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A B S T R A C T

This study developed a tubular solid oxide fuel cell (SOFC) anode support layer via atmospheric plasma spraying,
which is considered one of the most promising methods for producing SOFCs because of its faster deposition rate
and lower cost compared with other film formation processes. Plasma spraying can replace the traditional use of
extrusion technology to manufacture the anode base tube, eliminating the need for high-temperature sintering
steps. In this study, commercially available powders were used to make the anode of a tubular SOFC from NiO/
yttria-stabilized zirconia (YSZ) powder, and Na2CO3 and polymethyl methacrylate were tested as pore-forming
agents. The anode composite powder was sprayed on the graphite base pipe, and the final product was changed
by altering the spraying parameters and anode powder ratio. The direct current (DC) resistance measurements
showed that the conductivity of the Ni/YSZ tubular anode formed with higher power plasma spraying could
reach 428.55 S/cm at 800 °C. The experimental results showed that the power and parameters of atmospheric
plasma spraying could affect the porosity and electron conductivity of tubular SOFC anodes.

1. Introduction

Solid oxide fuel cells (SOFCs) are electrochemical devices that
electrochemically convert chemical energy in hydrogen-enriched fuels
into electricity. Within a fuel cell, a hydrogen-rich fuel is fed to an
oxidizing anode electrode, and an oxidant (air or pure oxygen) is fed to
a cathode electrode. Sandwiched between the anode and cathode is an
ion conductor called a solid electrolyte that electrically isolates the
anode from the cathode [1]. SOFCs operate at high temperatures
(600–1000 °C) with high power efficiencies and low emissions [2].
Their high-temperature operation enables the use of various fuels
(natural gas, carbon monoxide, methane, hydrogen, etc.) for power
generation. These characteristics make SOFCs potentially more com-
petitive than current power generation systems.

Based on the design, the SOFC stack can be broadly divided into two
categories, planar and tubular. Tubular SOFCs were developed as early
as the 1960s, but the first SOFC for commercial production was pro-
posed by Westinghouse in the 1970s, which was fabricated using
electrochemical vapor deposition [3,4]. Tubular SOFCs are composed
of, from inside to outside, an air electrode (cathode), electrolyte, and a
fuel electrode (anode). This design solves problems with planar SOFCs

associated with brittleness and packaging at high temperatures. Al-
though the single-cell performance of tubular SOFCs remains high for
2000 h [5], the power density is very low, only half that of planar
SOFCs (~0.6W/cm [6]). Therefore, tubular SOFCs are not economical
from a commercial perspective; moreover, the fabrication process is
complex, and the technology is expensive.

Campana [7] fabricated a NiO/yttria-stabilized zirconia (YSZ)
anode tube using cold isostatic pressing, while the electrolyte was de-
posited on the anode via wet powder spraying and then co-sintering.
Finally, the cathode was applied using a dip-coating method. Kim [8]
attempted to change the structure of tubular SOFCs using extrusion
techniques to make a SOFC anode with a flat tube shape and employing
graphite as the pore-forming agent. The electrolyte and cathode were
prepared using the dip-coating method. The SOFCs were constructed in
a flat tube shape to combine the advantages of the power generation
efficiency of planar SOFCs and the advantages of thermal stability of
tubular SOFCs. Zhang [9] developed a tubular anode with one end
closed that was prepared using slip casting, which was sufficiently dried
and then subjected to a pre-sintering treatment. The subsequent elec-
trolyte and cathode layers were prepared using the dip-coating method.

The advantages of tubular systems include greater mechanical
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properties, higher thermal stability, and simpler sealing requirements.
Planar systems require a junction between each unit cell and a package
at the edge of the cell to maintain good air-tightness at high operating
temperatures. Tubular stacks only require sealing where the manifolds
connect to the cells, which can be kept outside the active cell zone,
where temperatures are lower. Although tubular SOFC technology has
been well studied, research today focuses on lowering production costs.

