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Featured Application: This study provides an extensive review of current collection in micro-
tubular solid oxide fuel cells (SOFCs). The state-of-the-art designs are compared using defined
key performance met-rics. The design trade-offs between internal and external current collectors
are explored. The effects of current collector design, size, spacing and location on cell perfor-
mance are discussed.

Abstract: Micro-tubular solid oxide fuel cells (µT-SOFCs) are suited to a broad range of applications
with power demands ranging from a few watts to several hundred watts. µT-SOFCs possess
inherently favourable characteristics over alternate configurations such as high thermo-mechanical
stability, high volumetric power density and rapid start-up times, lending them particular value for
use in portable applications. Efficient current collection and interconnection constitute a bottleneck
in the progression of the technology. The development of current collector designs and configuration
reported in the literature since the inception of the technology are the focus of this study.

Keywords: micro-tubular SOFC; current collection; interconnection; ohmic polarisation; conduction
pathway length

1. Introduction to Fuel Cell Technology

Fuel cells are highly efficient electrochemical conversion devices that directly extract
electrical energy from hydrogen and hydrogen-rich fuels [1–4]. The stackable/scalable,
modular nature of fuel cells suits them to a broad range of applications, ranging from a
few watts in portable power devices to several megawatts in backup and peaking power
units [5–7]. The first commercial fuel cells were alkaline fuel cells (AFCs) used by the
NASA space exploration programmes for providing power to space capsules [8]. Since
then, fuel cells have been used in many applications, broadly categorised into portable,
stationary and transport markets. Low-temperature fuel cells can use lightweight ma-
terials such as plastics and polymers. The fast start-up time and simple heating system
required to reach the low operating temperatures of around 80 ◦C are the reasons they
are favoured in the automotive and portable power sectors. Phosphoric Acid Fuel Cells
(PAFCs), Molten Carbonate Fuel Cells (MCFCs) and SOFCs are typically employed for
stationary applications such as power generation, grid backup and combined heat and
power (CHP). This is due to the increasing time and system complexity/size required to
reach the higher operating temperatures and the benefit of having higher efficiency and
higher fuel flexibility. However, SOFC technology has been proven to also be functional in
the portable and transport sectors [9–11].

The number of fuel cell units shipped over the last five years (2019 included as a
partial forecast) for each sector is seen in Figure 1a [12]. In 2018, 68,500 fuel cell units were
shipped, 76% of which were in the stationary sector, 16% were employed in transport and
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8% were for portable applications. Out of the units shipped in 2018, 75% were in Asia.
Japan contributes strongly to the fuel cell market—particularly for the stationary sector,
where SOFCs are increasingly being adopted for domestic and commercial CHP and more
than 100,000 units have been installed in Japan within the EneFarm programme [13]. The
next largest markets with respect to units shipped are North America, followed by Europe.
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Figure 1. Fuel cell units shipped between 2015 and 2019 (2019 includes a partial forecast) by (a) application and (b) fuel cell
type reproduced from [12].

Polymer electrolyte fuel cell (PEFC) technology is increasingly being adopted in the
transport sector in fuel cell/hybridised vehicles including forklifts, buses, boats, trams,
trains, drones, motorcycles, submarines and automobiles such as the Toyota Mirai or
Hyundai ix35 [14–19], and even aircraft. PEFCs are the most widely adopted fuel cell
technology in terms of units shipped over the last five years as seen in Figure 1b [12]. Of
the 68,500 units shipped in 2018, 58% were PEFCs, 36% were SOFCs, 5.4% were DMFCs
and the rest PAFCs.

SOFC technology is less mature than that of PEFCs. The high SOFC operating temper-
ature poses a significant difficulty, particularly surrounding material selection and design.
SOFCs are available in several geometries, planar, tubular, and mixed types. Tubular
cells are subdivided by size, regular tubular SOFCs and µT-SOFCs. µT-SOFC is a rather
broad definition and typically means cells with external diameters of <10 mm. Generally
speaking, tubular SOFCs are favoured for portable applications due to their mechanically
durable natures and rapid start-up capabilities, which are particularly prevalent at the
micro-tubular scale [1,2]. Figure 2 shows a schematic of a tubular cell with the operating
principle and an indication of the current direction in the axial and radial dimensions.

Planar SOFCs are typically restricted to stationary applications due to their superior
power densities and bulky/heavy system designs. Tubular SOFC technology is less ma-
ture than planar geometry as the higher demand for stationary power seen in Figure 1a
has driven the development. However, the ever-increasing demand for power-hungry
portable devices presents an opportunity for µT-SOFC technology. As such, research
and development into SOFCs, and specifically µT-SOFC technology, must address key
bottlenecks to be competitive. The key areas for development in SOFCs are material de-
velopment [20–25], current collection/interconnection, sealing [26,27] and stack/system
design [28–30]. Tubular SOFC current collection/interconnection development is some-
what more geometry-specific than the other aforementioned bottlenecks versus planar
designs and thus is the focus of this study. The current collector design can have a signifi-
cant effect on the performance and durability of a tubular cell [5]. Loose connections lead
to unstable cell performance and ultimately cell failure. Current collector designs must
be secure enough to withstand impacts incurred during portable applications. µT-SOFC
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current collectors cannot simply rely on the compressive load for adherence and control
over contact resistance as used in planar devices and additional effort into contacting
must be made. This study will explore current collector materials, design, configuration
and cell-specific design considerations. Emphasis is placed on the progression of current
collector designs in order to quantitatively analyse and identify the most viable current
collectors for delivering widespread µT-SOFC commercialisation. A schematic of the key
areas for development in micro-tubular SOFC technology and a breakdown of the current
collector/interconnection specific topics covered in this study can be seen in Figure 3.
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2. Tubular Solid Oxide Fuel Cells

Solid oxide fuel cells operate at high temperatures between 650 and 850 ◦C and exhibit
typical electrical efficiencies between 50 and 60%, which is high when compared to other
common fuel cells. If the heat generated by the SOFC is deemed useful, a combined heat
and power (CHP) efficiency can be claimed at around and above 80–85%. The “high
quality” heat lends itself to integration into highly efficient steam and gas turbine power
production systems [31].
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Cells can either be self-supporting or externally supported. In the former, the electrode
or electrolyte provides mechanical support for the cell [32]. In the latter, an external
inert support may be used such as a porous ceramic material or the interconnect itself.
Early tubular and planar cells were either cathode or electrolyte-supported but now the
standard is anode-supported which allows for lower operating temperatures and ohmic
polarisation, coupled with improved mechanical stability. Relying on the relatively more
conductive anode as a support also comes with issues surrounding mass transport losses
through the porous structure, the potential for reoxidation and loss of mechanical integrity
and performance during operation. Externally supported cells are increasingly common
in planar SOFCs, relying on the interconnect, typically a metal, or an inert ceramic for
mechanical support. A schematic of tubular SOFC cell support configurations (which is
also applicable to planar geometries) and the progression of the state of the art are seen in
Figure 4.
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The trend of SOFCs towards a lower operating temperature has widened the material
selection for SOFC components [33]. Metal-supported planar cells have lower thermal
masses and are less brittle than a ceramic-supported cell and so can handle faster start-up
times [34]. However, the operation is typically limited to lower temperatures (550 to 650 ◦C)
to avoid rapid degradation of the metallic components which restricts the use of internal
reforming of hydrocarbons, typically occurring above 650 ◦C. In tubular devices, porous
inert supports such as ceramics and metallic supports have been used. This allows for a seg-
mented tubular cell design, essentially stacking cells along a support similar to integrated
planar designs [35,36]. The externally supported SOFCs allow thinner electrode layers and
electrolytes, incurring lower ohmic and mass transport losses. Similarly to planar intercon-
nects, tubular supports can contribute to controlling gas flow to improve fuel utilisation. If
electrically conductive, the support can also contribute to the current collection.

