical performance simulation and evaluation of concentration
polarization losses in the HF-SOFC. Furthermore, a parametric
study is also conducted to reveal the variation of the effective
transport parameters related to the porosity and pore size of the
spongy layer, which will provide insights for optimization of
microstructure control in the fabrication process. It is worth
mentioning that this study focuses on species-independent effec-
tive transport parameters (i.e. t and k), which are the baseline of the
microstructure properties. Any species-dependent contributions,
such as Knudsen effects, can be evaluated separately.

2. Experimental

2.1. Materials

Commercially available powders of yttria-stabilized zirconia
(8YSZ, mean particle size 0.1e0.4 mm) and nickel oxide (NiO, mean
particle size 0.5e1.5 mm) were purchased from Inframat Advanced
Table 1
Scanning parameters for the spongy layer and full anode.

Voxel size (mm) Field of view (mm2)

Spongy Layer 0.032 16 � 16
Full Anode 1.07 2140 � 2140
Materials and used as supplied. Polyethersulfone (PESf) (Radal
A300, Ameco Performance, USA), 30-dipolyhydroxystearate (Arla-
cel P135, Uniqema), and N-methyl-2-pyrrolidone (NMP, HPLC
grade, VWR) were used as the polymer binder, dispersant, and
solvent, respectively. A suspension composed of ceramic particles
(60% wt. NiO), solvent and polymer binder was mixed for 3e4 days
via planetary ball milling (SFM-1 Desk-top Miller, MTI Corporation,
USA) to assure homogeneity, andwas subsequently degassed under
vacuum to fully eliminate air bubbles trapped inside. This suspen-
sionwas then applied with an internal coagulant (polyvinyl alcohol
(PVA, M.W. approx. 145000, Merck Schuchardt OHG, Germany) in a
phase inversion technique [21-25]. The fabricated HF-SOFC is
embedded with radial ‘finger-like’ micro-channels as a conse-
quence of the solvent/non-solvent exchange. The tube was sintered
at 1200 �C for 6 h, followed by the reduction at 700 �C for 2.5 h.

2.2. X-ray computed tomography (X-ray CT)

The entire tubular anode was imaged in 3D using a Versa 520 X-
ray microscope (micro-CT) and a randomly-selected portion of the
spongy layer, big enough to be statistically representative as shown
in a previous report [26] was imaged using an Ultra 810 X-ray
microscope (nano-CT; both Zeiss Xradia, Carl Zeiss, CA, USA) [27].
Detailed scanning parameters are shown in Table 1. Proprietary
Feldkamp-Davis-Kress (FDK) and filtered-back projection algo-
rithms were used for the reconstruction of the full anode and the
spongy layer scans respectively [28,29]. The reconstructed sample
volumes were segmented into solid and pore phase using water-
shed method in the Avizo V9.0 software (FEI, Bordeaux) package.
The binary image stacks of the spongy layer were imported into Fiji
[30] for the pore diameter and porosity measurement.

2.3. Heat transfer and gas flow simulation

2.3.1. Tortuosity factor and permeability
The analogy between heat and mass transfer is well established

[6,31] and is regularly used to measure the tortuosity factor. The
heat flow driven by a temperature gradient in a fully porous volume
is described by Fourier's law as

Qb ¼ �As
DT
L

(1)

where A is the cross-sectional area of the flow volume, s is the
thermal conductivity of the porous phase, DT is the temperature
difference and L is the length of flow volume. If the heat flow takes
place in a porous medium, Eq. (1) is modified as

Qp ¼ �A
ε

t
s
DT
L

(2)

where ε is the porosity and can be measured by image analysis. t is
the tortuosity factor. By dividing Qp by Qb, the effective transport
parameter ε/t can be obtained by Equation (3),

Qp

Qb
¼ ε

t
(3)
Projections Exposure time (s) Camera binning

1201 60 2
2001 18 1
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For mass transport in porous electrodes, the Reynold's number
[32] is far less than unity, which suggests that viscous forces
dominate over inertial forces and a fluid is said to be in the creeping
flow regime. The permeability can be obtained according to Darcy's
law [33],

vP
vx

¼ �m

k
v (4)

where m is the dynamic viscosity of the fluid, v is the volume-
averaged velocity, k is the permeability of the porous medium, P
is the pressure and x is the distance in the flow direction. In this
study, k is measured by assigning pressure drop ranges from 20 to
10 kPa as the boundary conditions, thus covering the pressure
gradient range in a H2/H2O/N2 gas mixture in typical operating
conditions [14]. The plot of pressure drop vs. velocity is fitted to
obtain k, which is independent of the pressure drop in laminar
regime.

