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A brazing process for the fuel electrode (anode) contacting of a micro-tubular fuel cell is reported. The low-cost,
novel, electroless deposited braze suitable for mass production was optimised with respect to material loading
and brazing environment. Durable current collector-anode joints were obtained while protecting sensitive solid
oxide fuel cell components. It was determined that a minimum braze loading of 20 µm thickness was required to
join the current collector at multiple contacts along the interior tube wall. The final brazed current collector
design achieved a high peak power density of 0.14 W.cm− 2 at 750◦ C, 2.35 times higher than for the un-brazed
design.

Introduction
Solid oxide fuel cells (SOFC) are highly efficient electrochemical
conversion devices capable of delivering electrical efficiency of 50 to
60% and above (Larmine and Dicks, 2006). Provided the heat produced
by the SOFC can be deemed as useful, a combined heat and power (CHP)
efficiency of more than 85% can be attained (Mench, 2008). Fuel cells
are a ‘zero emission’ technology provided they are fuelled with renew
ably sourced fuels with no fossil carbon content (e.g. green hydrogen)
(O’Hayre et al., 2009). High temperature fuel cells such as SOFCs have a
higher tolerance to fuel impurities and can operate on hydrocarbons
such as for example biogas, alleviating complexities surrounding
hydrogen supply infrastructure (Kendall et al., 2016). Microtubular
solid oxide fuel cells (µT-SOFC) have inherently superior
thermo-mechanical durability, short start-up times, and relatively high
stack power density versus planar devices (Bujalski et al., 2007, Ken
dall, 2016). This lends them for use in portable devices such as phone
chargers, laptops, auxiliary power units, and electrically powered
drones, to name but a few applications (Kendall et al., 2016, Meadow
croft et al., 2013, Fernandes et al., 2018, Lee et al., 2008).
High ohmic polarisation arising from long axial (and to a lesser
extent radial) conduction pathways constitutes a bottleneck in µT-SOFC
technology (Boersma et al., 2000, Panthi and Tsutsumi, 2014). An
optimised current collector/interconnect design is the main tool in
reducing the ohmic polarisation through the minimisation of the

average conduction path length (Hodjati-Pugh et al., 2021). The current
collector itself must have a low ohmic contribution and a low contact
resistance at the interface(s) with the electrode.
Collecting current internally (on the bore side) of an anode supported
µT-SOFC such as the brush-like design seen in Fig. 1 presents several
advantages over the state-of-the-art external current collector configu
ration. An external anode current collector requires the removal of fuel
cell layers to expose the anode from the cell exterior (Dhir and Kendall,
2008). This is labour intensive, compromises the mechanical integrity of
the cell and reduces the available active area for current production and
thus the total power produced per cell. This is exacerbated if multiple
current collectors are required to reduce the current path length (Bai
et al., 2011). An internal current collector allows collecting current from
multiple locations along the interior anode wall, which increases the
contact area and reduces the current path length. However, the internal
current collector must not impede the fuel flow through the tube and
in/out of the electrodes to the extent where performance is negatively
affected (Hodjati-Pugh et al., 2021).
Securing an internal current collector to the electrode is more com
plex than an external current collector which can rely on mechanical
force (such as tying) or contacting pastes/adhesives (Majewski and
Dhir, 2018). The narrow tube bore and high length-to-diameter ratio of
µT-SOFCs lead to difficult access for the application of contact materials.
Relying on the current collector materials’ elasticity for maintaining
contact to the anode is not sufficient for high temperature operation and
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research has shown this leads to sagging and an increase in contact
resistance (Dhir and Kendall, 2007, Hodjati-Pugh et al., 2021). This ef
fect is magnified when the µT-SOFC internal diameter increases and
when a cell undergoes thermal cycling (Meadowcroft et al., 2014). The
loss of contact of µT-SOFC internal current collector poses performance
and durability concerns and must be addressed.
The state-of-the-art µT-SOFC anode current collectors are metallic,
made of silver, nickel, gold, platinum or stainless steels (Fergus, 2005).
Techniques such as welding that are typically used for con
tacting/joining metals are not compatible with fuel cells and will either
not join the components and/or lead to damage to the fuel cell, for
example from thermal shock (Kendall et al., 2016). However, furnace
brazing was identified as a suitable candidate process for joining the
current collector to the SOFC electrode. The brazing environment can be
controlled to promote joint formation, strength, durability, and con
ductivity. The environment can also be controlled to protect the sub
strate material. Common brazing environments are reducing, inert, or
under a strong vacuum (Kim et al., 2009). Avoiding oxide formation on
the substrate and joint is particularly important for brazing metals.
Silver/copper braze alloys with moderate joint strengths were devel
oped for use with perovskite ceramics by Erskine et al. (Erskine et al.,
2002). Although this research was not fuel cell specific, it was an early
indication (2002) that brazing of a perovskite cathode to a cathode
current collector was feasible.

