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Mass transport can significantly limit the rate of reaction and lead to concentration polarisation in

electrochemical devices, especially under the conditions of high operating current density. In this study we

investigate hierarchically structured micro-tubular solid oxide fuel cells (MT-SOFC) fabricated by a phase

inversion technique and quantitatively assess the mass transport and electrochemical performance

improvement compared to a conventional tubular SOFC. We present pioneering work to characterise the

effective mass transport parameters for the hierarchically porous microstructures by an integrated

computed fluid dynamics simulation, assisted by multi-length scale 3D X-ray tomography. This has been

historically challenging because either imaging resolution or field of view has to be sacrificed to

compensate for the wide pore size distribution, which supports different transport mechanisms, especially

Knudsen flow. Results show that the incorporation of radially-grown micro-channels helps to decrease

the tortuosity factor by approximately 50% compared to the conventional design consisting of a sponge-

like structure, and the permeability is also improved by two orders of magnitude. When accounting for the

influence of Knudsen diffusion, the molecule/wall collisions yield an increase of the tortuosity factor from

11.5 (continuum flow) to 23.4 (Knudsen flow), but the addition of micro-channels helps to reduce it down

to 5.3. Electrochemical performance simulations using the measured microstructural and mass transport

parameters show good agreement with the experimental results at elevated temperatures. The MT-SOFC

anode displays 70% lower concentration overpotential, 60% higher power density (0.98 vs. 0.61 W cm�2)

and wider current density window for maximum power density than the conventional design.

Broader context
Hierarchical materials are a popular choice not only for electrochemical energy devices such as fuel cells and batteries, but also for a range of functional
materials including catalysts, diffusion media and membranes for waste processing. This study qualitatively and quantitatively illustrates the effectiveness of
hierarchically structured pores in reducing gas transport resistance, providing new insights into advanced microstructure optimisation. Moreover, it is a
common mistake in the modelling of hierarchical materials to assume the flow to be governed by continuum physics irrespective of the length scale, whereas in
the region of finest structure, the molecule/wall collisions become dominant, which cannot be addressed by continuum physics. It is also impossible to define a
relevant average pore size to describe the mass transport in these materials due to the wide pore size distribution. The integrated computed fluid dynamics
(I-CFD) technique proposed by us for the first time herein, aims to overcome this problem and accurately characterise the effective mass transport in these
complex hierarchical structures. The concept and techniques used in this study are believed to be of wide interest across an increasingly broad range of
functional applications in respect of advanced electrode design, 3D characterization and performance prediction of gas and multi-phase flow.

1. Introduction

Solid Oxide Fuel Cells (SOFCs) are one of the most promising
electrochemical devices for the efficient co-generation of heat and
electricity with fuel flexibility.1,2 Mass transport in the electrodes
is one of the critical problems that limits the electrochemical
performance.3 Electrodes fabricated with a large pore size have
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outstanding mass transport properties at the expense of active
reaction sites (i.e. triple phase boundary)4 and mechanical
strength; conversely smaller pore sizes improve the mechanical
integrity, especially in long-term operation, but prohibit the mass
transport thus yielding high concentration polarisation. Three-
dimensional hierarchical porous structures have been proved to
be a promising solution to tackle this problem. This strategy has
been widely used not only in catalysis, and energy generation and
storage,5–7 but also for wastewater filtration8–10 and gas separation
using Knudsen selectivity.11,12 In fuel cells, the incorporation of
macro-pores into meso- and micro-porous architectures not only
provides reduced diffusion resistance for the gaseous species, but
also helps to maintain high specific surface area and improve
distribution of active sites. Various approaches have been attempted
to introduce macro-pores in micro-porous SOFC electrodes, such as
multi-layer electrode design with graded composition,13–16 and novel
manufacturing routes like freeze-casting.17–19 However, multi-layered
electrodes that are stacked sequentially may cause problems in
structural integrity during long-term operation or under conditions
of thermal shock. Moreover, most of the strategies attempted are
only suitable for planar cell design and cannot be applied to tubular
design due to its structural complexity. Meanwhile, tubular SOFCs
offer a number of advantages over the planar counterparts, including
low fabrication cost, ease of gas sealing, higher thermal resilience
and long-term stability.20

Further advancements have been developed to improve the
mass transport of tubular SOFCs. This study introduces an
innovative application of hierarchical structure in tubular

SOFCs manufactured using a phase inversion (PI) technique.
Compared to the conventional tubular design fabricated by ram
extrusion, which consists of a homogeneous sponge-like porous
structure (pore diameter dp E 0.2 mm), the phase inversion
process introduces radially aligned micro-channels (Dp = 10 to
25 mm) that considerably facilitate mass transport (Fig. 1a), which
is critical to mitigate concentration polarisation.21 Compared to
multi-layer graded electrodes for planar SOFCs, hierarchical
structures fabricated by this method in a single step have superior
structural integrity. Electrochemical performance also shows that
this micro-tubular SOFC (MT-SOFC) can provide 25–40% higher
power density than those reported for conventional tubular SOFCs
of full-sponge structure.22,23

Accordingly, comprehensive understanding of transport
properties of the hierarchical microstructures is required for the
design and synthesis of high performance fuel cells. The void space
within the porous solids consists of labyrinths of interconnected
paths with varying geometric factors such as pore diameter (dp),
constriction and tortuosity factor (t).24–26 The pore size distribution
causes local variations in diffusion rates thereby introducing inac-
curacies in the diffusive flux estimation as it could result in a 200%
aberration of diffusive flux using an average diffusivity in the pore
phase,27 making the electrochemical performance simulation
invalid. Moreover, as the Knudsen number of the typical SOFC
anodes falls within the range of transitional diffusion regime,27

molecule/wall collisions and slippage effects become significant,
but are often neglected in models using Fick’s law and Stefan–
Maxwell equations.28,29 Direct simulation of the molecule/wall