2.3.2. Image-based simulation
The reconstructed 3D volume of the anode (micro-CT) and

spongy layer (nano-CT) are imported to the CFD software Star-
CCMþ (CD-adapco Inc., London) for the simulation. This concept,
which effectively combines image data across multiple length
scales (from micro and nano-CT), is illustrated in Fig. 1eeh: the
anode with an axial depth of 700 mm and 90� arc angle is modelled
as the flow domain (Fig. 1f). It is composed of two parts: the micro-
channels (red) and the porous spongy layer (green). The two sub-
domains are defined independently: the micro-channels are
regarded as open porous phase (conductivity s, infinite perme-
ability, Fig. 1e) while the effective transport parameters in the
porous spongy layer (Fig. 1g) are obtained using the heat transfer
analogy simulation (Eq. (3)) and gas flow simulation using Darcy's
law (Eq. (4)) modelled using the microstructural framework pro-
vided by the nano-CT scan (Fig. 1h).

Thus the conductivity and permeability in the spongy layer of
the full thickness simulation are defined as εs/ts $ s and ks
respectively. For simplicity, the conductivity of the open porous
phase is set to unity (i.e. s¼ 1). The detailed simulation parameters
are shown in Table 2. Video 1 illustrates the technique of multi-
scale coupling simulation as well as the workflow in this study.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.jpowsour.2017.09.017

A parametric study is also conducted to correlate the variation of
porosity in the spongy layer to the effective transport parameters
and to explore its effect on the global transport properties of the
HF-SOFC. Morphological operations (e.g. erosion and dilation) [34]
are performed on the segmented binary data of the spongy layer to
Table 2
Parameters and conditions of the heat flux and gas flow simulations for the spongy
layer and entire anode.

Spongy layer Full anode

Mesh type Polyhedral volume
mesh

Polyhedral volume mesh

Number of cells 1.2 million 1.6 million
Inlet temperature (K) 1000 1000
Outlet temperature (K) 300 300
Thermal conductivity εs/ts Microchannels: 1

Spongy layer: εs/ts
Pressure drop (Pa) 20 to 10 k 20 to 10 k
Permeability ks Micro-channels: fully

porous
Spongy layer: ks

Sample dimension
(mm3)

9 � 6 � 4 843 � 843 � 700
achieve porosity ranges from 5% to 48% while keeping the
morphology of the solid phase constant.
3. Results and discussion

3.1. Multi-length scale X-ray CT

The hierarchical microstructure of the HF-SOFC anode is shown
in Fig. 2. Fig. 2a shows the 3D rendering of the full anode from
micro-CT datawhere the porous entrances of themicro-channels at
the inner wall of the tube can be observed. The radially grown
micro-channels which originate from the centre bore are clearly
resolved, but the spongy layer appears to be solid, as its pores are
too small to be seen at this resolution (Fig. 2b). Small pores are
captured at a higher resolution with nano-CT imaging on a small
piece of the sample extracted from the spongy layer (Fig. 2c). The
contrast is good enough so that the Ni (dark grey), the YSZ (light
grey) and the porous phase can be distinguished [35]. The porosity
of the spongy layer is measured from the segmented nano-CT data
to be 19 %.

