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CHAPTER |

INTRODUCTION

1.1 Motivation

Hydrogen can be used as various application followed by the growth of
technologies such as feedstock in chemical process, fuel production, fertilizer
production, heat-treating metals and pharmaceuticals etc. Hydrogen is the one of
alternative fuel which is an efficient energy carrier for renewable energy. The demand
has trend to dramatically increase in the near future. Nowadays, hydrogen global
production has been manufactured through the combustion of fossil fuel such as
natural gas. Most of the global production uses the steam reforming of methane
which is the cheapest process for hydrogen production. However, this process
generates greenhouse gas emission and produces hydrogen with impurity content.
Purification process must be used in the downstream of production. For sustainable
and friendly environment, researcher has extensively paid attention for developing
alternative processes in a large scaling of hydrogen production.

Steam electrolysis through solid oxide electrolysis cell (SOEC) is one of the
promising processes to produce high purity hydrogen and oxygen as products
without greenhouse gas emission. The reaction is taken place in the gas phase with a
high operating temperature. SOEC device requires less total energy for dissociation of
the steam molecule than liquid phase reaction as water. Higher hydrogen production
rate is also identified for SOEC technology when compared with other conventional
water steam electrolysis devices. This advantage introduced to SOEC which is

modified and tough researched is potential processes that provide large value in long



term operation for hydrogen production. SOEC is actually the reversed functional
working of solid oxide fuel cell (SOFC). SOEC consists of an electrolyte sandwiched
by anode and cathode. Hydrogen is produced at cathode side in which steam is
reduced to hydrogen and oxygen ions by potential supplying. Electrolyte is used as
ionic membrane for oxygen ion diffusion to anode side. Oxygen gas is formed by
oxidation at the anode. This working electrolysis cell is called oxygen-ionic-
conducting SOEC which is the main focus for this research.

Challenge remains for SOEC development to improve performance and
durability of the cell [1-6]. One of the strategies to overcome the challenge is to
fabricate a thinner cell, reducing total resistance, especially the ohmic resistance. In
general, the cell requires a mechanical support from a thick electrode or electrolyte,
which is referred as cathode-, anode- or electrolyte-supported cell [7]. Therefore, to
fabricate a thinner ceramic cell, alternative materials, which is often metal or metal
alloy, are extensively studied to increase mechanical strength of the thin ceramic
cell. This cell type is referred as metal-supported cell.

Material selection of the support and the cell’s fabrication process are
important. Ferritic stainless steel has been widely used as the support material in
solid oxide fuel cell (SOFC) due to its low cost. However, elemental inter-diffusion of
chromium (Cr) from the substrate to electrode can occur during heat treatment
process [8-11]. Cr poisoning occur when Cr diffuses and reacts with oxygen to form
chromium oxide [12]. Ni-based support is also considered because of the material
compatibility between the support and electrode. However, Ni coarsening and Ni
infiltration can occur after high-temperature heat treatment and degrade the cell’s
performance. Therefore a composite of Ni-alloy can be advantageous and in turn
contributes to extensive material choice in research and development.

Low-temperature process such as pulsed laser deposition (PLD), plasma

spray, and electrophoretic deposition (EPD) has been used to fabricate metal-



supported cell. Compared to various thin layer deposition, sequence wet-chemical
coating involves tape-casting, dip coating and screen printing can provide multi
active-layer with simple process and reasonable cost. Kim et al. [13] successfully
fabricates a metal-supported SOFC using a sheet of Ni-Fe alloy as the support. Lee et
al. [14] proposes a cost-effective production of metal-supported SOFC. The
rheological properties of the slurry to produce the flatness and smooth green layer
are reported as an important factor of this deposition technique. Moreover, the ratio
of starting powder and polymeric solvent and additives is important factor in the
slurry formulation. The decomposition of additives and shrinkage in the green layer
can also induce cracking and delamination of cell [15]. The sequence wet-chemical
coating is a high-temperature process. Ceramic parts in the cell are generally sintered
in air at elevated temperatures, but due to the presence of metal support, the cell
requires sintering in reducing condition to prevent metal oxidation. However,
reducing conditions causes nickel coarsening in electrode, oxygen electrode
decomposition, and accelerates elemental inter-diffusion [16]. Considering sintering in
air atmosphere, creeping in the cell can occur and creep will gradually generate
cracks in the electrolytes. It was reported that the oxide layer generate during
sintering can significantly affect the creep behavior of the metal [17]. Therefore,
oxidation resistance in the support is important.