Fig. 1 Illustration of the workflow in this study. (a) 3D MT-SOFC structure reconstructed from X-ray computed tomography. Two possible fuel gas transport
pathways are highlighted as trajectory I and II; hierarchical porous structures (b) micro-channels and (c) spongy layer have distinct flow mechanisms
respectively according to the ratio of mean free path of the gas species and pore diameter; 2D electrochemical simulations (d) with and (e) without the micro-
channels can be achieved using the local/global mass transport parameters. These two simulation strategies are practically inter-changeable.
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collisions is often averted by using the analytical model, known as
Dusty Gas Model (DGM)30,31 in continuum flow. However, this
application neglects the geometrical details of the pore phase, such
as constrictions, random distortions and tortuosity, which are critical
in the gas transport as the Knudsen tortuosity factor obtained by
numerical method with the consideration of molecule/wall collision
can be 1.5–3 times larger than the ones obtained by continuum
physics.32,33 Furthermore, neglecting permeation flux in the DGM
can result in an inaccurate prediction of concentration losses with
errors as large as 20–60%.31,34 To address the molecules–surface
interaction, numerical studies were used to study the diffusive
processes using random packing sphere models33,35,36 which
concluded that the tortuosity factors increase as a function of the
Knudsen number. Again, these idealized morphologies cannot
provide a faithful description of the typical pore structures.

In order to address the aforementioned problems in the mass
transport in porous media, in this paper we use a molecule-
based method, Direct Simulation Monte Carlo (DSMC) on 3D
reconstructed electrode microstructures from X-ray computed
tomography, to compute the Knudsen tortuosity factor and
permeability in the spongy layer of the anode and then validate
using experimental permeation tests. DSMC is a numerical
method for approximating the Boltzmann equation which
describes the kinetics of gas molecules in thermally dynamic
systems. The motion of neutral flows is tracked using simulation
molecules instead of solving fluid conservation equations, the
accuracy of which is often in doubt for rarefied and Knudsen
flows.37 The method has been well validated by comparing the
numerical simulation either with the experimental permeability38

or the established analytical solution.39 DSMC has been widely
applied to the permeability study for Knudsen gas flows in various
structures such as fibrous materials,39,40 channels filled with
packed spheres41,42 and ablative materials.38 Previous application
of the DSMC method on a 3D nano-particle model claimed that
the empirical equation for the estimation of the tortuosity
factor t = (e1/3)�1 43 could cause aberrations in concentration
distribution.44 However, to our knowledge, few studies apply
numerical methods like DSMC to extract the Knudsen tortuosity
factor based on 3D reconstructed electrode microstructures
obtained from X-ray computed tomography (X-ray CT), which
provides a faithful description of the pore structures. The
simulated Knudsen tortuosity factor at the pore-scale makes it
possible to relate macroscopic transport properties to the under-
lying pore-scale physical process, which will be a breakthrough
benefiting the study of multi-scale gas transport in porous media.

Different from the conventional tubular SOFCs, in which the
mass transport can be described using the strategy discussed
above, in a hierarchical MT-SOFC anode, the pore size spans
over two orders of magnitude. 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 electrochemically
active region), displayed as trajectory I (yellow-curved lines,
Fig. 1a). On the contrary, introduction of the micro-channels in
the MT-SOFC greatly 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
(yellow arrows at the tip of the micro-channels, Fig. 1a). The
reactant gas flow in macro pores is governed by continuum
physics (Fig. 1b) whereas Knudsen gas flow applies to the
microporous region (Fig. 1c). However, the voids in the spongy
anode cannot be captured by full cell imaging. As a consequence,
measurement of the characteristic mass transport parameters of
the entire electrode using image-based techniques remains
challenging due to the complex fluid dynamics and also the
trade-off between imaging resolution and field of view, which
impedes the assessment of the structural design and further
electrochemical performance prediction.45,46

This work aims to (1) introduce the advantage of hierarchical
porous materials applied to MT-SOFC electrode design; (2) solve the
problem of hierarchical porous materials simulation stemming
from the trade-off between imaging resolution and field of view;
(3) explore the solution for gas flow in these materials governed by
both continuum and non-continuum (Knudsen) fluid physics.

Our previous work presented an initial attempt to characterise
the effective mass transport parameters of a hierarchical porous
material using continuum-based CFD simulation,47 which is
regarded as a precursor of this study as it structurally tackled the
problem by length-scale decoupling, but did not account for the
distinct fluid dynamics in the macro and microporous regions.
Here we propose a significant advancement through the develop-
ment and application of an integrated computed fluid dynamics
(I-CFD) simulation framework to emphasise the coupling of
molecular-continuum fluid dynamics in the hierarchical porous
structure. The upgraded technique is used in this study for
advanced electrode design by linking the mass transport in
hierarchical structure with the electrochemical performance.

Characteristic transport parameters on two distinct types of
hierarchical MT-SOFC anodes plus the conventional design are
investigated. With the assistance of multi-length scale X-ray CT,
the I-CFD technique makes it possible to relate macroscopic
transport properties of the spongy layer (mass transport para-
meters in blue, top of Fig. 1a) to the underlying molecule–wall
interactions (mass transport parameters in green, top of
Fig. 1a) and furthermore integrates molecular dynamics into
a continuum flow. This solves the problem of multi-scale pores and
multi-physics fluid at the same time, and also significantly reduces
the computation load. Electrochemical simulation models defined
based on the local material parameters (Fig. 1d) and full-thickness
characteristic parameters (Fig. 1e) are then compared with the
experimental measurements. We expect this methodology will be
useful not just for advanced electrode characterization and design
in fuel cells and batteries, but also for performance prediction for
the hierarchical porous membranes in the application of water
treatment and gas separation.