In order to study the effect of porosity (ε) and pore sizes (d) on
the effective transport properties, the porous phase of the original
sample was used as ‘seed’ data for morphological erosion/dilation.
These morphological operations, which isotropically shrink/grow
the pore size to mimic densification during sintering, provide a
range of porous microstructures of different porosities for the
purposes of a parametric investigation (Fig. 2def). The information
of different samples is listed in Table 3. It should be pointed out that
no percolation is found in the sample with 5% porosity and this is
consistent with the results in the literature [36,37].
3.2. Computed fluid dynamics simulation

3.2.1. Spongy layer (nano-CT): tortuosity factor vs. porosity
The heat transfer simulation was first conducted on the porous

phase of the spongy layer. It is worth recalling here that the
simulation was performed without taking into account Knudsen
diffusion in order to obtain species-independent results. In a pre-
vious report' [26] the authors evaluated the Knudsen number dis-
tribution in the spongy layer, being within 1.1e4.8 (i.e., in transition
regime) for hydrogen within 600e1000 �C at 1 atm. Notably, the
tortuosity factor is independent of the Knudsen number for po-
rosities above 15% when the characteristic length-scale of the pore
phase is properly chosen, as shown by Zalc et al. [37].

Fig. 3a shows the distribution of temperature and the heat flux
based on the operating boundary conditions. It is observed from
Fig. 3b, that the tortuosity and constrictivity [38] of the pore
network lead to a heterogeneous distribution of the flux, and the
local flux maxima appear at the pore throats.

The dependence of tortuosity factor ts and effective transport
parameter εs/ts with porosity εs are plotted in Fig. 4. A steep in-
crease in ts and corresponding drop in εs/ts are observed as the
porosity is reduced from 19% to 10% which could be the result of
low connectivity of the 10% porosity sample (see Table 3). This is in
agreement with the literature showing that the pore percolation
threshold is 5e10% and the percolation ratio is above 99% at 25%
porosity [39,40]. The tortuosity factor of the original dataset with
19% porosity (ts ¼ 12.3) is consistent with those reported in the
literature [41-43], and the εs/ts is measured to be 0.015. The
effective transport parameter εs/ts of the spongy layer can be
interpolated with Archie's law [44], which gives the exponent of
2.33. This is slightly larger than that in Bruggeman's prediction [45-
47], although not dissimilar from what obtained by Berson et al.
[45] in synthetic microstructures.

https://doi.org/10.1016/j.jpowsour.2017.09.017


Fig. 2. The hierarchical microstructure of the HF-SOFC anode: (a) 3D volume rendering of the entire anode with micro-channels highlighted in red in the control volume, (b) a
virtual slice of the full anode scanned at the resolution of 1.07 mm, and (c) spongy layer in the anode scanned at the resolution of 0.032 mm (the brighter phase is YSZ while the
darker porous phase is Ni). Segmented porous phase with the porosity of (d) 10% (e) 19% (original data) (f) 48% are obtained by morphological operations for the parametric
investigation. Red and blue phases represent the percolated and non-percolated pores respectively. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 3
Parameters of the porous phase in the spongy layer of different porosities: d represents the mean pore diameter, c the connectivity (i.e., the fraction of percolating pores).

ε 5 % 10 % 19 % 28 % 39 % 48 %

d (mm) 0.1± 0.03 0.15 ± 0.05 0.18 ± 0.05 0.23 ± 0.05 0.27 ± 0.07 0.33 ± 0.08
c 0 % 91.1 % 99.1 % 99.5 % 99.7 % 99.9 %

Fig. 3. (a) Temperature and (b) heat flux distribution in the porous phase of the spongy layer with 19% porosity. Note that the temperature field here is equivalent to the distribution
of any scalar variable (e.g. concentration) modelled using continuum diffusion.
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3.2.2. Spongy layer (nano-CT): permeability vs. porosity
Permeability characterizes the viscous resistance to the fluid

flow in the porous medium. Viscous flow is often neglected when
the mass transport is solved by Fick's law without consideration of
Knudsen effects. However, viscous flow can play a significant role
for non-equi-mass counter diffusion [48], which is the case for
SOFC electrodes. In addition, for these HF-SOFCs, pressure-driven
convection can be the dominant gas transport mechanism within
the wide micro-channels at the inner wall of the tubular anode. A
range of different pressure gradients were applied as boundary
conditions in the fluid domain for the samples of different poros-
ities. Fig. 5 demonstrates that the overall flow velocity increases
with the porosity as it provides better percolation and more junc-
tions among the pathways. For example, the region indicated by a



Fig. 4. Tortuosity factor (ts) and relative thermal conductivity (εs/ts) of the spongy
layer are plotted against porosity εs. εs/ts can be well predicted using Archie's law with
the exponent of 2.33.