Metal foam provides good mechanical properties, ligshtweight while
maintaining high strength and rigidity. The complex geometry within the metal foam
increases the surface area per unit volume and is an ideal for heat transfer or
thermal management [18]. Gondolini et al. [19] proposed a fabrication method of Ni-
GDC on Ni-Cr-Al foam with screen printing technique. However, the electrochemical
performance was not reported in the work. In our previous work [20], the cathode-
supported SOEC, composing of Ni-Scy1Ceq05Gdg 05210800, (Ni-SCGZ) cathode, SCGZ

electrolyte and BagsSrgsCopsFeq,0s5 (BSCF), exhibited rather relatively high



performance. In this study, the Ni-Fe alloy foam was chosen as a promising support
material due to its high porosity and oxidation resistance in order to compose to the
alloy-foam supported Ni-SCGZ/SCGZ/BSCF. However, the fabrication of thin ceramic
layer on the foam is the rather difficult and various parameters to obtain successfully
fabricated SOEC.

In this study, to fabricate Ni-Fe-alloy-foam supported SOEC, the sequence
wet-chemical coating of electrode having a gradient of thermal expansion coefficient
(TEQ) as well as firing process was investigated. Slurries formula and heat treatment
condition was proposed. Thermal behavior of the green layer and the alloy-foam
support were studied. Slurries rheology was also identified to control viscosity of the
green tapes during fabrication. The microstructure of the cell was characterized. The
electrochemical performance and durability of the SOEC are measured under H,0O/H,

feed with varied steam content in a controlled temperature.

1.2 Research objective

To fabricate and measure the electrochemical performance of Ni-Fe-alloy-
foam supported solid oxide electrolysis for hydrogen production from high
temperature steam electrolysis.

Sub-object includes:

1.2.1  To determine the effect of CuO as sintering additive in different
sintering temperature on the densification and electrochemical performance of
scandium cerium- and gadolinium-doped zirconia electrolyte

1.22 To fabricate Ni alloy-foam-supported solid oxide electrolysis cell

(SOEQ) in button size



1.2.4 To generate recipe for electrodes and electrolyte slurries in the cell
fabrication process

1.25 To determine suitable heat treatment condition during fabrication
process

1.2.6  To investigate electrochemical performance and durability alloy foam-
supported SOEC and determine the effect of operating condition (temperature and

steam content)

1.3 Research scope

1.3.1 The fabrication of Ni-Fe-alloy-foam supported SOEC is carried out
using the sequence wet-chemical coating. The condition parameters are slurry
compositions and heat treatment during electrolyte sintering process.

1.3.2 Cathode layers are designed to obtain TEC and viscosity gradient layer.

1.3.3  Ni-Fe-alloy-foam (60 wt.% of Ni and 40 wt.% of Fe) is used as support

1.3.4  Nickle oxide (NiO) / Scandium cerium- and gadolinium-doped zirconia
(Sco1Cen5Gdg p5Zr089, SCGZ) cermet and SCGZ are used as cathode and electrolyte
material, respectively

1.3.5  BaysSrgsCogsFer,0s g (BSCF) is used as anode materials.

1.3.6 Hydrogen is produced via high-temperature steam electrolysis

reaction, controlling potential from OCV to 1.8 V.

1.4 Expected benefit

The fabrication of Ni-Fe-alloy-foam supported SOEC which is carried out using

the sequence wet-chemical coating will be investigated for hydrogen production by steam



electrolysis reaction at high temperature (1073K). Two major concepts of this thesis
consisting of 1) The study effect of CuO as sintering additive in scandium cerium- and
gadolinium-doped zirconia ceramic based SOEC and 2) The fabrication and
performance measurement of Ni-Fe-alloy-foam supported SOEC.

The outcome of this project can be critical beneficial for SOEC development.
Up to our knowledge, there is no report on using alloy foam as the support of cell
for SOEC application. The support could help improve electrochemical performance
because the ceramic parts are thinner. The metal foam contains porosity for gas
diffusion and is also cheaper than conventional metal support with machining for
gas-flow-field.