2. Experimental
2.1 Cell fabrication

Anodes with distinct microstructures were fabricated by a phase
inversion-assisted extrusion technique, as described elsewhere.48–52
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Commercially available powders of yttria-stabilized zirconia (8YSZ,
mean particle size 0.1–0.4 mm) and nickel oxide (NiO, mean particle
size 0.5–1.5 mm) were purchased from Inframat Advanced
Materials and used as supplied. Polyethersulfone (PESf) (Radal
A300, Ameco Performance, USA), 30-dipolyhydroxystearate
(Arlacel P135, Uniqema), and N-methyl-2-pyrrolidone (NMP, HPLC
grade, VWR) were used as the polymer binder, dispersant, and
solvent, respectively. Detailed composition information is listed out
in the ESI† (see Table S3). The milling of the suspension was
conducted for 4 days using a planetary miller (SFM-1 Desk-top
Miller, MTI Corporation, USA) to assure homogeneity. Prior to the
fabrication, the suspension was degassed under vacuum to fully
eliminate air bubbles trapped inside.

The fabrication process is illustrated in Fig. 2a. Two different
bore fluids were used during the extrusion of the suspension,
including solvent (NMP, denoted as BF-S) and aqueous solution
of polyvinyl alcohol (PVA, M.W. approx. 145 000, Merck Schuchardt
OHG, Germany, denoted as BF-P). The suspension and bore fluid
were extruded simultaneously throughout the spinneret (Fig. 2b) to
a bath filled with external coagulant (i.e. H2O). For BF-P, short
finger-like micro-channels are formed when the suspension is in
contact with the bore fluid (PVA) during co-extrusion process as a
consequence of solvent/non-solvent exchange, resulting in a rapid
increase in the local suspension viscosity and final precipitation of
the polymer binder.53 In contrast, the external coagulant penetrates
the radial thickness of the fiber (200–300 mm), forming percolated
micro-channels. A YSZ electrolyte (layer thickness of 5 mm) was
subsequently dip-coated onto the anode substrate precursor. After
drying, a co-sintering step was undertaken at 1450 1C for 6 hours to

densify the electrolyte. Finally the dual-layer cathode was dip-coated
onto the sintered micro-tube, with the first layer composed of YSZ/
LSM mixture (YSZ : LSM = 50 : 50 wt%) and second layer of pure
LSM. After both layers were dried, a sintering process at 1100 1C
was undertaken for 1 hour to deliver a complete single cell (Fig. 2c).
The total thickness of cathode is approximately 50 mm.

2.2 Electrochemical performance test

Silver wires of 0.2 mm diameter (99.99% purity, Advent Materials
Ltd, UK) were wrapped along the cathode and on the exposed
anode for current collection and secured using silver paste.
Wires from both electrodes were connected to a potentiostat/
galvanostat (Iviumstat, Netherlands). Cells were reduced in situ
at 700 1C for 2.5 hours. Voltage–current (V–I) curves were
recorded with 30 ml min�1 of nominally pure H2 fed to anode
as the fuel and 50 ml min�1 of air fed to cathode as oxidant.

2.3 Multi-length scale X-ray computed tomography (X-ray CT)

The two distinct types of full cells were imaged in 3D using
a Versa 520 X-ray microscope (micro-CT), followed by high
resolution imaging on the spongy layer of the anodes using
an Ultra 810 X-ray microscope (nano-CT; both Zeiss Xradia,
Carl Zeiss, CA, USA).54 Detailed scanning parameters are shown in
Table 1. Proprietary Feldkamp–Davis–Kress (FDK) and filtered-
back projection algorithms were used for the reconstruction of
the full SOFC and the spongy layer scans respectively.55,56 The
reconstructed sample volumes were segmented using Avizo V9.0
software (Avizo, Thermo Fisher Scientific, Waltham, Massachusetts,
U.S.) package. The triple-phase boundary (TPB) densities were

Fig. 2 (a) Schematic diagram of the fabrication process of MT-SOFC; (b) photographic image of spinneret from bottom and detailed dimensions;
(c) as-prepared MT-SOFCs.
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measured using a 3D imaging-based algorithm explained thoroughly
elsewhere.4 The binary image stacks of the spongy layer were
imported into Fiji Software57 for the pore diameter and porosity
measurement using Local Thickness plug-in.

2.4 Ordinary mass transport parameters by continuum model

In the continuum flow regime, tortuosity factor t is a parameter
reflecting the effect of convoluted gas pathways on mass transport
in porous media. Here it was measured by H2 ordinary diffusion
flux: the H2 molar concentration was set as c = 1 mol m�3 at the
inlet and c = 0 at the outlet. The H2 diffusion flux driven by a
concentration gradient in a fully porous volume is described by
Fick’s law as

Qe ¼ AD
Dc
L

(1)

where D is the diffusivity of H2, Dc is the concentration difference,
A and L are the cross-sectional area and length of the flow domain.
For gas flow in a porous medium, eqn (1) is modified as

Qp ¼
e
t
AD

Dc
L

(2)

where e is the porosity and can be measured by image analysis.
Dividing Qp by Qe gives the effective transport parameter thereby
the tortuosity factor,

Qp

Qe
¼ e

t
(3)

For mass transport in porous electrodes under operating
conditions, the viscous forces dominate over inertial forces and
a fluid is said to be in the creeping flow regime according to the
low Reynolds number,58,59 which suggests that the permeability
can be obtained according to Darcy’s law,60

DP
L
¼ � m

ko
v (4)

where v is the volume-averaged velocity, m is the dynamic
viscosity of the fluid, ko is the permeability in continuum
regime (viscous flow) and P is the pressure.

2.5 Knudsen mass transport parameters by DSMC
(non-continuum)

The Stochastic PArallel Rarefied-gas Time-accurate Analyzer
(SPARTA)61 DSMC code developed at Sandia National Laboratory
is used in this work to evaluate transport properties by considering
Knudsen effects. In the DSMC algorithm, molecular processes
include molecular advection and collisions and each simulation

molecule represents a large number of real molecules so that the
computational load is significantly reduced.