Fig. 6. Pressure drop vs. velocity for spongy layer samples of different porosities.
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black arrow in Fig. 5a displays little flow, due to the poor percola-
tion and dead-end pores, but this is greatly improved in high
porosity samples.

The relationship between the pressure drop and velocity for the
samples of different porosity are plotted in Fig. 6. The permeabil-
ities, fittedwith Darcy's law (Eq. (4)), for different samples are listed
in Table 4 and compared with the predictions using the Carman-
Kozeny model [49,50]. It is seen that the measured permeabilities
are consistent with the predicted values for high porosity samples
(i.e. εs ¼ 39% and 48%). Discrepancies are found for the lower
porosity samples, which may arise from the ambiguity of the shape
factor used in the Carman-Kozeny model. The shape factor is a
dimensionless parameter that represents the geometrical infor-
mation of the flow channel and it varies with the medium
Fig. 5. H2 flow through the porous spongy layer anode at the pressure drop o
homogeneity, constriction effects and packing arrangement of the
solid phase [49,51]. This value is reported empirically to be between
40 and 160 for the different porous microstructures and an
approximated value of 52 is used here according to Yazdachi's
theory [49]. The measured results are in good agreement with the
values for Ni-YSZ anode reported in the literature [52].
3.2.3. Full anode (micro-CT): temperature and pressure
distributions

Fig. 7aec shows the temperature distributions of three cases
with different porosities of the spongy layer. It should be
mentioned that the temperature distribution here is equivalent to
the distribution of any scalar variable (e.g. concentration) modelled
using continuum diffusion. Similarly, the applied temperature
f 50 Pa for the sample porosities of (a) 19% (b) 28% (c) 39% and (d) 48 %.



Table 4
Permeabilities for spongy layer samples of different porosities.

Porosity 19 % 28 % 39 % 48 %

Permeability (m2) 3.1 � 10-17 1.0 � 10-16 2.5 � 10-16 5.6 � 10-16

Carman-Kozeny model (m2) 7.05 � 10-18 4.21 � 10-17 2.01 � 10-16 5.73 � 10-16

Fig. 7. Temperature distribution of the full anode heat transfer simulation (aec) and the pressure distribution of the gas flow simulation (def) for different porosities of the spongy
layer. The dashed curled line in (a) indicates the boundary of the inner region rich in active micro-channels and outer region which consists of isolated micro-channels and the
spongy layer. (g) shows the vector field of the gas velocity. Gas molecules migrating from active micro-channels to the spongy layer are marked by the red circle and those migrating
to the isolated micro-channels are pointed by the black arrow. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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range (300e1000 K here) does not make any difference in the
distribution as it will affect only the upper and lower bounds of the
colormap. There are three main observations from these results: 1)
the global temperature is higher when the porosity of the spongy
layer is lower; 2) the temperature gradient in the radial direction is
more uniform when the porosity of the spongy layer is higher,
while the temperature is inhomogeneous (i.e. flat in the inner re-
gion and steep in the outer region) when the porosity is lower; 3)
there is an evident variation in temperature distribution in the
hoop direction when the porosity is lower (see Fig. 7a).
The temperature field can be explained by dividing the anode
into two sub-regions aligned in series along the radial direction
(indicated by the black dashed line in Fig. 7a): the inner region,
embedded with active micro-channels originating from the inner
wall, and the outer region, with few active micro-channels. Con-
tinuum fluid physics suggests that the heat flow in the inner region
and the outer regionmust be equal and are represented by Fourier's
law (Eq. (1)) as siAiDTi/Li¼ soAoDTo/Lo (i for inner, o for outer). As the
inner region has a higher effective thermal conductivity than the
outer region (si > so) due to the percolating micro-channels, while
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the cross sectional area Ai z Ao, the temperature gradient of the
outer region is steeper. The temperature drops from 700 K to 300 K
within only one-third of the anode thickness. This phenomenon is
more apparent in the sample of 19% porosity, which shows the
largest difference in the effective thermal conductivity between the
two regions and accordingly demonstrates a flat temperature
gradient at the inner region and higher gradient at outer region.
This disparity is mitigated as the porosity of the spongy layer in-
creases, due to a larger effective thermal conductivity of the outer
layer and a smaller conductivity difference between the two re-
gions. This is why the sample with 48% porosity displays the most
homogeneous temperature gradient distribution.