This research supports clean and sustainable process with high purity of
hydrogen production development. It can be a principle conceptual for scaling-up in
stack SOEC. The fabrication process and operating condition are proposed for Ni-Fe-
alloy-foam supported SOEC in hydrogen production.

Research results including 1 petty patent application and 2 publications as
follows:

1.4.1 Thailand’s petty patent application number: 1903003170

(mawsenwadlnihieivszianeenledvesudssdafiflans amnungugadusisessv)

1.4.2  R.\Visvanichkul, S. Peng-Ont, W. Ngampuengpis, N. Sirimungkalakul, P.

Puengjinda, T. Jiwanuruk, T. Sornchamni, P. Kim-Lohsoontorn. Effect of CuO as
sintering additive in scandium cerium and gadolinium-doped zirconia-based solid
oxide electrolysis cell for steam electrolysis. Processes. 2019; 7(12):868.

1.4.3 R.Visvanichkul, S. Peng-Ont, W. Ngampuengpis, N. Sirimungkalakul, P.

Puengjinda, T. Jiwanuruk, T. Sornchamni, P. Kim-Lohsoontorn. Fabrication of alloy
foam-supported solid oxide electrolysis cell (SOEC) for hydrogen production. The 2nd
International Symposium on Hydrogen Energy and Energy Technologies (HEET 2019),

Osaka, Japan, Dec 12-13, 2019
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CHAPTER Il

LITERATURE REVIEW

2.1 Hydrogen production

Hydrogen is a molecule with H, formula consisting of two hydrogen atoms
which formed by single bond [21]. It can be used in various applications following
the growth of technologies. According to energy crisis and environmental problem,
the growth of hydrogen demand has been increasing dramatically more than
threefold since 1975 [22]. There are common processes for hydrogen production in

the present. Example of commercial processes is discussed as following below;

2.1.1 Steam Reforming

The most widespread process for hydrogen production is steam reforming.
The process uses light natural gas like methane as raw material in which the reaction
as Eqgs. (1)- (4) take places to convert fuel to hydrogen. The advantage arises from

the high efficiency of operation and the low operational and production costs.

CmHn + TMH,0(g) — MCO + (M + 0.5N)H, (1)
CmHn + 2MH,0(g) — MCO, + (2M + 0.5 N)H, (2)
CO + H0(g) > CO, + H, (3)
CH3OH + H,0(g) <= CO, + 3H, @)

However, carbon monoxide (CO) and carbon dioxide (CO,) is the by-product

of this process. This requires purification in the downstream product. Moreover,



severe operating temperature, multi-steps and high amount of energy are consumed

during process. Fig. 1 shows the flowsheet diagram of steam-methane reforming [23].

Flue Gas
T 95%+ H, CO,
Feed —
"'T' —» / HTS LTS
CH‘ /v" :
H,0 o <
’__ T=350°C T=250°C
.«//,
Fuel /,-/
CH4 [ AV t—
T=850°C
i N—
Reforming Shift CO; Removal
Figure 1 Flowsheet of a conventional steam-methane reforming process

(23]

2.1.2 Partial Oxidation

The presence of oxygen in feed is the different point when compared with
the other process. Oxygen is used as oxidizing agent in hydrocarbon combustion to
produce hydrogen as the primary product. The reaction of partial oxidation of
methane is shown in Egs (5)- (7). High temperature (>1573 K) and pressure (>3 MPa)
are required in reactions without catalyst [24]. As presence of oxygen gas, high purity
of oxygen requires in the process. Air separation for pure oxygen must involve in

production lead to high cost for this purification.

CH; + O, ™ CO + 2H, (5)
CHq + 20, — CO, + 2H,0 (6)

CHg + H,0(g) — CO + 3H, (7)
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There are by-product gases consisting of CO, CO,, H,O, CH4, hydrogen sulfide
(H,S), and carbon-oxysulfide (COS) in gaseous mixture. The decomposition of
acetylene as an intermediate product is produced soot during process. The amount

of soot depends on the ratio of H:C in the initial feed gas.