The surface mesh (i.e. .stl file) of the spongy anode from
Avizo was imported into the SPARTA software such that it was
embedded in the simulation domain consisting of an array of
3D Cartesian grids, the size of which is only a fraction of the mean
free path of the simulating gas. Molecule/surface collisions were
performed in each grid following a no-time-counter (NTC)
procedure.37 Parameters such as temperature, pressure and density
can be computed by sampling the molecule properties in the grids.

In this study, the simulation was conducted on the datasets
with the volume of approximately 260 mm3 embedded within
3.5 million grids. H2/H2O counter-diffusion was achieved by
setting subsonic boundary conditions at the inlet (H2, 800 1C,
1 bar) and outlet (H2O, 800 1C, 1 bar) at each side. Buffer zones
of at least 10% total flow domain were added at inlet and outlet.
A total of 20 million simulation molecules were generated so
that the average molecule number in each cell was above 20 to
avoid statistical scattering.62 The mass transport in the simulated
domain is composed of ordinary diffusion, Knudsen diffusion
and permeation. The ordinary diffusivity Do and Knudsen
diffusivity Dk are calculated as,

Do ¼
10�3T1:75

P Vs1
1=3 þ Vs2

1=3ð Þ2
1

Ms1
þ 1

Ms2

� �0:5

s1; s2 ¼ H2; H2Oð Þ

(5)

Dk ¼
dp

3

ffiffiffiffiffiffiffiffiffiffi
8RT

pMi

r
(6)

where dp is the pore diameter, M is the molecular weight of the
gas species and R is the gas constant. Vs1,s2 is the Fuller
diffusion volume for the species: H2 (7.07) and H2O (12.7).63 The
effective Knudsen diffusivity Deff

k and effective ordinary diffusivity
Deff

o can be expressed by taking the porosity and convoluted gas
pathways into account as

Deff
k ¼

e
tk
Dk; Deff

o ¼
e
to
Do (7)

where tk and to represent the Knudsen tortuosity factor and
ordinary diffusion tortuosity factor respectively. The Knudsen
tortuosity factor tk can be evaluated by DGM (eqn (8)) with the
molar flux obtained from DSMC simulation,

Ns1 ¼ �
P

RT
as1�1

dys1

dx
� ys1

RT
as1�1 1þ

Deff
s2;k

Deff
o

 !
þ ks1P

m

( )
dP

dx

s1; s2 ¼ H2; H2Oð Þ

as1 ¼
1

Deff
s1;k

þ ys2

Deff
o

1þ ys1

ys2

ffiffiffiffiffiffiffiffi
Ms1

Ms2

r� �
s1; s2 ¼ H2; H2Oð Þ

(8)

where Ns1, ys1, and ks1 represent the molar flux, mole fraction
and Knudsen permeability of gas species s1.

The Knudsen permeability (kk) is obtained by eqn (9) as a
combination of the ideal gas law, conservation of mass and the
differential form of Darcy’s law. J denotes the permeation mass

Table 1 X-ray CT scanning parameters for the spongy layer and full-
thickness anode

Sample
Voxel size
(mm)

Field of
view (mm2) Projections

Exposure
time (s)

Camera
binning

BF-S Spongy 0.032 16 � 16 1201 60 2
Tube 1.070 2140 � 2140 2001 18 1

BF-P Spongy 0.064 16 � 16 1201 40 4
Tube 1.080 2160 � 2160 2001 18 1
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flux by DSMC. The simulation was run at P = 1 bar with a
pressure drop DP = 0.02 bar at 800 1C,

J ¼ � M

mRT
kkP

dP

dx
(9)

It should be noted that the Knudsen tortuosity factor and
Knudsen permeability discussed here do not necessarily mean
that DSMC simulation was performed in Knudsen regime
(Kn c 1). Instead, they refer to the values obtained by taking
into account Knudsen effects via DSMC in transitional flow
regime according to the operating conditions of SOFCs.

2.6 Characteristic mass transport parameters for full anode
by integrated computed fluid dynamics (I-CFD) simulation

The obtained continuum (to, ko) and Knudsen (tk, kk) mass
transport parameters from high resolution imaging and simu-
lation can then be directly used to define the material property
of the spongy layer (Table 2). A full anode continuum-based
CFD simulation is then conducted to extract the characteristic
mass transport parameters in the continuum flow regime
(tc

o, kc
o) and Knudsen flow regime (tc

k, kc
k), with the macroscopic

mass transport properties of the spongy layer related to the
underlying molecule–wall interactions in the microporous
phase. This integrated simulation technique enables to tackle
the mass transport problem of multi-scale pores and multi-fluid
dynamics at the same time. The flux obtained by integrated CFD
simulation is then divided by the flux simulated on the empty
volume (e = 1) to obtain the characteristic tortuosity factors
(tc

o, tc
k) according to eqn (3), and the characteristic permeabilities

(kc
o, kc

k) are obtained using eqn (4). It should be noted that the
permeabilities are calculated based on pure permeation flux. The
reconstructed volumes of the anodes with an axial depth of
70 mm and 901 arc angle were imported into the commercial
CFD software Star-CCM+ 11.06 (CD-adapco Inc., Siemens PLM
Software, London) for meshing and image-based simulation.
The simulation domain was meshed with 5 million polyhedral
cells. The simulation parameters are shown in Table 2.

2.7 Electrochemical performance simulations

In this study, two different electrochemical simulations were
conducted for the validation and application of the DSMC and
I-CFD techniques: (1) micro-channel geometry (Fig. 1d): model
with the spongy layer defined based on the local material
parameters (i.e. lTPB, ordinary, Knudsen tortuosity factor to and tk,
Knudsen permeability kk of the spongy layer); (2) no-microchannel

geometry (Fig. 1e): model is defined as a homogeneous anode
using the full-thickness characteristic parameters tc

o, tc
k and kc

k

measured by the I-CFD technique. The former case allows the
possibility for further parametric study on the geometrical
effect of the micro-channels. The latter case provides the
convenience for 3D electrochemical simulation on complex
hierarchical structures with just a simple geometry using the
full anode characteristic parameters. The results of both cases
are compared with the experiment data in Section 3.4.