In the hoop direction, the spongy layer and the micro-channels
are aligned in parallel alongside each other. Owing to a significant
conductivity difference, most of the heat tends to flow through the
micro-channels, where the temperature is almost uniform, and the
temperature of the adjacent spongy layer appears to be the same as
the contacting micro-channels. Therefore, the micro-channels and
the spongy layer behave according to an electrical circuit analogy
with two parallel resistances: both the domains share the same
temperature but only the most-conducting one (i.e., the micro-
channels) carries the majority of the heat flux. However, where a
micro-channel terminates, the accumulated heat flux in the active
micro-channel is transferred to the neighboring isolated micro-
channels in the hoop direction by flowing through the high-
resistance spongy layer, thus causing the sharp temperature
gradient in the hoop direction observed for low porosity of the
spongy layer (Fig. 7a).

Good agreement is found in the gas flow simulation (see
Fig. 7def), which was conducted by assigning the permeabilities
and porosities of the spongy layers to the solid phase and the
micro-channels are treated as fully porous space. The result shows
that the inner regions display a more uniform distribution of
pressure with lower gradient compared to the temperature in the
heat transfer simulation. The pressure merely drops 20% before
reaching the outer region. Fig. 7g displays the vector field of the gas
flow on the cross section of the anode. It is noted that the velocity of
the molecules is significantly larger in the micro-channels than in
the spongy layer. When aligned in parallel with the spongy layer of
high viscous resistance, the micro-channels carry most of the gas
molecules. Besides, gas molecules tend to migrate to the spongy
region from micro-channels sideways (marked by a red dashed
circle) as well as migrate into the isolated micro-channels (black
arrow).

3.2.4. Full anode (micro-CT): tortuosity factor and permeability vs.
porosity

The tortuosity factor obtained from the spongy layer and the
characteristic tortuosity factor from the full anode are plotted
against the porosity of the spongy layer in Fig. 8a. It is seen that the
representative tortuosity factors of the full anode are lower than
that of the spongy layer for all porosity samples. Initially, the tor-
tuosity factors are remarkably large at 10% porosity, followed by a
sharp drop to a value ten times smaller at 19% porosity. Generally,
the tortuosity factors decrease with increasing porosity, but the
large change from 10% to 19% is also supported by the enhancement
in pore connectivity from 91% to 99% within the spongy layer. The
relative thermal conductivity obtained by Eq. (3) is shown in Fig. 8b
as a function of porosity. It is evident that the transport property of
the tubular HF-SOFC anode is improved by approximately 200%
compared with the traditional tubular SOFC consisting mainly of
the spongy layer. The relative thermal conductivity of the full anode
can be predicted by a linear relationwith the porosity, compared to
the exponential relation with the porosity of the spongy layer. A
significant difference of the representative permeability of the
entire anode and of the spongy layer is found in Fig. 8c. The in-
clusion of themicro-channels effectively increases the permeability
of the anode by 2e3 orders of magnitude, which will greatly
improve the mass transport in the anode and thus reduce the onset
of mass transport limiting current.