Plasma spray coating technology is a simple, fast process that is
widely used for ceramic-film-coated metal substrates, and changing
parameters such as plasma spraying fire melting temperature, powder
particle size, powder type, and other conditions can yield different
structures [10] or coating compactness [11,12]. Preparing tubular solid
fuel cells by plasma spraying can avoid several issues, including the
decrease in the porosity of the anode material caused by traditional
high-temperature sintering processes and incomplete sintering caused
by the different melting points of the metal conductor and the solid
oxide oxygen ion conductor [10]. The greatest advantage of manu-
facturing SOFC electrodes with plasma spray coating is that porous
electrodes can be easily created, which can lower production costs and
increase their value from an economic perspective for industrial ap-
plications.

The purpose of this study is to produce tubular SOFCs using atmo-
spheric plasma spray coating technology [13]. In this study, different
pore formers were added to NiO and YSZ. The coating structure and
properties were further analyzed by adjusting the plasma spraying
parameters to obtain different properties of the anode coating, and the
anode was assessed after heating at 800 °C in H2 atmosphere for 2 h to
reduce the metal conductor Ni.

2. Material and methods

2.1. Fabrication of the tubular anode

In this study, we used commercial NiO (SHOWA) with a particle size
of 2–4 µm and 8mol% YSZ (8YSZ, SHOWA) with a particle size of
0.1–0.2 µm as the raw anode materials. Two pore formers were used,
Na2CO3 (2.5–5 µm, J.T. Baker) and polymethyl methacrylate (PMMA,
2–3 µm, SEKISUI). The feedstocks containing the raw materials and
pore former for plasma spraying were made using the spray granulation

method. Three types of feedstocks were used: NiO/8YSZ/Na2CO3

(1:1:0.2), NiO/8YSZ/ Na2CO3 (6:4:1), and NiO/8YSZ/PMMA (6:4:0.18)
(Fig. 1).

The tubular anode was plasma-sprayed (Oerlikon Metco,
Switzerland) on graphite tubes (100mm in length, 10 mm in diameter)
using various spraying parameters (Table 1). Before anode deposition,
the graphite tubes were sand-blasted to roughen the surface Ra =
3.0 µm). The plasma-sprayed anode and graphite tube (Fig. 2) had a
coating thickness of approximately 500 µm. The as-sprayed specimens
were post-treated as follows: (1) The NiO/8YSZ/Na2CO3 anode was
immersed in deionized water in a sonicator for 1 h to remove the
Na2CO3 and Na2O [13]. (2) The tubular anode/graphite was heated at
700 °C for 10 h to burn away the graphite substrate. (3) The tubular
NiO/8YSZ anode was reduced in a 5% H2 atmosphere at 800 °C for 2 h
to obtain the final Ni/8YSZ anode.

2.2. Characterization of the tubular anodes

The melting characteristics of the feedstocks were assessed from the
surface morphology of the sprayed anode coatings via scanning electron
microscopy (SEM, Hitachi S-4700, Japan). The open channels and
porosity of the coatings were examined by using the Archimedes
method. To measure the porosity of the coating without the substrate,
the graphite substrate was burned away at 700 °C for 10 h. The porosity

Fig. 1. Feedstocks employed in this study: (a) NiO/
8YSZ/PMMA (6:4:0.18), (b) NiO/8YSZ/Na2CO3

(1:1:0.2), (c–d) NiO/8YSZ/Na2CO3 (1:1:0.2).

Table 1
Parameters of plasma spraying for the anode coating.

Spraying parameters NiO/8YSZ/Na2CO3 NiO/8YSZ/PMMA

Low High

Power (kW) 30 40 32
Torch current (A) 500 600 550
Primary gas (Ar) (l/min) 50 50 50
Secondary gas (H2) (l/min) 5 10 5
Stand-off distance (cm) 10 10 10
Feedstock carrier gas (l/min) 3 3 3
Powder feed rate (rpm) 10 10 10
Surface speed, Vs (rpm) 5 5 5
Transverse speed, Vt (mm/s) 400 400 400
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