Mass balance, species balance, charge balance and momentum
conservation were ensured in the whole simulation domain.
Laminar gas flow in the centre-bore and micro-channels were
solved by the Navier–Stokes equation using Maxwell–Stefan
diffusivity; the mass transport in the spongy electrode was solved
by the DGM, which needs both the ordinary and Knudsen
diffusivities as input parameters. The continuity of mole fraction,
pressure, velocity and flux were ensured at the boundary between
channels and spongy layer. The electrochemical current generation
was described using the Butler–Volmer equation,64,65 in which the
exchange current density and the activation overpotential must be
evaluated locally. More details of the simulation including the
input parameters and physics models can be found in the ESI.†

3. Results & discussion
3.1 Macro-scale structure characterizations (micro-CT)

Although the microstructure of BF-S was briefly introduced
previously,47 a more comprehensive structural characterisation
from macro-scale to micro-scale is presented here (for both
BF-S and BF-P). This highlights the effect of the different
fabrication parameters on morphological optimisation, and
the interplay between microstructure and electrochemical per-
formance. The macroscopic morphologies of the two types of
cells were firstly imaged using micro-CT and the virtual slices of
the reconstructed 3D volumes are shown in Fig. 3. When
solvent was used as the bore fluid (sample BF-S), solidification
of the hollow fiber precursor, as a result of the exchange
between the solvent in the suspension and the external coagu-
lant, was markedly arrested. Therefore, the micro-channels
initiated from the exterior surface were able to grow radially
until they penetrated almost 85% of the anode thickness
(Fig. 3a), leaving uniform and open entrances on the inner
surface as illustrated in Fig. 3c. In contrast, when PVA aqueous
solution was used as the bore fluid (sample BF-P), the solidi-
fication process at the inner surface region was fast, and as a
consequence, the anode substrate displays a typical hetero-
geneous structure composed of teardrop-shaped micro-channels
and sponge-like regions (Fig. 3b). The penetration length of the
micro-channels is approx. 50% of the radial thickness, much
lower compared to BF-S. In addition, as shown in Fig. 3d, the
inner surface consists of loosely packed particles (Ni and YSZ).
As measured in a previous study, such inter-granular packing
pores have an average pore diameter ranging between 1–2 mm
and span approx. 10 mm,66,67 much smaller than BF-S (Fig. 3c).
Color-coded micro-channel diameter distribution (Fig. 3e and f)

Table 2 Flow domain definitions and boundary conditions for the I-CFD
flow simulations

Simulating
parameter Micro-channels Spongy layer Boundary conditions

tc
o 1 e/to (continuum) c = 1 mol m�3 (inlet)

c = 0 (outlet)tc
k e/tk (Knudsen)

kc
o Open pore ko (continuum) DP = 50 Pa, T = 1073 K

kc
k kk (Knudsen)

Paper Energy & Environmental Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ay
 2

01
8.

 D
ow

nl
oa

de
d 

on
 7

/2
0/

20
25

 7
:4

9:
56

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ee01064a


2396 | Energy Environ. Sci., 2018, 11, 2390--2403 This journal is©The Royal Society of Chemistry 2018

also confirms that BF-S has significantly larger average microchannel
diameter (16 vs. 10 mm) and entrance diameter (20 vs. 2 mm)
than BF-P.

3.2 Micro-scale structure characterizations (nano-CT)

Micro-CT scans enable us to investigate the morphology of the
full anode. However, due to the trade-off between resolution
and field of view, it is impossible to image the full-thickness anode
with sufficient resolution to explore the local microstructure, this is
especially the case for the pore phase in the spongy layer, where the
local mass transport (i.e. tortuosity factor, pore diameter) and
reaction kinetics (i.e. TPB density) are largely determined.68

Accordingly, small pieces of the spongy layer were extracted
from the anodes using a scalpel for high resolution tomo-
graphy. The microstructures are significantly different between
the two samples (Fig. 3g and k); the boundaries of the Ni
particles in BF-S are not as clear as those in BF-P. In addition,
the pore phase in BF-S appears mostly inside of the Ni particles;

in contrast, in BF-P the Ni particles are dense and well
separated from YSZ and pores. Three phases were sub-
sequently segmented and visualized in Fig. 3h and l, from
which it is clearer to see the different morphologies of
three phases between BF-S and BF-P as described above. The
spongy layer porosity of BF-S was measured to be 17.1 � 3.1%,
slightly lower than that in BF-P (18.4 � 1.6%) and the pore
connectivity was measured to be 99.1% for BF-S and 98.3% for
BF-P. The pore phase was then skeletonized and colour coded
to visualize the local pore diameter distribution (Fig. 3i and
m).69 It displays that the pore size in BF-P is generally larger
than that in BF-S and the average pore diameter dp is 0.16 and
0.23 mm for BF-S and BF-P respectively. Fig. 3j and n show the
TPBs detected using the developed Matlab algorithm4 along-
side the pore and Ni phases. The TPB density in BF-S is slightly
lower than that in BF-P (5.3 � 0.74 vs. 6.2 � 0.51 mm�2). The
materials statistics at different length scales are summarised
in Table 3.