Regular tubular were the first tubular SOFC, developed by Siemens Westinghouse,
having a typical diameter of 1” and 2200 mm length [37]. Micro-tubular SOFCs developed
by Kendall in the early 1990s had diameters in the order of a few millimetres and a
length one or two orders of magnitude shorter than their larger predecessor [38]. The
inverse proportionality of power density with tube radius means smaller cells have higher
power densities [39]. More recently, tubular SOFC cells have been reported with larger
diameters in the order of a few centimetres giving a higher total power per cell. This
reduces the number of cells required in a stack for a given power output which again
reduces complexity in manufacturing and assembling. Nevertheless, the larger size brings
less mechanical stability.

The distinguishing characteristics of planar versus micro-tubular SOFCs are seen in
Table 1. Micro-tubular fuel cells have inherently facile sealing and gas flow control, given
that the dense electrolyte separates gas streams rather than an interconnect. Tubular fuel
cell designs exhibit similar power densities to planar devices at up to 1.5 W·cm−2 [40,41].
The µT-SOFC concept lends itself to high mechanical strength and high thermomechanical
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durability. This strength is inversely proportional to cell diameter. The durability to
mechanical shock and thermal cycling of µT-SOFC allows for rapid start-up times in the
order of a few seconds [1]. The aforementioned enables near-instant on-demand power,
permitting µT-SOFCs to be used for both stationary and portable power applications [42].
This widens the market for SOFC technology not typically accessible by planar devices.
Several commercial companies have worked on µT-SOFC development including Adelan,
Acumentrics, AMI, Ezelleron, Protonex, Komico, NGK, Toto, Tokyo Gas and others [38,43].
Tubular SOFC products have reached the commercial market globally, most widely adopted
in Japan and Korea [44]. Portable devices have included the tubular Kraftwerk [45], a 5 V
(10 W peak power) charging device (which was eventually never produced).

Table 1. Characteristics of micro-tubular (µT)-SOFC and planar SOFC.

Characteristic Microtubular Planar

Power Density Medium High
Mechanical Strength High Lower

Start-up Fast Slower
Interconnect Difficult/Cumbersome Straightforward

Sealing Facile Complex
Manifold Simple Simple

Stack Power Density Medium High
System Compactness High High
Manufacturing Cost Medium-High Lower

The number of journal and conference articles in the academic literature on tubular
SOFCs has followed a declining trend over the past five years, as seen in Figure 5a. Instead,
research has widened into more fundamental problems associated with µT-SOFCs (and
in most cases planar SOFCs), such as sealing, manifolding and material development.
Research in the field has been dominated by authors from China, showing nearly double
the number of studies as from the USA which is the next largest contributor, as seen in
Figure 5b. Material development and testing, which are common SOFC development
areas, are easier to conduct in planar form. Interconnection/current collection in tubular
SOFCs is a critical area for development and remains a bottleneck in the commercialisation
of tubular cells and stacks. The focus of µT-SOFC current collection in this review aims
to identify what has been achieved to date in order to identify the most viable current
collection design(s) for the future and highlight future challenges.
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3. Current Collection in µT-SOFCs

To extract power from a tubular SOFC cell, current collectors must be used at each
electrode. The low voltage characteristic of a fuel cell means cells are typically stacked to
achieve a useful power output by interconnecting current collectors of adjacent cells in
series. Current collection in tubular SOFCs is complex and is particularly tricky at the µT-
SOFC scale. Minimising current conduction pathways and thus minimising the resistance
to electron flow is critical in reducing the ohmic resistance of interconnections [4,5]. In
planar configurations, the interconnect is in-plane with the electrodes of repeating cell units,
contacting a large area of the electrochemically active region, resulting in short, mostly
out-of-plane electron conduction pathways [6]. In tubular configurations, however, cells
are spaced apart. The minimum limit for cell spacing which is controlled by the manifold
design is determined as a function of assembly logistics, wiring logistics and by the thermal
management and gas supply design. These restrictions limit compactness, resulting in an
interconnection network with a considerably higher pathway length, as compared to the
planar configuration. The cylindrical geometry plays a factor in the complexity, as current
flows in the axial and radial dimensions (seen in Figure 2), increasing current conduction
pathway length and leading to complexity in the interconnect design [46]. The direction of
the current flow within each cell and throughout a stack can vary greatly with the current
collector/interconnect configuration.

The early micro-tubular cells of the 1990s, developed by Kendall and Kilbride from
Keele University (UK), had “internal” anode current collection, typically nickel or silver,
either as a spring-loaded coil or as a rolled mesh inserted within the cell (on the bore side
in the fuel channel). Cathode current collection was typically achieved via silver wire
wrapped/wound around the cell “exterior” [47–50]. Anode current collection changed
direction somewhat in the 2000s when research from AIST (Japan), such as Suzuki [51,52]
and Dhir and K. Kendall (GB) [53–55], developed a technique to contact the anode from
the cell exterior (external anode current collection) by either partially covering the anode
support with electrolyte during fabrication, or by moving a portion of electrolyte to expose
the anode interior (of an anode-supported cell). A schematic of internal and external
current collections of an anode-supported tubular SOFC is shown in Figure 6.
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Results from the latter researchers showed that loss of contact between internal current
collectors and the electrode due to thermal mismatch/shrinking and improper contacting
led so severe degradation, indicating that R&D into a method for interconnect–electrode
contacting for internal current collector designs was needed. The externally contacted
anode showed enhanced electrochemical stability when tested and a reduced degradation
rate. However, the new style necessitated sealing of the porous, exposed anode with high-
temperature gas-tight sealants, another key area of development in SOFC technology [56].
Accessing the anode from the cell exterior leads to a loss of external cell surface which could
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be otherwise used for current production. However, using an internal current collector
does not incur such penalties and thus the entire cell exterior can be utilised as indicated
by the available internal anode current collector locations seen in Figure 6. Therefore,
for a given cell length, using an internal current collector leads to a higher total power
output potential from a cell. The method used for the current collection from the cathode of
anode-supported cells has remained largely unchanged from the aforementioned research
conducted in the early 1990s—specifically, wrapping or hatching wire (most often silver)
around the cathode surface, bound either using mechanical force or by using adhesive
pastes/sealing materials, which are typically silver-, gold- or platinum-based.