material. The conductivity of the cell at 750◦ C with BNi-2 was 450 S.
cm− 1, 80% higher than the BNi-5 cell at 250 S.cm− 1. The 11.2 cm2 cell
was fed with 50 ml.min− 1 of H2 at 750◦ C. The cell had a current density
at 0.7 V of 0.2 A.cm− 2, a peak power density of 0.21 W.cm− 2, and an
estimated ASR from the polarisation curve of 1.1 Ω.cm2 at 750◦ C. The
OCV was greater than 1 V, indicating all joints were gas tight, meaning
the BNi-2 worked well as a manifold sealant. The durability of the fuel
cell with the BNi-2 braze in both oxidising and reducing atmosphere was
indicated by its stable conductivity values over the 6 days of testing.
Experimental
Brazing apparatus
Brazing was conducted in-house in inert and reducing environments
using an Elite tubular furnace, brazing chamber, and gas supply. A
brazing rig process and instrumentation diagram of the in-house brazing
rig was described previously in (Hodjati-Pugh et al., 2019). Inert brazing
was conducted using argon while reducing brazing was achieved with a
flow of 4% H2 in argon.
A reducing environment cleans/reduces the oxides that are usually
present on the parent materials to be joined and aids the wetting/
bonding which again promotes joint strength. An inert environment
eliminates the potential for oxidation of the braze and braze components
and can be used when a reducing environment would be detrimental to
the parent materials, as for instance the cathode material of the µT-SOFC
cell.

SOFC brazing
The very few literature articles on brazing in the field of µT-SOFC
indicated that brazing was possible but more research was needed to
develop brazing for current collector contacting which the current study
aims to address. There have been several studies on brazing in SOFC
technology, however, brazing is primarily used for sealing with several
developers using brazing for current collector contacting (Mahato et al.,
2015, Tucker et al., 2006, Chao et al., 2016, Sammes et al., 2005).
Kim et al. (Kim et al., 2009) used induction brazing to join the Ni-YSZ
anode and YSZ electrolyte of an anode supported tubular cell to a ferritic
stainless steel metallic cap (SUS430). The steel cap was used as a
manifold, joined to the YSZ electrolyte, and as an anode current col
lector joined to the Ni-YSZ support. Four braze materials were trialled,
two nickel based brazes, namely BNi-2 and BNi-5, and two silver-copper
based brazes, namely Nicusil 8 and Palcusil 10. When the braze was used
as a sealant, the nickel based braze materials outperformed the
silver-copper based braze materials with respect to the permeability of
helium. The BNi-2 was the best performing and had a permeability of 1
× 10-6 l.cm-2.s− 1 at a differential pressure of 3 atm. This was determined
to be as a result of superior wetting and flow of the BNi-2 around a round
surface. A four-probe electrical conductivity test was used on the tubular
fuel cells with the BNi-2 and BNi-5 braze as a current collector contact

µT-SOFC and internal current collector
The Ni-YSZ anode supported µT-SOFC used in this study, the internal
current collector named hiTRAN® and its implementation as a current
collector were previously detailed in (Hodjati-Pugh et al., 2019). The
µT-SOFC had an external diameter of 6.8 mm, an internal diameter of
5.5 mm and an active area of 20 cm2. The internal current collector was
a brush-like device adapted from heat exchanger turbuliser technology
made by CALGAVIN Ltd. The hiTRAN® turbuliser can be made of
various metals (nickel in this study) and has a central core that supports
a 100 mm section of coils that span the entirety electrode surface
beneath the cathode, subsequently feeding the electrons where they are
produced into the central core wire to be extracted to the external cir
cuit. The hiTRAN® was oversized with respect to the tube bore size and
upon installation was a tight fit (approx. 80 N). However, it was shown
previously that the force was 10 times lower after just four hours of
operation at 750◦ C, increasing contact resistance and decreasing contact
area significantly. The design was deemed not suitable for a durable and
portable µT-SOFC powered device and that current collector contacting
via brazing was required (Hodjati-Pugh et al., 2019). The cathode