In addition to discuss, hydrogen can produce through various technologies
and sources as shown in Table 1. To optimize process, minimize environmental
impact and energy consumption, hydrogen production development is research

challenging in energy and environment research field.

Table 1 Hydrogen production technologies summary [24]
Technology Feedstock Efficiency =~ Maturity
Steam reforming ~ Hydrocarbons 70-85%  Commercial
Partial oxidation ~ Hydrocarbons 60-75%  Commercial
Autothermal Hydrocarbons 60-75% Near term
reforming

Plasma Hydrocarbons ~ 9-85%"  Longterm
reforming

Biomass Biomass 35-50%  Commercial
gasification

Aqueous phase Carbohydrates 35-55% Med. term
reforming

Electrolysis H,O + electricity ~ 50-70%  Commercial
Photolysis H,0 + sunlight 0.5%" Long term
Thermochemical H,O + heat NA Long term

water splitting

*Hydrogen purification is not included.

2.2 Steam Electrolysis Reaction
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As discussed on previous section, common processes for hydrogen
production use conventional fossil fuel as raw material and produce hydrogen mixed
with CO, or CO. Therefore, steam electrolysis is a promising process to produce high
purity hydrogen without greenhouse gas emission to atmosphere. Steam electrolysis
reaction is based on electrochemical reaction, using electrical potential supplying
with conductive electrodes to produced steam in electrolytic cell. The steam is

produced by following Egs (8)-(10).

Anode 0% 0,4+ 2 (8)
Cathode “H,O +2e > H, + o 9)
Overall reaction :H,0 = H, + O, (10)

The electrical potential is supplied from external circuit. Water can be broken
up into hydrogen and oxygen molecule by this direct current passing. This method
has been commercially used for hydrogen production since the initial of 19" century.

There are various electrolysis technologies such as proton exchange
membrane (PEM), alkaline based cell and solid oxide cells (SOCs). Table 2 displays

example of electrolysis technologies.
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2.3 Solid Oxide Electrolysis Cell (SOEC)

2.3.1 General principles

Solid oxide electrolysis cell is an electrochemical device that is made from
metal and ceramic materials. This device allows the conversion of steam into
hydrogen under steam electrolysis reaction as discussed in section 2.2. Conversely,
an electrolysis cell is reverse working mode of fuel cell device in which the
electricity is produced by chemical energy of fuel feed gas.

The cell is consisted of three layers which is cathode (H, electrode),

electrolyte and anode (O, electrode) as shown in Fig. 2.

O,

L Anode

2e == — Electrolyte

o —> Cathode
H,O

Figure 2 Generalized schematic of a single SOEC

The steam is introduced at cathode side and broken bond into hydrogen
molecule and oxygen ion ©") by external potential supplying. Hydrogen is swept
through out of cathode channel as primary product. An oxygen ion is transferred
through solid electrolyte layer which is ion conductive material. This process is called
oxygen-ion conducting SOEC. For proton-ion conducting SOEC, the transferring ion is

proton ion (H) [26].
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SOEC research and development has been interesting. There are many
research challenge aim for commercialization and effective production. The summary

of previous SOEC research result and discussion are discussed in section 2.3.2-3.

2.3.2 Materials selection

To find high electrical and ion conductive material for SOEC fabrication,
material selection for electrodes plays important role. Criteria of material selection in
SOEC are similar to those in solid oxide fuel cell (SOFC). Each electrode must be

provided specific properties as following discussion;

2.3.2.1 Cathode (H, electrode)

Dwivedi [27] reports that an H, electrode material properties consisting of
high electrical conductivity for external circuit supplying, good stability in long term
operation and provide enough electro-catalytic efficiency with optimized porosity for
mass transport of carrier gas. Along with SOFC function, Nickle (Ni) provide highest
electrochemical performance in case of Hy-based reaction and also maintains the
thermal compatibility with ceramic electrolyte material. Composite of Ni metal and
Yttria-stabilized zirconia (YSZ) as Ni-YSZ cermet (conventional cermet) enhances
reaction sites of H, electrode. The polarization resistance is also reduced by
inhibition of Ni grain growth. Therefore, Ni-YSZ cermet is generally used material for
fuel electrode of solid oxide cell. Some reviews of other cathode materials are listed