Fig. 3 Overview of the hierarchical microstructures of MT-SOFC anodes. (a–d) Virtual orthoslices of the reconstructed 3D volume of X-ray CT scans
compare the distinct disparities of the microstructure of (a–c) BF-S and (b–d) BF-P. The SEM insertions at bottom row indicate the microchannel
entrance on the inner wall of the tube. The micro-channel diameter variation along the radial direction is visualized for (e) BF-S and (f) BF-P. High
resolution nano-CT scan was then conducted on local anode test-pieces. (g and k) Virtual orthoslices of the reconstructed 3D volume of the spongy
layer (dark grey: Ni; light grey: YSZ; black: pore). (h and l) 3D visualization of the segmented three phases (red: Ni; cyan: YSZ; blue: pore); (i–m) colour
coded skeletons of pore phase showing the diameter distribution and the (j–n) TPB spatial distribution relative to the semi-transparent Ni phase (yellow
lines: TPBs).
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3.3 Characteristic mass transport parameters by I-CFD

Our previous work demonstrated the feasibility of applying the
multi-scale CFD simulation technique on the 3D reconstructed
hierarchical SOFC anodes.47 However, the effective mass transport
parameters were extracted using continuum-fluid dynamics (i.e.
ordinary diffusion tortuosity factor to), and the conclusions were
made on the premise that it represents a species-independent
microstructural parameter. As the gas flow in the SOFC electrodes
is mainly governed by transition fluid dynamics, which is proved
by the Knudsen number estimation based on the local pore
diameter (see Section S1.2, ESI†), the molecule/wall collisions
should be taken into account. Thus it is worth comparing the
results between continuum-fluid simulation, as we did before, to
the I-CFD simulation which couples the molecular-continuum
fluid dynamics in hierarchical porous structure. Moreover, the
direct comparison between BF-S, BF-P and conventional design
will shed light on the dependence of mass transport on different
microstructures, which provides new insights into the micro-
tubular SOFC design.

Gas flow simulated using continuum method is visualised
by streamlines in Fig. 4d and e, with local maxima indicating
the constriction of flux at pore necks which are more severe in
BF-S. H2/H2O counter diffusion with the same pressure (1 bar)
at both sides using DSMC is shown in Fig. 4h and i, which
displays that the H2 molecules travel faster than H2O in both
spongy layers, according to the larger pore volume filled by H2

molecules. This disparity is caused by the different values of
mean molecular velocity, with H2 having a larger mean molecular
velocity than H2O due to its lower molecular weight, thus resulting
in a faster Knudsen diffusion rate. The different Knudsen diffusion
rates of the species generate a pressure gradient in the fluid
domain, thus the permeation flux develops, despite it is often
neglected in the literature when using continuum methods.70

The Knudsen tortuosity factors tk are measured to be about
twice larger than the ordinary ones to (24.6 vs. 12.0 and 21.3 vs.
11.1 for BF-S and BF-P respectively). By defining the spongy
layers using the values above, the full anode characteristic
tortuosity factor tc

o and tc
k can be obtained, as is shown in

Fig. 4a, b, f and g. The combination of molecule-based method
(DSMC) and continuum physics on full anode scale (I-CFD)
enables the simulation of multi-mechanism mass transport in
these hierarchical materials for the first time. A referential
sample of purely spongy layer (i.e. no micro-channels) is also
compared here (Fig. 4c).

Fig. 4a and b clearly display that the micro-channels in BF-S
yield a heterogeneous H2 concentration distribution with a
small gradient in the micro-channel effective zone. This is
reasonable since the gradient of H2 concentration is inversely
proportional to the diffusivity of the material at a fixed boundary
condition. In contrast, the isolated micro-channels in BF-P are
less significant in mass transport as the H2 concentration drops
sharply from 1 to 0.8 mol m�3 near the inner wall. This inefficient
contribution of micro-channels in BF-P is attributed to their
narrow entrance, which does not facilitate gas flow. However,
the close-up image and the relatively uniform concentration
distribution within the central micro-channel zones indicate
superior diffusivity compared to the conventional design (Fig. 4c).

It should be noted that the Knudsen tortuosity factor and
permeability discussed next do not necessarily mean that
DSMC simulation was performed in Knudsen regime (Kn c 1),
in which these parameters approach asymptotic values and are
independent of temperature and pressure. Instead, they refer to
the values obtained by taking into account Knudsen effects
via DSMC in the transitional flow regime, alongside ordinary
diffusion, according to the operating conditions of SOFCs. When
the Knudsen effects are taken into account, the concentration
drops sharply at the end of micro-channel zone (Fig. 4f)
because of the decreased diffusivity in the spongy layer. Similar
phenomenon is also observed in BF-P (Fig. 4g), although the
drop of concentration is less dramatic due to the larger
difference in diffusivity between micro-channels and spongy
layer when Knudsen properties are considered rather than
continuum flow. Table 4 lists the obtained tortuosity factors
for all the three types of samples.

The Knudsen permeability of the full-thickness anode is also
simulated by coupling the local Knudsen permeability obtained
from DSMC (Fig. 5): significantly faster mass transport in the
micro-channels is shown in BF-S compared to BF-P (Fig. 5a and
d). The magnified images clearly display that the gas molecules
are drawn into the micro-channels at the vicinity of the inner
wall (Fig. 5e) and they can transfer from the neighbouring
micro-channels and permeate outward at the micro-channels
tip (Fig. 5b). The resultant Knudsen permeability values kk, kc

k

are summarised and compared with the ones obtained from
the continuum method (i.e. ko and kc

o) in Table 4. It needs to
be emphasised that comparing each columns, BF-S shows
significantly better characteristic mass transport parameters
than BF-P and conventional design; for instance, the wide and
long micro-channels in BF-S help to reduce the tc

o by more
than 50% compared to the conventional design (5.3 vs. 11.5),
more effective than BF-P (9.8). Comparing each row, BF-S also
displays remarkable improvement relative to the spongy layer.
Tortuosity factor drops by 56% for BF-S (12 (to) vs. 5.3 (tc

o)) but
only decreases by 10% for BF-P (11.1 (to) vs. 9.8 (tc

o)),

Table 3 Summary of the materials parameters (with ‘�’ representing
standard deviations) measured by multi-length scale tomography. (Mc:
micro-channels; Dp: mean micro-channels diameter; Dmax: maximum
micro-channels diameter; Din: micro-channels diameter at the inner surface;
dp: mean pore diameter; e: porosity; ec: porosity of the whole anode)