4. Current Collector Performance

Fundamentally, an SOFC interconnect must have a low ohmic resistance to minimise
ohmic polarisation and thus must have a high electrical conductivity (bulk) and a low
contact resistance. The resistance to electron flow or ion flow is governed by Ohm’s
law, from which we observe the proportional nature of voltage drop with current and
resistance. The Area-Specific Resistance (ASR) is the key metric used to determine the
ohmic resistance of a cell. This normalised metric allows for comparison of different sized
cells on an equivalent basis. The ASR of a cell can be derived from experimental data as
an average over a potential range within the linear ohmic region from the gradient of the
polarisation curve (Equation (1)):

ASR
[
Ω·cm2

]
=

ηohmic[V]

∆i [A·cm−2]
(1)

where the potential range should be the ohmic overpotential ηohmic[V], taken over the
linear ohmic loss dominated region of the i-V curve and ∆i is the current density difference
over that range. The ASR can also be measured locally at a given potential or current by
electrochemical impedance spectroscopy (EIS), where the total resistance RT is measured
and then adjusted by the active area (Equation (2)) [57]:

ASR
[
Ω·cm2

]
= Acell

[
cm2

]
∗ RT [Ω] (2)

It should be noted that the ASR calculated in Equations (1) and (2) are for the entire cell,
and so the contribution from activation and mass transport polarisation is present, even
though the data acquisition conditions are set so that the ohmic effects dominate the results.
However, the ohmic polarisation, RΣΩ [Ω], which is cell-specific, can be directly acquired
from EIS data, yet still contains a contribution from ionic flow resistance in the electrolyte
and electron flow in the electrodes and interconnect. However, adjusting this value by the
cell area does not give the ASR. The ASR of a virgin or tested material can be calculated ex
situ by measuring the resistivity, ρ, of known material thickness, Equation (3) [6]:

ASR
[
Ω·cm2

]
= x [m] ∗ ρ [Ω·cm] (3)

ASR targets for interconnect materials of the past (pre-2000s) were <100 mΩ·cm2.
With the more recent advancements in R&D, this target has been lowered by an order of
magnitude within the last five years to <10 mΩ·cm2 [22,58,59]. The target for overall cell
resistance is <500 mΩ with <1 Ω deemed to be acceptable. The typical contribution of an
SOFC interconnect to the ohmic polarisation is around 20 to 25%. The ohmic resistance
of the interconnect itself can be broken down into contributions from the bulk material
conductivity (which is the inverse of the resistivity), Equation (4), and the contact resistance.
Targets for values of the contact resistance are between 0.01 and 0.05 Ω·cm2 [60].

σ
[
S·m−1

]
=

l
RA

(4)
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The three major factors related to interconnect contact resistance are (a) dimension tol-
erance and flatness of the interconnect, (b) nonuniform compression from the interconnect
on to the electrode and (c) the state of the contact surface (roughness, spallation, defects).
While optimising the cell materials for low resistance is important, it is common to test
the performance of the material within a cell, which will better account for the real-world
tolerances in contacting, hence the use of the cell ASR as a common metric in comparisons.

5. Materials for Current Collection

Given the intimate connection of an interconnect to adjacent cell components, its
material must have a similar thermal conductivity and thermal expansion coefficient to
adjacent cell components and be chemically compatible in reducing and oxidative (RedOx)
environments. Mechanical integrity and low weight must also be considered, particularly
for portable applications, in addition to low cost and ease of manufacture/assembly [6,22].
In tubular configurations, the interconnect does not always act as a barrier between the
opposing anode and cathode environments, depending on the cell design. This opens
up some degrees of freedom on interconnect requirements, and designs can be tailored
to a specific electrode. Specifically, the requirement for gas-tightness and stability in
both RedOx environments, when dropped, can widen the suitability of materials and
interconnect design choices.

5.1. Historical Trend in SOFC Interconnect Materials

The trend in interconnect material selection, following the movement from high-
temperature SOFC operation above 850 ◦C to lower temperatures around 700 to 750 ◦C, has
replaced the traditionally used ceramic perovskite-type materials such as LaCrO3, as used
in the original Westinghouse tubular designs, by nickel- or chromium-based steels and
more recently ferritic stainless steels, as seen in Figure 7 [6,61]. Ceramic-based interconnects
are brittle, costly and bring difficulties concerning their manufacture, shaping and cell
assembly [62]. Metallic interconnects, however, are less brittle, potentially lower in cost, and
possess inherent ductility, lending themselves to facile shaping. Metallic interconnects also
have a much higher thermal conductivity than the traditional ceramic counterparts which
leads to a favourable reduction in start-up/shut-down times of stacks, widening the scope
for potential SOFC applications [6]. Typical metallic interconnect materials include ferritic
stainless steels such as Crofer 22A/APU/H and ITM, chromium-based materials such as
CFY [63], austenitic steels such as Alloy 310 [64] and nickel-based alloys such as Haynes
230, favoured for its corrosion resistance over Inconel and Hastelloy counterparts [65–67].
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5.2. Metallic Interconnects

Metallic interconnects come with their own problems, namely the increase in ASR and
decrease in mechanical properties resulting from reactivity in redox environments through



Appl. Sci. 2021, 11, 1077 9 of 27

high-temperature corrosion mechanisms, as seen in Figure 8 [69–71]. It should be noted that
the ASR values of a current collector material are not the same as the ASR values of a cell
using this material as a current collector. The ASR of a cell will be significantly higher given
the additional contribution of the electrodes and electrolyte. The ASR of a material has a
contribution from the bulk conductivity and the surface contact resistance, the resistance at
the interface of that material with the measuring device/adjacent materials. Chromium
is typically used as an alloying element in metal interconnects to adjust the coefficient of
thermal expansion (CTE) to fuel cell electrodes and the electrolyte. The chromium content
is also important as it serves as a reservoir for the formation of a protective coating to
prevent further oxidation. For an SOFC interconnect the ideal chromium range is between
18 and 22 wt%, above which it contributes considerably to the ohmic resistance and below
which it will not form the protective coating. Volatile chromium species migrate to the
cathode which causes poisoning [72]. Nevertheless, protective barrier layers can be applied
to the exterior surface of the interconnect to minimise these effects. Studies to mitigate such
degradation have focused on optimisation of the composition and application techniques
of the protective coatings such as (Mn,Co)3O4 and the control of naturally formed oxide
layer growth, particularly in stainless steels [58,73–75].
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A key advantage of metallic current collectors is the ability to be joined to the elec-
trodes, with other current collectors (interconnection), and to stack components with
standard welding or brazing techniques [59,76]. A compressive load is applied to a planar
stack to ensure intimate contact between fuel cell and interconnect components which is not
possible in a tubular configuration, further highlighting the need for secure interconnect–
electrode and interconnect–interconnect joints able to withstand the thermally induced
stresses and mechanical impacts incurred during operation [77]. Welding and brazing both
use heat to melt a filler material that joins parent materials together. Welding is limited
to metals and requires a higher temperature than brazing as the parent metal must also
melt. Welding is suitable for exterior joints or where localised hot spots caused by the
welding flame are not an issue. Welded joints often have very high strengths and can be
fabricated at scale at a low cost. Brazing can be achieved at far lower temperatures than
welding and both metals and nonmetals, such as ceramics, can be brazed as only the filler
material melts. Brazing can be performed by induction, whereby a current passes through
a magnetic metal braze causing it to flow and form a joint once cooled. Brazing can also
be performed in a furnace with a flame or electrical heating. The furnace can be used to
carefully control the heating/cooling rate of the parent and braze materials which can
alleviate CTE mismatches between components and avoid the formation of mechanical
stress and failure in fuel cell components such as the electrolyte.

Gas tightness is an imperative interconnect property when acting as a barrier between
opposing chemical environments as any leakage would lead to fuel combustion, fuel which
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will not be converted to electrons, leading to thermal hot spots which accelerate local
degradation [78].