As mentioned previously, only microstructural-dependent
transport properties are evaluated in this study to guide the elec-
trode fabrication, although the species-dependent contributions
can be added separately to consider different fuel gas mixtures. It is
noted in Fig. 8b that the measured relative thermal conductivity of
the entire anode falls between theWiener bounds [53,54], which is
consistent with the physical limits of the relative thermal con-
ductivity. The difference between the Wiener upper bound and the
relative thermal conductivity of the entire anode represents the
possible further improvement achievable by changing the
arrangement of micro-channels in the entire anode. As is evident
from Fig. 7, there are some non-percolating isolated micro-
channels, which cause the transfer of flow among micro-channels
to be heavily dependent on the spongy layer placed in between.
These isolated micro-channels prevent the relative thermal con-
ductivity of the entire anode from approaching the Wiener upper
bound. As the spongy layer porosity increases, the difference be-
tween the upper bound and the relative conductivity of the entire
anode decreases, indicating that a change in the arrangement of the
micro-channels would not be necessary in such as case since the
high-porosity spongy layer is capable of providing a low-resistance
connection between micro-channels. By contrast, if the porosity of
the spongy layer decreases, the spongy layer surrounding non-
percolating micro-channels becomes the limiting region of the
gas transport, and thus the inclusion of micro-channels is not
totally exploited: in such a case, the arrangement of micro-channels
could be changed to ensure a higher percolating ratio, for example
by producing longer micro-channels spanning throughout the
thickness of the anode.

The achievable porosity in the spongy layer ranges from 5% to
50% or slightly higher, depending on the polymer binder volume
fraction in the suspension or the usage of pore-formers. For SOFC
anodes, the porosity range of 20%e35% is often adopted for the
optimal performance as higher porosity values undermine the
percolation of the solid phase (i.e. 30%e40% volume fraction) [55-
57], thereby decreasing the active three-phase boundary (TPB)
density, which is critical to lower the activation overpotential.
Although the charge-transfer reaction can be sped up by larger
reactant partial pressures at the reaction sites as a consequence of
an optimized mass transport, this effect is often outweighed by the
loss of active TPB when the spongy layer porosity is too high. Apart
from the spongy layer porosity, the percolation of the micro-
channels can also be improved by changing the viscosity of the
suspension and using different types of bore-fluid or adjusting the
radial thickness of the anode within the range of 100e600 mm.
However, it is a trade-off between gas transport resistance and the
mechanical strength required to resist thermal stress and cracking.
These anode fabrication factors together with the design in-
dications based on the multi-length scale analysis reported in this
study can provide strategies for the microstructural optimization of
tubular SOFC anodes produced by phase inversion technique.

4. Conclusion

This study investigated the species-independent effective
transport parameters of a novel-structured tubular SOFC with the
embedment of radially grownmicro-channels fabricated by a phase
inversion technique. For the first time, this study extracted the
effective transport parameters in an SOFC system with pore size
spanning over two orders of magnitude, which is considered a
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challenge for the CFD method. This was done according to a hier-
archical multi-scale approach, by imaging the microstructure at
different resolutions, solving the transport equations at the nano-
metre length scale and then considering its effective properties in
the simulation at the device level. A parametric study was also
conducted to relate the tortuosity, permeability to the porosity of
the spongy layer locally and globally.

The tortuous gas pathway in the spongy layer is the limiting
factor of mass transport in the anode. When the spongy-layer
porosity is below 10%, there is no contiguous network of the pore
phase, rendering an infinite tortuosity factor. As the porosity in-
creases from 19% to 48%, the tortuosity factor significantly de-
creases from 12.3 to 2.4. The variation of effective transport
parameter ε/twith porosity ε follows Archie's law ε/t¼ ε

2.33, which
has been improved more than ten-fold: from 0.015 at 19% to 0.19 at
48% porosity. The permeability remarkably increases from 3.1� 10-
17 to 5.6 � 10-16 m2.

The inclusion of micro-channels significantly benefits the mass
transport in the tubular SOFC. The characteristic hierarchical design
of the tubular HF-SOFC anode with embedded micro-channels al-
lows for a reduction of the tortuosity factor by 1.5e2.5 times
compared to the conventional tubular SOFC anode consisting of
only a spongy layer, contributing to a doubled effective mass
transport parameter. The permeability was measured to improve
by 2e3 orders of magnitude with the new design. These results
prove the effectiveness of the micro-channels in enhancing the
mass transport and mitigating the concentration polarization.

The study also shows the capabilities of multi-scale 3D tomog-
raphy as an essential tool for the characterisation of hierarchical
microstructures. The approach can be easily extended also to bat-
tery electrodes and membranes. Future work will leverage these
new imaging and simulation tools to guide the rational design and
optimization of hierarchical electrode microstructures.
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