BF-S BF-P

Macro-scale parameters of the tube
Mc percentage (%) 14.7 9.5
Mc length (mm) 170 � 12 110 � 7
Mc Din (mm) 20 � 3.2 1–2
Mc Dp (mm) 15.9 � 0.5 10.2 � 0.3
Mc Dmax (mm) 22 � 2.5 14 � 1.8
ec (%) 29.2 26.1

Micro-scale parameters of the spongy layer
e (%) 17.1 � 3.1 18.4 � 1.6
dp (mm) 0.16 � 0.05 0.23 � 0.1
Pore connectivity (%) 99.1 98.6
TPB density (mm�2) 5.3 � 0.74 6.2 � 0.51
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highlighting that the entrance diameter and the length of
micro-channels are key factors in determining the effectiveness
of the hierarchical design. It is also noted that the molecule/
wall collisions increase the spongy layer tortuosity factor by
ca. 2 times, which is consistent with what was reported in the
literature.32,33 This indicates that the diffusion mass transport flux
could be overestimated by 100% if the Knudsen effect is ignored
using continuum-fluid dynamics simulation.47 The permeability
is also improved more significantly in BF-S (from 3.1 � 10�17 to
17 � 10�16 m2) compared to BF-P (5.4 � 10�17 to 2.8 � 10�16 m2).

An experimental gas permeation test was also conducted at
different pressure levels using N2 and H2 at room temperature
to validate the developed I-CFD technique (see ESI,† Fig. S2
and S3). Generally, the simulated gas permeances show good
agreement with the experimental result. In particular, the H2

permeance is independent of the pressure levels, indicating
the Knudsen flow; N2 permeance remains constant until the
pressure reaches 4 bars and starts increasing, which suggests a
transition to viscous flow.

3.4 Experimental performance and electrochemical
simulation

The experimental performance tests (polarisation curves) were
conducted at 700, 750 and 800 1C on the two types of samples
as shown in Fig. 6a (BF-P) and Fig. 6b (BF-S). It is evident that
BF-P displays fuel starvation towards the maximum current
density (2.5 A cm�2) at 750 1C and this is more pronounced at
800 1C. This could be a consequence of faster exchange current
density and oxygen ions transport with the increase in temperature.
However, no sign of fuel depletion is observed for BF-S, which
proves the effectiveness of micro-channels in mass transport

Fig. 4 Characteristic ordinary tortuosity factors (tc
o) of the full-thickness anodes for (a) BF-S, (b) BF-P and (c) conventional micro-tubular design are

simulated according to continuum concentration-driven flow by coupling the local ordinary tortuosity factors (to) obtained from (d and e) the spongy
anode simulations. (a–c) show the resultant concentration distribution (see colormap at bottom right), (d and e) show the streamlines of the gas flow
coloured by the magnitude of the mass flux to highlight local constrictions. In contrast, the characteristic Knudsen tortuosity factors (tc

k) of the full-
thickness anode in (f and g) are obtained using the local Knudsen tortuosity factor (tk) in the spongy region obtained by DSMC method in (h and i), where
the red, blue and yellow phases denote H2 particles, H2O particles and solid phase of the spongy anode, respectively.

Table 4 Comparisons of the mass transport parameters between BF-S,
BF-P and conventional sample under continuum and Knudsen regime

Parameters Conventional BF-P BF-S Units

to 11.5 11.1 12.0 —
tk 23.4 21.3 24.6
tc

o 11.5 9.8 5.3 —
tc

k 23.4 15.3 8.9
ko (�10�17) 4.2 5.4 3.1 m2

kk (�10�16) 6.4 6.8 5.7
kc

o (�10�17) 4.2 28 170 m2

kc
k (�10�14) 6.4 0.39 4.6
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optimisation. Although BF-S has a slightly smaller pore diameter,
lower spongy layer porosity and more constrictions in the spongy
layer, it is proved from this result that longer micro-channels and

larger inner-wall entrance diameters can compensate for or even
outweigh, to a certain extent, the spongy layer’s inferiorities. As a
consequence, the power density of BF-S is approx. 18% better than

Fig. 5 Characteristic Knudsen permeabilities kc
k of the full-thickness anode are simulated by coupling the local (c–f) Knudsen permeabilities (kk)

obtained from spongy anode DSMC simulation. Distinct difference of the flow velocity between the two types of samples, and between micro-channels
and the spongy anode, are revealed in (a), (d) and the close-ups in (b) and (e).

Fig. 6 Electrochemical performance simulation using the materials parameters measured from multi-length scale tomography and simulation. Dashed
lines and dotted lines in (a) BF-P and (b) BF-S correspond to simulations using Fig. 1(d and e) respectively; (c) conventional sample simulated based on the
spongy layer of BF-P with no micro-channels is compared here as a reference; (d) comparisons of the activation and concentration overpotentials of
different designs.
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BF-P (0.98 vs. 0.83 W cm�2). The output current density of the BF-S
is 100% higher than the ones at the same working condition
obtained from conventional design.23,71

The microstructural and mass transport parameters measured
by multi-length scale X-ray CT and CFD simulations in Tables 3 and
4 are used to define the 2D electrochemical simulation models. The
geometries with embedded micro-channels (Fig. 1d) were defined
according to the local properties of the spongy layer only, and the
geometries without micro-channels (Fig. 1e) were set up using the
characteristic properties of the full anode. The former case is
meaningful not only to validate the mass transport parameters
obtained from CFD simulations, but also provide the possibility for
further parametric study on the geometry of the micro-channels.
The latter case could be viewed as a validation of the I-CFD
technique when compared with the experimental result, and also
provides the convenience for 3D electrochemical simulation in
complex hierarchical structures with just a simple geometry using
the full anode characteristic parameters.