5.3. Micro-Tubular SOFC Geometry-Specific Current Collector Material Trend

In tubular configurations, solely the electrolyte provides the barrier between the fuel
and oxidant atmospheres, giving an additional degree of freedom to interconnect material
choice, potentially tailoring to suit either the anode or cathode side. This, combined with
the lack of requirement for load-bearing/compressive strain, has led to the use of highly
conductive but costly precious metals, the most common being silver, followed by platinum,
gold and palladium. These precious metals are known for their inertness and stability in
high-temperature redox environments and do not form nonconductive oxide layers in air
at elevated temperatures. Nickel, a nonprecious, favourably low-cost but relatively less
conductive metal, is also frequently used as seen in Figure 9.
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While most frequently used, silver is not without fault. Compson et al. [79] suggested
using silver as an SOFC interconnect at temperatures below 650 ◦C to avoid loss of silver
via sublimation, evaporation and diffusion. Degradation is particularly prevalent in silver
under a dual atmosphere (redox) which may occur if silver is being used as a conductive
paste on an externally accessed anode current collector or around fuel manifolds. Oxygen
and hydrogen permeate the structure and form steam bubbles, leading to cavity nucleation
and growth, and henceforth a loss of hermeticity [80]. Majewski et al. [81] observed
the degradation of silver in a redox environment within 8 h of operation when used as
a µT-SOFC current collector at 700 ◦C. They observed temperatures 100 ◦C above the
furnace temperature at the interface, indicating fuel crossover and resulting (spontaneous)
combustion due to porosification of the originally gas-tight/dense silver sealant. Any
silver migration could also lead to short-circuiting and reduced performance. While the
melting temperature of silver is 961 ◦C, higher than typical SOFC operating temperatures,
softening (annealing) of the wire and hence the loss of mechanical integrity occurs at far
lower temperatures, a key factor for loss of interconnect–anode contact of silver-based
internal current collectors [82]. Ding et al. [83] attributed the failure of their four-cell stack
to severed silver wires after only 4 h of operation at 800 ◦C and stated an urgency in finding
an alternative current collector material for their tubular cells.

While nickel is somewhat stable in reducing environments, it undergoes high-temperature
corrosion in oxidising environments, causing the formation of nonconductive oxide layers,
hence its use on the anode side only (unless coated). Stable as it may be in reducing envi-
ronments, nickel is a well-known reforming catalyst, which is employed in Ni-YSZ anodes
for the electrochemical oxidation of hydrogen and in direct internal reforming. When used
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as an anode side interconnect with hydrocarbon fuels, there will likely be a reduction in
performance of the interconnect over time from carbon formation [84]. The metallic struc-
ture, high melting point and thermo-mechanical integrity of nickel across SOFC operating
conditions favour it as an affinitive base metal to support well-adhered protective coatings.
Coating with a more inert/corrosion resistant, more electrically conductive and hard/hard
wearing natured materials such as gold, silver, nickel alloys and even perovskites can
enhance the electrical performance and durability of nickel as a current collector for both
the anode and cathode. Coatings can be achieved by simple painting/dipping techniques,
by electroplating, a current-driven process, or by electroless plating, a chemically driven
process, of which the latter two can be produced at scale. Electroless plating achieves a
more homogenous coating and finer control over layer thickness (proportional to exposure
time for a given plating chemistry) than electroplating, particularly for intricate parts of
differing thicknesses where an applied potential results in varying current densities, and
thus differing rates of localised coating application [85–87].

A study by Hatchwell, Sammes and Kendall [47] looked at cathode side current
collection methods from a materials perspective. The experiment determined whether a
perovskite-coated nickel-based steel (Nimonic 90) could show comparable performance
to the more commonly used silver wire. The coating suppressed chromium migration,
but the electrical performance could not match that of the silver wires. They further
discussed the limitations of using silver due to its high evaporation rates at typical SOFC
operating temperatures, meaning unpredicted temperature spikes could inflict irreparable
damage to the silver. Wire and strips of the silver were very close in performance, while
a comparison of silver conductive ink covering the entire cathode versus a two-strip
configuration suggested the ink interference in cathode performance was negligible for this
ink composition and cell geometry. The properties of typical SOFC interconnect materials
are given Table 2.

Table 2. Material properties of commonly used SOFC interconnect materials. Typical anode material, Ni-YSZ included
for reference.

Material CTE
×10−6 [K]

Conductivity
[S.cm−1}

Melting Point
[◦C]

Young’s Modulus
[GPa] Ref(s).

Ni-YSZ 11–13 3 × 102 (800 ◦C) - 57–58 (800 ◦C) [6,20,88]
LaCrO3 9.5 0.34 (700 ◦C) 2510 - [20,24,77]

Crofer 22-APU (ferritic) 11.5–12.5 8.3 × 104 (1000 ◦C)
8.7 × 103 (800 ◦C)

1510–1530 216 (750 ◦C) [88–91]

Haynes 23 (nickel-based) 15.2 (800 ◦C) 7.7 × 103 (800 ◦C) 1301–1371 159 (800 ◦C) [67,92]
Ducrolloy
(Cr-based) 11.8–12 (800 ◦C) 1 × 104 (1000 ◦C) 1700 - [93,94]

Silver (99.9%) 18.9, 22 (800 ◦C) 1.6 × 105 (800 ◦C) 961 69–74 (800 ◦C) [24,95,96]
Nickel 12–13.5 (800 ◦C) 2.5 × 104 (800 ◦C) 1455 190–220 (800 ◦C) [97]

Platinum 10 (800 ◦C) 2.3 × 104 (800 ◦C) 1769 127 (800 ◦C) [24,98]
Gold 16.6 (800 ◦C) 1.1 × 105 (800 ◦C) 1064 76–81 (800 ◦C) [24,99]

Palladium 12.3(800 ◦C) 2.55 × 104 (800 ◦C) 1552 118–124 (800 ◦C) [24,100]

6. Current Collector Shape and Structure

Once the designer has chosen the optimal interconnect material, the thickness, shape
and structure must be determined. For a planar device, this will be some sort of flat plate
with an optimised corrugation/patterning for fuel and exhaust flow. In a tubular device,
the decision is less clear and depends on whether current is collected on the bore side of the
tube or the outer surface. The material will need to be formed to achieve intimate contact
with the electrode and so a format that can be easily worked/shaped is preferable. The
need to minimise the electron pathway and maximise the contact area for current collection
means designs can vary greatly. A study in planar SOFCs by Jiang et al. [101] showed
that when current collector–electrode contact area was increased from 4.6% coverage to
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27.2% the resistance of the cell decreased by 87% from 1.43 Ω·cm2 to 0.19 Ω·cm2 at 800 ◦C.
Consideration to preventing the current collector from impeding gas flow to and from
the electrode must also be made remembering that an impermeable/nonporous current
collector covering the entire electrode surface would render the fuel cell useless. The
tube dimension is a key factor in the design and problems can be common or specific to
small/large bore and short/long variants. For example, in small-bore tubes (less than 2 to
3 mm ID), internal access is particularly difficult and the current collector size is limited,
limiting the size and wire thickness and thus its current-carrying ability (with respect
to voltage loss), which is exacerbated if the length of the cell and contact wires are long.
For larger bore tubes, achieving a suitable spring force (arising from the elasticity of the
contacting material), which is often relied on for smaller bores, becomes difficult due to the
softening of the material at an operating temperature which has a more significant impact
on larger structures than smaller.