Fig. 1. µT-SOFC cross-section schematic with and without hiTRAN® internal current collector used in this study.
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current collector, on the other hand, had a spine wire running down its
length with tie wires to secure it and collect current circumferentially.
The cathode wires were silver and were used in conjunction with a
porous silver contacting paste.

with backpressure purges, ensuring the removal of air from the chamber.
A lower 300 ml.min− 1 gas flow was used during the brazing process.

Electroless nickel-alloy braze

Fig. 3 shows the contribution of the ohmic resistance and cell resis
tance to the total cell resistance (the sum of the ohmic and electrode
polarisation resistance contributions) for the hiTRAN® turbuliser as a
current collector. The variants shown are un-brazed, compared with 10
µm and 20 µm electroless coatings of EN material brazed under reducing
atmosphere, and with 20 µm coating of EN brazed under an inert at
mosphere. The impedance was measured at 0.7 V in the ohmic loss
dominated region. The ohmic polarisation of the 10 µm EN layer brazed
in reducing conditions increased by 19% compared to the un-brazed
value. This was due to an increase in the current collector contact
resistance. The hiTRAN-anode-braze interfaces will successfully join/
braze provided there is sufficient amount of braze. The 10 µm coating
was not enough in quantity to flow to the hiTRAN-anode interface, wet
both the parent materials, and then cool to form a joint. The failed
attempt at a 10 µm braze thickness was indeed a high-temperature
thermal cycle. This promoted the separation of the hiTRAN® from the
anode as a result of the softening of the nickel and the mismatch in CTE
between the nickel hiTRAN® turbuliser and the fuel cell. The ohmic
polarisation value increased as the hiTRAN® element separated from
the wall, increasing the contact resistance due to the decreasing number
of contact points and diminished contact force at the anode-hiTRAN®
interfaces. The un-brazed cell was not subject to a high-temperature
brazing thermal cycle and thus subject to less stress. The aforemen
tioned resulted in the un-brazed cell having a lower polarisation resis
tance and electrically/electrochemically outperforming the cell with the
failed 10 µm brazing.
The ohmic polarisation was reduced from 0.231 Ω for the un-brazed
hiTRAN® turbuliser to 0.079 Ω and 0.090 Ω for the thicker 20 µm EN
coating brazed under reducing conditions, and 20 µm EN brazed in inert
atmosphere, respectively. This corresponded to ohmic polarisation
values of 34% and 39% compared to the un-brazed value, respectively.
This indicated that these brazing materials and techniques were suc
cessful in forming joints. A comparison of ohmic polarisation values of
the 20 µm EN plated elements indicated that the process supplied better
properties when brazing in a reducing environment. This promoted the
formation of an oxide-free joint with increased joint strength (and most
likely durability) (Sekulic, 2013].
The electrode polarisation of all cells with brazed turbulisers
increased versus the un-brazed samples. The electrode polarisation of
the un-brazed hiTRAN® elements was 0.011 Ω, increasing to 0.067 Ω,
0.061 Ω and 0.019 Ω for the 10µm and 20µm EN plated hiTRAN® brazed
in reducing conditions, and 20µm EN hiTRAN® brazed in inert condi
tions, respectively. Upon visual inspection of the cells brazed in a
reducing environment, the anode colour had remained unchanged
throughout the brazing process indicating re-oxidation had not
occurred. However, some minor delamination of the cathode was
evident, although the majority of the material had remained intact. The
delamination was not evident in the cells brazed in an inert environ
ment. This indicated the cathode delamination was a result of the
environment rather than the furnace heating profile, given the ramp
rates and braze temperatures were the same in the inert and reducing
brazing profiles. In the cells brazed in reducing atmosphere, some minor
colour change from grey to green was observed around the tips of the