Simulations of the polarisation curve were conducted at 700,
750 and 800 1C and compared with the experimental results in
Fig. 6a (BF-P) and Fig. 6b (BF-S). Conductivity and exchange
current density used in the model were adjusted according to the
performance at 700 1C on the basis of the empirical formulas
from literature (see ESI† for more details). The performance

predictions using the two methods both display good agreement
with the experimental data. Moreover, the electrochemical per-
formance of the conventional sample, as a reference, is simu-
lated using the same electrochemical parameters as BF-P. The
predicted performance of the conventional design (Fig. 6c)
matches the published results very well,22,23 displaying 39%
lower power density (0.61 W cm�2) than BF-S (0.98 W cm�2).
BF-S and BF-P display significantly wider current density window
for maximum power density than the conventional design. This
evidence confirms the significant performance improvement
available when using the micro-channels design as used in BF-S
and the validity of the I-CFD technique to estimate the material
parameters at multiple length scales.

By using the electrochemical model the different polarisation
mechanisms can also be differentiated: the contribution of the
concentration loss was isolated by deactivating the mass transport
physics; similarly the activation losses can be identified and
removed by subsequently increasing the exchange current density
i0 up to infinity. Due to the thin electrolyte (5 mm), the Ohmic loss is
negligible compared to concentration and activation losses and is
not discussed here. The predicted performance at 800 1C is plotted
in Fig. 6d which shows that BF-P has approx. 20% lower concen-
tration loss than conventional design, and BF-S decreases the
concentration loss by 70%. H2 depletion occurs from the current

Fig. 7 Comparisons of the 2D distributions of reactant fluxes, pressure and concentration overpotential for different designs (Sp: spongy layer; Ch:
channels).
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density of 1.5 A cm�2 onward in the conventional design. The
activation overpotential is still the main source of polarisation loss
for BF-S and BF-P, but not for the conventional design due to the
high local H2O partial pressure, which increases the exchange
current density. Further improvement of TPB density was discussed
in previous work4 in the aspects of phase content, sintering of Ni
and surface area ratio. Also, impregnation of PdO particles grown
by coalescence in the cathode has shown great potential to mitigate
the activation loss.72

Fig. 7 compares the distributions of simulated field values for
three different designs obtained at current density j = 1.3 A cm�2

at 800 1C. Same electrochemical parameters were used for all the
three geometries so as to highlight the effect of the micro-
channels exclusively. The reactant flux maps clearly show that
the reactants are drawn from the centre-bore into the micro-
channels and permeate through the spongy layer around them
(Fig. 7a and b). These flux maps are consistent with the gas flow
simulation in Fig. 5b and f. It is also noticed that the mass flux in
the spongy layer ahead of the micro-channels in BF-S is lower
than BF-P. This arises from the different diffusion path lengths
from the micro-channels tip to the anode-electrolyte interface:
the reaction active layer is less than 10 mm and the H2 gas
delivered outside of this zone accumulates. The longer the
micro-channels are, the higher the local H2 molar concentration
will be, as is shown in Fig. 7d and e. The difference between the
flux maps for the BF-P and the conventional design is quite
small, which indicates that the large distance from the tip of the
micro-channels to the reaction sites and the narrow entrance
diameter undermine the effectiveness of micro-channels in BF-P.
The larger inner-wall diameter of the micro-channels facilitates
the permeation of the reactants through the spongy layer as little
concentration loss is observed behind the micro-channels in
BF-S compared to BF-P (Fig. 7g and h). Moreover, the concentration
overpotential ahead of the micro-channels tip is significantly lower
in BF-S than BF-P and this is related to the longer micro-channels
in BF-S. In contrast, severe concentration polarisation exists
in the conventional design in Fig. 7i. Compared with the
anode, the concentration loss from cathode is negligible due
to the shorter diffusion path and chemical stoichiometry.
From the results and discussions above, the incorporation of
micro-channels has been proved to be a promising solution to
mitigate the mass transport resistance, therefore the electro-
chemical performance could be further improved by reducing
the activation loss at the anode via TPB optimisation and at the
cathode through catalyst impregnation.

4. Conclusion

This study has comprehensively characterised the hierarchically
porous microstructure of micro-tubular SOFC (MT-SOFC) anodes
and extracted the mass transport parameters for the localized
spongy layer and full-thickness anode by using X-ray computed
tomography and the integrated computed fluid dynamics (I-CFD)
simulation. The I-CFD technique allows the integration of the
spongy layer properties into the larger volume simulation and also

integrates the Knudsen effect into a continuum flow simulation.
The complexity of co-existing continuum and Knudsen flows at
different regions of the anode has been decomposed by coupling
the continuum flow and molecule-based Direct Simulation Monte
Carlo method for the first time. For continuum flow, micro-
channels with radial extension of 80% anode thickness and
20 microns inner wall diameter (BF-S) can help to decrease the
tortuosity factor by approximately 50% compared to the conven-
tional design. Poorly designed micro-channels (BF-P), spanning for
only 50% of anode thickness and having narrow entrance diameter
(1–2 mm), decrease the global tortuosity factor by 10% only. The
permeability is also improved by approximately two orders of
magnitude for BF-S but increases less than one order of magnitude
for BF-P. When Knudsen effect is considered, the molecule-wall
collisions increase the tortuosity factor by 1.8 to 2 times compared
to the value in continuum regime. Electrochemical simulations
using either local (with micro-channels) or global (without the
micro-channels) measured microstructural and mass transport
parameters display good agreement with the experimental
measurements, which show that BF-S has 18% higher power
density (0.98 W cm�2) than BF-P (0.83 W cm�2) and 60% larger
than the conventional tubular design without micro-channels
(0.61 W cm�2). The maximum current density has significantly
improved compared to the conventional design. BF-P has
approximately 20% lower concentration loss than conventional
design, while micro-channels in BF-S allow for a decrease in the
concentration loss by over 70%. All these results quantitatively
prove the effectiveness of micro-channels incorporation in the
tubular SOFC anode design. The proposed I-CFD technique in
this study provides a unique solution to characterise the mass
transport property not only for MT-SOFC anodes or batteries
but also for a wider range of hierarchically porous materials
such as membranes which could be used under either the
continuum regime (water treatment) or the Knudsen regime
(gas separation).
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