6.1. Wires

Wires are the most common choice for current collection and are used in some form in
all but three of the publications reported in the literature between 2015 and 2020, whether
used for the anode and/or cathode current collection, as measurement probes, as the sole
current collector, or in a combination with another design. In the last 5 years, the most
common wire choice has been silver, followed by platinum, then gold and nickel. Wires
are readily available in most materials and dimensions and when chosen correctly achieve
highly efficient current collection/conduction over long distances, thus constituting an ideal
candidate for interconnection between adjacent cells. Wires were the first µT-SOFC current
collectors to be used, published in the academic literature of the late 1990s [47,48,102].
Wires can be easily formed and shaped and can come in different profiles including round,
flattened and triangular, which can vary the available contact area, fitting and mechanical
properties of the wire. Increasing the diameter of the wire reduces the voltage loss in the
wire for a given current. Braiding is useful when the correct diameter of wire is not available
and has the advantage of increasing the mechanical strength of the wire, important when
a wire is operating at a temperature close to its softening/melting point. Wires can be
easily shaped and are often coiled to fit the interior and exterior of the tube. Wires can be
joined to create crisscrossed mesh-like structures, or into strips and bands. The cell with the
highest power density reported in the literature was recently published by Ren et al. [41],
where silver wire and silver paste were used for both the anode and cathode sides of their
alumina-supported “microchannel structured” cells. They achieved a current density of
1.4 A·cm−2 at 0.7 V and a peak power density of 1.5 W·cm−2 at 700 ◦C although the cell
did not supply an open circuit voltage (OCV) of over 1 V, which indicated either a severe
fuel leakage and/or that the electrolyte was not complete and fully dense. When operated
directly on methane, the peak power density was 1 W·cm−2 and the ASR determined by
EIS at OCV was 0.32 Ω·cm2 at 700 ◦C.

Rabuni et al. [103] achieved a current density of 1.25 A·cm−2 at 0.7 V with a peak
power density of 1.2 W·cm−2 and an OCV greater than 1.1 V at 750 ◦C. The cell reached
1.8 A·cm−2 and 1.62 W·cm−2 when operating at 800 ◦C. The ASR determined by EIS
was approximately 1 and 1.26 Ω·cm2 at 750 and 800 ◦C, respectively. The authors used
silver wire and silver paste for both anode and cathode current collection. The anode had
six microchannels as well as an optimised microstructure with finger-like structures for
enhanced mass transport, as seen in Figure 10.
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6.2. Conductive Pastes, Paints and Inks

Wires (and other current collector types) are seldom used on their own; they are often
used with the addition of conductive metal-based pastes/paints/inks (from here on jointly
referred to as “pastes”). The pastes can be applied to the electrode, to the current collector
or to both [104]. The paste acts to decrease the interfacial contact resistance between the
electrode and current collector and acts as a bridge to ensure a continuous path for electron
flow. The pastes are more conductive than typical anode cermets and cathode materials
and so the paste will increase the overall conductivity of the cell in the axial and radial
directions, acting as a current collection layer, which is particularly important for larger
cells [105,106]. Pastes can also be used to secure the electrode to the current collector
and are sintered to enhance their mechanical adhesion once applied [107]. Pastes are
usually hand-painted, which is a cause for concern in terms of w.r.t reproducibility and
manufacturability [104].

The paste materials are most commonly silver, gold, platinum or nickel, the latter
being reserved for the anode side [108,109]. Manufacturers sell variants with varying final
porosity to control the gas distribution and conductive properties. Denser variants are
favoured when the contact patch is small in order to maximise the conductivity of the
joint, or where sealing is also required, meaning the paste has dual functionality. More
porous paints, which are typically less viscous (generally referred to as paints or inks) can
be spread more liberally, covering the entirety of the active area if desired, which may lend
itself to ease in manufacturing [40]. The conductive pastes can also infiltrate the electrodes
and improve electron mobility in percolation pathways. Silver’s functionality as a cathode
material, acting as a catalyst for oxygen reduction, will contribute to electrochemical cell
performance [81].

6.3. Current Collecting Layers

Somewhat similar to conductive pastes, current collecting layers can be used to
improve the overall conductivity of an electrochemical cell. They can be electrode or
nonelectrode materials, with properties biased towards current conduction rather than
electrochemical/catalytic activity. The layers are typically formed in situ during cell
manufacture and can also provide mechanical support for the cell. Panthi et al. employed a
nickel anode current collector layer in their porous zirconia-supported tubular cells, as seen
in Figure 11 [110,111]. In their 2017 study, they achieved a current density of 0.8 A·cm−2 at
0.7 V and a peak current density of 2 A·cm−2 operating in H2 at 750 ◦C. The impedance at
OCV under the same conditions was 0.44 Ω·cm2.
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Zhao et al. [112] also adopted a nickel current conduction layer in their “inert-substrate-
supported” cells. They studied the effect of increasing the current conducting layer thick-
ness, finding that thickening the layer was favourable for the electrochemical performance
but not for the redox stability of the cell. For their optimal design, they achieved a current
density at 0.7 V of 0.63 A·cm−2 with a peak power density of 2.5 A·cm−2 in dry H2 at
800 ◦C. The ASR recorded at OCV at the same operating conditions was 0.75 Ω·cm2. The
degradation rate was 4 mVh−1 over 11 redox cycles.

Kikuta et al. [113] looked into varying the ratio of thickness between a porous nickel
anode current collecting layer and the anode, fixing the total thickness to 250 µm. The
cell was a closed-end tube, single-chamber design, meaning anode current collection was
only possible from one end of the tube. They achieved a significant improvement with
even the thinnest, 20 µm of current collecting layer, increasing the peak power density over
four-fold from 0.12 to 0.52 W·cm−2. This allowed them to reduce the thickness of their
anode and current collector layer to 50 and 100 µm, achieving 0.6 W·cm−2 from this design.

Li et al. [114] developed a dual-layered, hollow fibre cell fabricated by a phase-
inversion assisted coextrusion methodology. They were able to achieve great control
over the morphology of the nickel current conduction and Ni-YSZ anode microstructure.
The objective was to improve the electrical conductivity and reduce the resistance to mass
transfer throughout the cell; the former was quantified, observing a two-fold increase in
electrical conductivity over a cell with no current collector layer as seen in Figure 12a. They
formed finger-like protrusions in the axial (seen in Figure 12b) and radial dimensions of
the anode and current collector to establish a mesh-like 3D structure.
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6.4. Meshes

For nearly 15 years, metallic meshes have been successfully used for electrode con-
tacting both µT-SOFC electrodes [115,116]. Meshes can be made by hatching wire into a
network or bought preformed with a range of thicknesses and mesh aperture sizes available.
Meshes achieve a high cross-sectional contacting area without considerably increasing the
diameter of the cell. This is particularly important on the outer electrode, allowing more
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compact spacing for cells in stacks. Bore side meshes must be selected carefully so as not to
block the flow of gas through the tube to the electrode surface.

Problems can occur on the anode side in anode-supported cells due to the metal
sagging as a result of a reduction in elasticity with an increase in temperature. The sagging
results in loss of contact with the anode wall at high temperatures leading to a decrease in
electrochemical performance, durability and reliability of the cell. Contact force, controlled
by mechanical compression in planar devices, is known to be a key factor in optimising
interconnect performance and is crucial for minimising contact resistance. To overcome
these issues, slide pins and other mesh supports are in development. Meshes can also be
secured with conductive pastes and better integrated into the electrode surface itself with
the likes of a metal oxide slurry, such as NiO on the anode, or with current collecting layers
such as lanthanum strontium cobalt ferrite (LSCF) [117] on the cathode side.