in Table 3.
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Table 3 The review of cathode materials for oxygen-ion conducting

electrolyte- supported SOEC

C —
9 < |2
e P o |2 S o)
=1 5 ERRERE I
Materials = e T |2 E| w o
s 0] o | 2| = ]
o O o |lo == o
(W) L et O
= £ |5 = =
T
v N
Pro.sSro7TigsFe 7053 PSTF|YSZ|
609%H,0/Ar 1073 -0.30 1.46 [28]
(PSTF) LSM-YSZ
N|06F604/SDC|
Nip sFeqa/SDC 40%H,0/H, 1073 -0.29 1.50 [29]
YSZ|LSM- SDC
Ni/YSZ|YSZ| 70%H,0/ H,
Ni/YSZ 1073 -1.00 1.19 [30]
LSCF-GDC (Seawater)
Ni/YSZ|YSZ|
Ni/YSZ 70%H,0/ H, 1223 3.6 1.48 [31]
LSM-YSZ
2.3.2.2 Electrolyte

An electrolyte is dense layer. Perovskite ceramics at which oxygen vacancies
are found into crystalline structure is the candidate electrolytes for SOC fabrication.
High capability of ionic conductive material as discussed in section 2.3.1 is desirable.
Both of mechanical and chemical properties are also stability and compatibility with
other electrodes [27].

Jaiswal et al. [32] review many research in development of solid electrolytes
for SOFC. It was reported the general principle of electrolyte structure. There are two
based materials consist of Zirconia (Zr) based and Ceria (Ce) based which are
conventional electrolyte material. These materials are an IV-B group metal oxide with
addition of other transition metal oxide into their structure. The crystalline structure

which is cubic fluorite phase structure provides high oxygen diffusion with high
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tolerance of atomic disorder. Many effort in Zr- based and Ce- based material

development have been studying for SOC implementation.

A. Zirconia based material

As crystalline structure of pure zirconia oxide (ZrO,), cubic fluorite phase
structure can be obtained at high temperature (above 2573 K) which provides low
ionic conductivity at SOC operating temperature [32]. To stabilize the structure,
doping transition metal element into ZrO, structure is conducted in research

solution. Table 4 lists examples of doped zirconia based material for solid electrolyte

in SOC.
Table 4 Examples of doped zirconia based material for solid electrolyte in
SOC
Temperature | Total conductivity
Materials Reference
(K) (S/cm)

89%YSZ with 4%Fe;0, 973 0.400% (33]
(SC203)0_093(Z|'OZ)0_907 or (93%SCSZ) 1073 0.120 [34]
(5203)0.10(C€02)0.01 (HfO2)001(ZrO2)o 85 1073 0.140 (35]
(SCQO3)OO4 (YzOg,)0.0q (ZrOz)O'QZ 1073 0.062 [34]
(Y,0)006(ZrO2)gs OF (8%YSZ) 1073 0.052 (34]

*Calculation with The Nernst-Einstein relation

B. Ceria based material
Another conventional electrolyte material is ceria based material. Aliovalent
cation doped ceria with alkaline earth metal oxide such as Calcium (CaO), Samarium

(Sm,03), Neodymium (Nd,O3) and Gadolinium (Gd,03) has demonstrated an excellent
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ionic conductivity. However, electronic conductivity is obtained at intermediate
temperature (873 K to 1573 K). It also requires high sintering temperature to produce

the dense of microstructure for high ionic conductivity [36].

Table 5 Examples of doped ceria based material for solid electrolyte in SOC
Temperature | Total conductivity
Materials Reference
(K) (S/cm)
Ce9Gdy 101 95 973 0.043 [37]
Cep8Gag0sCug 1501 825 973 0.020 [38]
SmMo.17aC€0.82601.913 973 0.020 [39]
Ceo_gEroAzoz_a 973 0.018 [36]
CeO, 873 371x10" (39]

These conventional materials (zirconia based and ceria based) provide
advantage and disadvantage in their applications. Scandium doped zirconia based
provides the highest conductivity when compared with other doping but high
temperature requiring to achieve sufficient ionic conductivity. Simultaneously,
gadolinium doping is excellent ion conductor in ceria based material. However,
electronic conductivity is found in their property. Ceria is reduced from ce" to ce”
under reducing atmosphere, leading to electrical short circuit and voltage loss during
operation [40].