Results and discussion – electrochemical testing

To achieve a homogeneous distribution of braze material that would
not become dislodged upon assembly, electroless plating was explored.
Electroless plating is common in the automotive and electronics sectors
for electrical contacts/switches and printed circuit boards. Nickel
plating is typically used for wear resistance, hardness and for corrosion
resistance. Electroless deposition is a chemical reduction process that
does not require a current as is used in electroplating processes. Fine
control of deposition thickness can be achieved as well as superior
uniformity, regardless of geometry, with respect to electrolytic pro
cesses. Parts are dipped into a bath with the nickel based plating solution
and a reducing agent, adjusting the exposure time to control the depo
sition thickness (Sudagar et al., 2013). Phosphorus is added at a mass
fraction of between 2 and 14% to provide wear resistance, improve
hardness, provide corrosion protection, and modify electrical properties.
The plating chemistry is available with phosphorous levels in a low (2 to
5 wt%), medium (5 to 11 wt%) and high (11 to 14 wt%) quantity. The
coating density and wear resistance increase with increasing phospho
rous content while hardness reduces. Noting the compositional simi
larity of the medium content electroless nickel (EN) coating to the BNi-7
braze material as seen in Table 1, the EN coating was selected as a
candidate for brazing.
For use as a braze material, the primary function of the phosphorous
was for its use as a melting point depressant as used in typical braze
materials. The correct content being crucial to enable the nickel based
EN braze deposited on the hiTRAN® to pass the liquidus temperature
and become mobile before reaching the melting point of the nickel
hiTRAN® support itself. Increasing the phosphorous content decreases
the melting point from around 1200◦ C for low phosphorous alloys to
800◦ C for high phosphorous content alloys seen in Fig. 2 (a). Given the
application in interconnection, consideration had to be made to the
conductivity of the joint as increasing phosphorous content also
increased electrical resistivity as seen in Fig. 2 (b) (Parkinson, 1997).
The content of the phosphorous was chosen to be similar to that of
BNi-7. The solution was estimated at 6 to 9 wt% phosphorous content
which brought the melting range to between 900◦ C and 1100◦ C. A
comparison of the EN braze and BNi-7 braze properties and braze tem
perature is seen in Table 1. Two coating thicknesses of 10 µm and 20 µm
were trialled. Plating was provided by Frost Electroplating Ltd based in
Birmingham. The hiTRAN® was weighed before and after the 20 µm EN
braze was applied, evidencing a braze mass of 0.18 g ± 0.02 g. The low
variance was indicative of the fine control over braze loading of elec
troless plating EN.
Brazing profile
The brazing temperature was chosen as 1065◦ C for both brazing
environments. A fast ramp of 10 K.min− 1 was set from room temperature
to 800◦ C, while a slow ramp of 2 K.min− 1 was chosen between 800◦ C
and the brazing temperature to minimise stress in the fuel cell, hiTRAN®
and braze material. For both inert/reducing brazing, a high gas flow of
500 ml.min− 1 was introduced for 5 minutes before heating commenced

Table 1
Electroless nickel-phosphorus braze material vs BNi-7 property and brazing temperature.
Product Name
AWS A58

Ni
(wt%)

Cr
(wt%)

Fe
(wt%)

B
(wt%)

Si
(wt%)

P
(wt%)

Brazing Range (◦ C)

Suggested Brazing Temperature (◦ C)

BNi-7
Electroless Ni-P Braze

75.9
Bal

14
-

-

-

-

10.1
6.0-9.0

960-1127
900-1100

1065
1060
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Fig. 2. Phosphorous content versus (a) melting point, and (b) versus electrical resistivity of the EN alloy (Parkinson, 1997).