In 2017, Park et al. [118] used a nickel mesh secured by a nickel paste on the anode
side with a Crofer 22 mesh secured with an LSC paste on the cathode side. They compared
the performance of the bare mesh with a 1.2 µm electrodeposited dual-layered coating. The
mesh, with fine wires of 100 µm in diameter, was first applied with a Co3O4 spinel layer
followed by a LaMnO3 perovskite layer. The bare mesh achieved a current density at 0.7 V
of 0.5 and 0.52 A·cm−2 for the virgin and coated mesh, respectively, at 800 ◦C. The ohmic
polarisation and ASR at OCV were 0.26 and 0.79 Ω·cm2 for the coated Crofer and 0.34 and
0.81 Ω·cm2 for the uncoated. The authors measured the increase in ohmic resistance over
1000 h of the bare versus coated Crofer mesh via impedance spectroscopy. Relative to a
virgin sample, the ohmic degradation was reduced nearly 5-fold from 6.7 × 10−2 %·h−1 to
1.4 %·h−1.

In 2015, Laguna-Becero et al. [119] achieved the highest current density of a tubular
cell with a nickel, bore side anode mesh. The design achieved a current density at 0.7 V
of 0.6, 0.99 and 1.15 A·cm−2 at 750, 800 and 850 ◦C, respectively. Platinum wire and paste
were used on the cathode. The fuel and fuel flow rate were not disclosed. At 750 ◦C, the
ohmic polarisation and ASR at OCV were 0.12 and 1.10 Ω·cm2, respectively.

A recent study where a nickel anode side mesh and a silver cathode mesh were used
as current collectors was reported by Liu et al. [116] in 2020. Operating on H2, the current
density at 0.7 V was 0.52 A·cm−2 at 850 ◦C. The ASR of the cell was 0.1 Ω·cm2.

In 2020, Khan et al. [120] used silver mesh on both the anode and cathode sides for a
flattened-tube cell design. On the anode side, silver mesh, silver wire and a silver-glass
contact/sealing paste were used. On the cathode side, silver mesh, silver wire and LSC
contact/sealing paste were used. At 800 ◦C, the current density at 0.7 V was 0.65 A·cm−2

and the peak current density was 1.55 A·cm−2.
An anode side silver mesh for a tubular design was reported by Cui et al. [121] in 2020.

The cell produced a current density at 0.7 V of 0.21 A·cm−2 and a peak power density of
0.17 W·cm−2 at 800 ◦C. A silver mesh was used for cathode contacting.

A tubular cell using a silver-based mesh was reported by Chen et al. [122]. The current
density at 0.7 V and 750 ◦C was 0.21 A·cm−2 and peak power density 1.07 W·cm−2. They
used silver mesh and silver wire on both the anode and cathode sides of their cell with a
proton-conducting BZCYYb electrolyte.

6.5. Foams

Foam inserts, essentially a highly porous expanded 3D mesh, are a solution to avoid
pressure drops and flow disturbances that anode side meshes can have while achieving a
large cross-sectional contact patch for current collection. Loss of contact between foams and
the cell wall from sagging has not been reported/studied in the literature and is unlikely
due to the ease in shaping, allowing the foam to fully fill the tube bore, analogous to a
filter inside a cigarette. The filling of the tube will reduce the conduction pathway within
the current collector in the radial direction compared to a mesh, for example. Foams are
characterised by a high mechanical strength and low weight, favourable for a portable
fuel cell device interconnect [123]. The foams are typically made of silver, nickel or steel
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alloys and have been shown in recent literature to exhibit excellent current collecting
capabilities [124]. In 2017, Huang et al. [125] reported a current density at 0.7 V and 750 ◦C
in H2 of 0.95 A·cm−2 with a peak power density of 1 W·cm−2, achieving 24 W from a single
cell. The cell had an outer diameter of 9 mm and was 100 mm in length. They performed
a degradation study over 4000 h, operating at 18.5 A with a fuel utilisation of 64.38%
observing a degradation rate of 26 mV.kh−1. The ASR estimated from the polarisation plot
at 750 ◦C was 0.27 Ω·cm2.

The high surface area to volume ratio of foams positions them as an ideal candidate as a
catalyst support, increasing the functionality of the current collector. The catalyst can either
be alloyed into the base material during fabrication or added postfabrication by doping.
Typical dopants include metals such as copper, cobalt, nickel, manganese and tin. Recent
studies into doping have shed light on the possibility to control anode side degradation
from coke deposition and increase tolerance to sulphur derivatives [126]. The improved
tolerance leads to improved fuel flexibility for operation on lower purity hydrocarbon fuels
such as syngas and sour gas [127]. Yan et al. [128] developed a phosphorous doped nickel
foam for current collection. When compared to a bare mesh, they observed an improved
electrochemical performance and durability under operation under syngas for coatings
with phosphorous contents above 6.4%. Weight loss was negligible for the plated mesh
sample, compared to the approximately 250% weight gain observed for samples exposed
(ex situ) to syngas for 50 h at 750 ◦C.

6.6. Brush Type

Brush-type interconnects are structured wire forms that are inserted into the bore of the
inner electrode of a tubular cell. Patents published by AMI reveal an internal interconnect
with the option for increased functionality when doped with a catalyst [129]. Nevertheless,
no experimental results or analysis have been published in the literature. The design has an
ordered, axially repeating floral-like cross-section. The brush loops are attached to a central
core wire which emerges from the tube end for interconnection. Figure 13a,b show the
AMI brush type current collector design with a labelled schematic adapted from AMI [129]
shown in (c). The electron flow path is in the radial direction and is noncircumferential,
as in a mesh, as the shortest path is from the electrode–interconnect joint of the loop
tributary to the central core, which acts as a highway for the electrons. Increasing the
number of loops in a given length will also reduce current conduction pathways in the
axial dimension. Coiled wires are reported in the patent for cathode current collection and
can be an extension of the anode wire from the interior or joined to a different wire of a
different material.

Materials inside the tube bore such as brushes, coil meshes and foam types will
certainly impact on the fluid flow, causing turbulence and better mixing at the expense of
an increase in pressure drop [130]. The aforementioned will likely enhance heat transfer
within the cell, primarily from convection but also conduction when contacted to the
wall [131]. An increase in radial velocity is also likely, improving mass transport through
the cell. A study by Rahimi et al. showed an increase of 41% in electrochemical performance
from a polymer electrolyte membrane (PEM) fuel cell with a coil insert inside the fuel
channels when compared to an empty channel [132]. They used a combined experimental
and modelling approach and attributed the electrochemical improvement to an increase in
tangential fluid velocity that resulted in better transport of reactant from the mainstream to
the reaction zone.
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6.7. Structurally Integrated/Embedded

A novel interconnection methodology was first reported by De la Torre et al. [133]
in 2011 and later in 2013 [134]. The design involved the integration of current collector
wires into the anode support during the manufacturing process as seen in Figure 14b. The
wire is coiled around a sacrificial central support pin (pencil led/carbon fibre) and then
“dip-coated” with layers of the anode. The wire passes through the entire length of the
anode and protrudes from either end of the tube.
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Electrochemical performance of two cells with the internal and embedded designs
seen in Figure 14a,b, respectively, were reported. At 750 ◦C, operating on dry H2, the
embedded wire achieved a current density of 0.15 A·cm−2 at 0.7 V. This was a 3.8-fold
increase in performance when compared to the internal current collector wire as seen in
Figure 14a, which achieved 0.04 A·cm−2. Under the same conditions, the peak power
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densities were 0.035 and 0.142 W·cm−2 for designs a) and b), respectively. The ASR of the
embedded cell as estimated from the gradient of the polarisation curve was 1.74 Ω·cm2.
The configuration allowed for current collection along the entirety of the anode length,
ensuring a well-distributed anode electron conduction profile. The option to collect the
current from either end of the cell will approximately halve the lateral current conduction
pathway of electrons in the wire compared to a single end connection, also reducing the
axial path length. Integrating the wire into the anode ensured sound mechanical contacting
and might have somewhat shielded the wire from the harsh gas stream environments.
However, some concern surrounded the difference in CTE of the nickel wire and the
Ni-YSZ anode which could lead to bending and cracking of the anode, the wire and the
surrounding fuel cell components, leading to failure [135].

In 2015, Casarin et al. [136] looked into the effect of coiling anode-embedded, nickel
and palladium wires, versus an embedded straight wire. They changed the number of
coil rotations (coil density) in a given length to increase the surface area and amount of
wire available for collecting current. They found that increasing the nickel wire coil density
(by 83%) from six turns.cm−1 to 11 turns.cm−1 significantly increased the performance.
They observed a 3.5-fold increase in current density at 0.7 V and 800 ◦C from 0.055 to
0.19 A·cm−2, citing a more homogenous current distribution and an increased contact area
resulting in lower ohmic polarisation as the root causes. The ASR of the 11 turns.cm−1

nickel wire as estimated from the gradient of the polarisation curve was 1.6 Ω·cm−2 at
800 ◦C. The palladium wires broke, which did not allow a direct comparison between
materials and number of coils. However, the authors tested a (nonembedded) palladium
wire which achieved a similar current density of 0.2 A·cm−2 at 0.7 V and 800 ◦C operating
temperature when compared to the 11 turns.cm−1 nickel wire. The authors claimed that the
palladium enhanced the catalytic activity of the anode, resulting in a higher performance.
They did not attribute any difference in performance to the different conductivity of
materials even though palladium is 35% more conductive than nickel at 20 ◦C and 6.8%
more conductive at 750 ◦C.

7. Current Collector Sizing, Spacing and Positioning

It is intuitive to expect that current collection from a larger area of the electrode will
decrease the ohmic losses of a cell. Contacting the entirety of the electrode, however,
is unfeasible, blocking fuel transport to the electrode as well as increasing weight and
cost. Depending on the configuration, maximising the current collecting area and thus
minimising ohmic loss could lead to a loss of available active area which will reduce the
total amount of current that can be produced. Therefore, there is a trade-off in the current
collector design concerning the sizing of the current collector node, positioning on the
electrode and, if opting for multiple nodes, their spacing. Collecting current from either
end of an anode has been common in the literature for externally accessed anode current
collectors. As can be seen from Figure 15, this has the effect of shortening the distance
that the electrons travel from where they are produced, as compared to a single collection
node [135].

Appl. Sci. 2021, 11, x FOR PEER REVIEW 19 of 28 
 

7. Current Collector Sizing, Spacing and Positioning 
It is intuitive to expect that current collection from a larger area of the electrode will 

decrease the ohmic losses of a cell. Contacting the entirety of the electrode, however, is 
unfeasible, blocking fuel transport to the electrode as well as increasing weight and cost. 
Depending on the configuration, maximising the current collecting area and thus mini-
mising ohmic loss could lead to a loss of available active area which will reduce the total 
amount of current that can be produced. Therefore, there is a trade-off in the current 
collector design concerning the sizing of the current collector node, positioning on the 
electrode and, if opting for multiple nodes, their spacing. Collecting current from either 
end of an anode has been common in the literature for externally accessed anode current 
collectors. As can be seen from Figure 15, this has the effect of shortening the distance 
that the electrons travel from where they are produced, as compared to a single collection 
node [135]. 

 
Figure 15. Current conduction pathway for current collection at both ends of the electrode versus 
one end (blue arrows indicate electron direction). 

As cells become longer, the distance between current collectors at each end of a cell 
increases and the need for additional current collectors can be justified. Some empirical 
research has been conducted to determine just how many current collectors are needed 
for a particular cell length. To do so, the cell is segmented, with multiple current collector 
nodes spaced along the electrode in question. Although the anode is typically an order of 
magnitude more conductive than the cathode, nickel-based anode cermets typically have 
an electronic conductivity of similar order of magnitude (and below) to the conductivity 
of pure nickel, which is around 2.7 × 106 S·m−1 at 750 °C. Values of the effective cermet 
electronic conductivity reported in the literature vary between 1 × 106 and 1 × 105 S·m−1 at 
typical SOFC operating conditions [137]. Traditional cathodes have relatively lower 
electronic conductivities compared to the anode at around 1 × 103 S·m−1 but more recent 
mixed ionic-electronic conductors such as LSCF are comparable and can display elec-
tronic conductivities up to 1 × 104 S·m−1, depending on composition and microstructure 
[138,139]. 

Bai et al. [140] looked into determining the optimal number of anode current col-
lectors of their 4.8 cm long and 7 mm outer diameter (OD) segmented single-chamber 
fuel cell. They spaced five current collectors along the length of the cell, creating four ac-
tive areas connected in series. The geometry and configuration of the current collectors 
are seen in Figure 16a. 

  

Figure 15. Current conduction pathway for current collection at both ends of the electrode versus one end (blue arrows
indicate electron direction).



Appl. Sci. 2021, 11, 1077 19 of 27

As cells become longer, the distance between current collectors at each end of a cell
increases and the need for additional current collectors can be justified. Some empirical
research has been conducted to determine just how many current collectors are needed
for a particular cell length. To do so, the cell is segmented, with multiple current col-
lector nodes spaced along the electrode in question. Although the anode is typically an
order of magnitude more conductive than the cathode, nickel-based anode cermets typ-
ically have an electronic conductivity of similar order of magnitude (and below) to the
conductivity of pure nickel, which is around 2.7 × 106 S·m−1 at 750 ◦C. Values of the
effective cermet electronic conductivity reported in the literature vary between 1 × 106

and 1 × 105 S·m−1 at typical SOFC operating conditions [137]. Traditional cathodes have
relatively lower electronic conductivities compared to the anode at around 1 × 103 S·m−1

but more recent mixed ionic-electronic conductors such as LSCF are comparable and can
display electronic conductivities up to 1 × 104 S·m−1, depending on composition and
microstructure [138,139].

Bai et al. [140] looked into determining the optimal number of anode current collectors
of their 4.8 cm long and 7 mm outer diameter (OD) segmented single-chamber fuel cell.
They spaced five current collectors along the length of the cell, creating four active areas
connected in series. The geometry and configuration of the current collectors are seen in
Figure 16a.
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They found that increasing the number of current collectors from the single inlet and
the symmetrically spaced inlet and outlet, inlet and centre and outlet, and then all five
positions increased the power density from the cell setup as seen in Figure 16b. They
did not, however, look at the effect of the positioning of a single current collector node
on performance, measuring only the current observed from a single current collector at
the inlet. The authors only presented data from 5 of the 31 possible current collector
combinations for this setup. They did, however, consider the resulting loss of active area
from increasing the number of current collectors, each collector incurring a 5.6% loss of
the total active area available. They used the power density data from their segmented
cell to estimate the total power that could be derived from a cell of the same geometry but
with a different number of current collectors. They found that two current collectors, one
at either end, were the optimal configuration, incurring a penalty of loss of active area and
increasing ohmic resistance if they deviated, as seen in Figure 16c.