Fig. 3. Ohmic resistance at 0.7 V of cells with hiTRAN® elements un-brazed versus brazed in inert and reducing atmospheres.

anode, indicating some re-oxidation had occurred. The electrode
polarisation values indicated that overall, an inert environment was
more beneficial. Indeed, the cells with the lowest total resistance were
the cells brazed in inert conditions. The ASR values with hiTRAN® el
ements as the current collector were 4.77 Ω.cm2, 6.19 Ω.cm2, 2.76 Ω.
cm2 and 2.15 Ω.cm2 for the cells with un-brazed hiTRAN® turbuliser,
the 10 µm EN and 20 µm EN coated hiTRAN® brazed in a reducing
environment, and the 20 µm EN hiTRAN® brazed under inert condi
tions, respectively.
If brazing half cells (anode and electrolyte, without cathode), it
would be preferential to braze in a reducing environment. The cathode
could then be prepared in a later process, taking care to select the sin
tering environment appropriately, ideally using a reducing environment
on the anode side and an oxidising (air, typical in the cathode sintering
process) or inert environment (nitrogen) on the cathode side.
The polarisation and power plot of the cells with hiTRAN® current
collector un-brazed, brazed in reducing atmosphere with 10 µm EN and
20 µm EN plating, and with 20 µm EN plating brazed in an inert envi
ronment, are seen in Fig. 4. The lower current density at 0.7 V, lower
peak power and higher estimated ASR of the hiTRAN® with 10 µm EN

coating brazed in reducing conditions as compared to the un-brazed cell
confirmed the findings from impedance spectroscopy. The loss of per
formance was attributed to an increase in both ohmic polarisation and
electrode polarisation, the former from the increased contact resistance
between the hiTRAN® and the anode, and the latter from the degrada
tion of the cathode. Brazing in an inert and reducing environment led to
the successful joining of the hiTRAN® and the anode at all points of
contact when the thickness of EN braze was increased to 20 µm. The
physical joints resulted in relatively lower contact resistance between
the hiTRAN® and the tube wall. This led to ASR values lower and a peak
power density higher than with the un-brazed cell, even though the
electrode polarisation increased in both cases.
Even though the total cell resistance (measured by EIS) was 28%
higher for the cell with the 20 µm EN plated element brazed in reducing
conditions, as compared to the 20 µm EN coated element brazed in inert
conditions, the lower ohmic polarisation of the former led to superior
cell performance overall. A summary of the electrochemical perfor
mance from this study is seen in Table 2.
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Fig. 4. Polarisation and power density plot with hiTRAN® as a current collector: un-brazed, 10 µm EN reducing brazed, 20 µm EN reducing brazed, and 20 µm EN
reducing brazed at 750◦ C with a 200 ml.min− 1 H2 and 10 ml.min− 1 N2 gas flow rate.
Table 2
Summary of electrochemical data from cell tests with un-brazed versus brazed hiTRAN®.

Un-brazed hiTRAN
10 µm EN
Reducing
20 µm EN
Reducing
20 µm EN Inert

Electrode Polarisation
[Ω]

Ohmic Polarisation
[Ω]

ASR

ASR

Current Density at 0.7
V
[A.cm¡2]

Peak Power Density [W.
cm¡2]

(EIS) [Ω.
cm2]

(IV) [Ω.
cm2]

0.011
0.067

0.231
0.275

4.77
6.19

5
7.34

0.079
0.048

0.061
0.038

0.061

0.079

2.76

1.94

0.176

0.143

0.019

0.09

2.15

2.22

0.162

0.132

Conclusion

Declaration of Competing Interest

Brazing was utilised for contacting a brush-like current collector
named hiTRAN® at multiple points along the interior wall of an anode
supported µT-SOFC. The high-surface area and tight-fitting, springloaded hiTRAN® turbuliser posed difficulties surrounding braze
loading. To combat this, a novel electroless plated nickel-phosphorous
braze was developed as a simple solution to braze loading at an indus
trial scale. Two braze coating thicknesses were trialled with a 20 µm
coating identified as the minimum thickness required for forming a joint
at every contact point. The 20 µm braze loading of EN braze, applied in
both an inert and reducing environment all outperformed the nonbrazed hiTRAN® current collector. From EIS measurements it was
determined that an inert brazing environment led to lower electrode
polarisation values while a reducing brazing environment favoured a
lower ohmic polarisation and a higher quality anode-electrode joint. The
design achieved an OCV above 1 V, a current density at 0.7 V of 0.176 A.
cm− 2 and a peak power density of 0.143 W.cm− 2 at 750◦ C. The peak
power density was 2.35 times higher than for the un-brazed design. The
EN brazed hiTRAN® current collector design was deemed suitable for
mass production and well suited for adoption in durable portable µTSOFC stacks.
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