Contrary to this finding, Meadowcroft et al. [141] found that for their cell geometry,
a single current collector node, at the centre of the cell, was superior to that of a cell
with multiple anode current collectors, notably two at either end of the active area. The
single central current collector incurred a 6 to 9% (estimated) loss in active area, whereas
the two current collectors did not. The geometry of the cell was longer than that of Bai
et al. at 152 mm in length but had a similar diameter of 6.7 mm. Evidently, the cell
geometry has a considerable effect when it comes to finding the optimal current collector
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configuration to maximise the total power from a cell. The experimental data presented
in the literature are limited on this subject and more research needs to be conducted to
get a better understanding. The data produced must be representative of the typical cell
geometries and materials used in tubular SOFCs. Models built from this data could reliably
predict the optimum sizing of current collectors for a wide range of cell designs and would
be a cost- and time-effective tool.

Shimizu et al. [142] conducted a similar experiment with an anode-supported seg-
mented tubular cell 48 mm in length and 8 mm OD. They positioned three 2.5 cm2 cathode
segments 2 mm apart on their in-house fabricated cell. They performed an initial compari-
son of the cell with all three cathodes connected in parallel to that of a cell with the same
active area but with no segmentation and determined that the performance was the same
and that the segmentation had no noticeable impact. They compared the performance from
each cell segment with 120, 80 and 40 mL.min−1 total flow rates of equimolar H2 and N2.

For the highest fuel flow rate, they observed a similar performance from all three cell
configurations which indicated a homogenous current distribution in the cell and sufficient
volumetric flow rate to minimise the effect of concentration polarisation. The current
density at 0.7 V, in this case, was around 0.125 A·cm−2 for the upstream, 0.105 A·cm−2 for
the midstream, and 0.1 A·cm−2 for the downstream segments, respectively—i.e., values
were within 23% (or less) of each other. Reducing the flow rate resulted in a larger difference
of 50% (or less) between current density values at 0.7 V. The current density of the upstream
cell remained at 0.125 A·cm−2 while the midstream and downstream segments dropped to
0.075 and 0.095 A·cm−2, respectively. The largest performance decrease of 29% occurred
in the midstream segment. Shimizu et al. ascribed this to a relatively low activation
potential at the downstream cell versus midstream cells, arising from improved anode
kinetics due to increased partial pressure of water, the reaction product. For the lowest
flow rate, the current distribution was highly inhomogeneous, with a difference of 58% in
current density between segments at 0.7 V. The upstream cell was reduced to 0.11 A·cm−2

whilst the midstream and downstream segments were down to 0.06 A·cm−2. Increasing
the polarisation of the downstream beyond 0.7 V gave a somewhat unusual result—the
peak current density was reached at 0.45 V. Increasing the polarisation beyond this did not
increase the current density—in fact, the converse. Meanwhile, the current density of the
upstream segment increased to a value higher than for higher flow rates. The starvation
of the downstream segment came from the low inlet flow rate, compounded with the
consumption of fuel and the increase in reaction product (water) from the upstream and
midstream cell segments. The authors also measured the temperature at each segment for
the lowest flow rate. The largest temperature rise was for the upstream and midstream
segments at 5 ◦C.

8. Effect of Cell Geometry on Current Collection

An experimental study by Jin et al. [143] showed how the current density at 0.7 V of a
single cell decreased by a third from 1.2 (cell a) to 0.8 A·cm−2 (cell b) as the distance between
the anode current collector and the active region/cathode current collector increased seven-
fold. They spaced four electrically isolated “cells” with similar areas along the 150 mm
anode-supported single-chamber cell, as seen in Figure 17.
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Through impedance spectroscopy, they attributed the difference in performance to an
increasing ohmic resistance with length as seen in Figure 18. They observed that the ohmic
and total cell resistance followed a similar linear trend whereas the interfacial polarisation
did not change significantly between cells, determining that the electrode reaction was
not affected by a varying fuel utilisation and therefore changes to the performance were
dominated by the ohmic resistance of the anode for these fuelling conditions.
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ohmic resistance; Rp, the interfacial polarization resistance; d, the distance between the cathode of
the cell and the anode current collecting point [143].

In 2006, Suzuki et al. published two papers that estimated the effect of changing the
anode wall thickness on cell resistance for the two geometries of µT-SOFC, 1.6 mm OD and
0.8 mm OD that were in development [51,52]. They based the estimates on impedance and
conductivity data they had acquired empirically for each anode at various temperatures.
They conducted the study to determine whether it was sufficient to use the anode as the
sole current collector—i.e., collection at one end or both ends. They concluded that an
anode length of a few centimetres was the limit for such a setup due to increasing ohmic
resistance. They stated that careful stack design is of paramount importance to overcome
this effect. It was concluded that the anode resistance did not change linearly with wall
thickness. The data for wall thickness versus cell resistance are seen in Figure 19 for the
0.8 mm OD tube.
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9. Conclusions and Perspective

This paper presented an overview of current collection issues in µT-SOFC. The key
bottlenecks in µT-SOFC technology were discussed with a particular focus on current
collection. The metrics of current collector performance were detailed as well as the
overall requirements of an optimal design. The effect of current collector size, spacing
and positioning on cell performance was studied and the key design trade-offs identified.
The nickel mesh internal anode current collector and coated Crofer mesh cathode current
collector configuration presented by Park et al. [118] was highlighted as a low-cost, high
performing design that did not sacrifice durability.

In order to achieve high cell performance (with a low ASR) and high stability/durability
over the cell lifetime, research into µT-SOFCs needs to place greater focus on current collec-
tion issues. Divergence should be made from the use of the state-of-the-art silver current
collectors to low-cost alternatives given the widely reported durability concerns surround-
ing mechanical integrity at typical SOFC operating temperatures. Mechanically durable
metallic current collectors are available and reduce bulk conductivity and contact resis-
tance while adhering to delivering chemical and CTE compatibility. For a given current
collector material, the minimisation of contact resistance between the current collector
and the electrode is essential for a low ohmic polarisation. Brazing offers a commercially
viable pathway to provide physical joints at multiple current collector–electrode interfaces,
reducing contact resistance while also significantly improving durability. Minimisation
of contact resistance through the coating of low-cost current collectors with thin layers
of highly conductive materials and corrosion-proof material must be explored in more
detail. Combining coated low-cost current collectors with physical contacting through
brazing would favour a durable and high performing design and present a viable route for
progression in the field.

Facile manufacturing and contacting a larger and well-distributed surface area of
the inner electrode, thus minimising current conduction pathways, is a key element of
µT-SOFC stack design. Care must be given when matching the current collector material
with the current collector design. Both internal and embedded current collectors allow
for a higher cell active area and thus a higher total cell power as they do not require any
space to be positioned on the cell exterior (where the cathode is located in the typical
anode-supported cell configuration). Current collector designs must be reproducible and
must consider manufacture and assembly in the design phase. Researchers working in cell
testing may have results masked by variation in the current collector design as opposed to
their study parameters, for example, in materials development. In addition, researchers
must also be aware that long conduction pathways in tubular cells can necessitate multiple
current collectors per cell for a low ohmic polarisation, particularly for cells with high
length to diameter ratios.
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