To optimize the solid state properties, tri-doping of scandium, gadolinium and
cerium into zirconia based is purposed for material implementation. The comparison

of total conductivity of YSZ, GDC and ScSZ was shown in Table 6.




Table 6 The comparison of total conductivity of YSZ, GDC and ScSZ [34]

Temperature | Total conductivity
Materials
(K) (S/cm)
9.3%ScSZ 0.120
(Ceoz)o_go(GdO1v5)0_20 or GDC 1073 0.093
8%YSZ 0.052

18

Scandia-stabilized zirconia co-doped with CeO, is a promising electrolyte in

term of conductivity but rapid degradation occurs in a long-term operation. Chin et

al. [41] studies the effect of M,O5; (M=Yb, Gd, Sm) and CeO, co-doping into Scandium

doped zirconia structure on their conductivity degradation. It is reported that

scandium doped zirconia with Gd,O; and CeO, as co-dopant provides only cubic

phase in their crystalline structure as shown in Fig. 3. This introduces a high ionic

conductivity.
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Figure 3 X-ray diffraction patterns of 0.5M0.5Ce10ScSZ (M=Yb, Sm, Gd) and

1Ce10S5cSZ [41]

2.3.2.3 Anode (Oxygen electrode)

In oxygen electrode side, the electrode is dominated by severe oxidizing
atmosphere. Air is a favorable gas feed into this side. Good oxygen electrode
contains three phase boundary as same as hydrogen electrode. These properties
include electrical conductivity, ionic conductivity and high gas permeability. Mixed
ionic electronic conductive material with sufficient porous structure is required to
achieve an excellent electrode.

The LSM-YSZ composite is widely used as the conventional material for
oxygen electrode in galvanic cell. LSM is used as electronic conductor and YSZ is
used as ionic conductor. The composite displays high stability in thermal and
chemical property. In electrolytic cell, the resistance has been higher than galvanic
cell. However, overall electrode resistance must be similarly in term of both working
modes (electrolytic and galvanic cell) [42]. Table 7 summarizes the candidate of

oxygen electrode materials
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Table 7 Oxygen electrode materials for oxygen-ion conducting electrolyte-

supported SOC

C —
o < |2
© 0 v |¢ S @
5 & 2 18 2l e | S
Materials = 5 s |©° €| o o
& 0] o |le 2| B8 o
9 ) o |lo = R @
(W) L e O v
= £ |5 = =
(]
v N
97%H,/H,0 1.46 0.6 [43]
BSCF NiI/YSZ|YSZ|BSCF
50% H,0/H, -0.34 1.2 [42]
LSCF Ni/YSZ|YSZ|LSCF 97%H,/H,0 1.21 0.6 [43]
1073
LSM Ni/YSZ|YSZ|LSM 97%H,/H,0 0.99 0.6 [42]
Ni/YSZ|Ysz
LSM-YSZ 50% H,0/H, -0.20 1.2 [43]
LSM-YSZ

Kim-lohsoontorn et al. [42] investigate performance of cathode supported-
solid oxide electrolysis cell with different anode materials (LSM-YSZ and
BaosSrosCopsFer 035 , BSCF). It is reported that BSCF has greater electrical
performance than LSM-YSZ as polarization curve shown in Fig. 4. However,
degradation of BSCF occurs during long time operation, leading to increasing of ohmic
resistance.

Kim et al. [43] also investigate electrochemical performance of BSCF material
without pre-sintering process in anode supported-SOFC. Lag¢Srg4CoggFer.05.5 (LSCF)
and LaggSrg,MnOs.5 (LSM) are also investigated in this study. The performance of
BSCF is higher than other materials in term of current density (Fig. 5). Therefore, BSCF

can be a promising oxygen electrode material for SOC fabrication.
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Figure 4 The |-V response of Ni-YSZ/YSZ/LSM-YSZ and Ni-YSZ/YSZ/BSCF in

both electrolysis and fuel cell mode (1073 K, H,O/H,=50/50) [42].
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Figure 5 Performance of the anode-supported single SOFC having unsintered

BSCF, LSM and LSCF cathodes at 1073 K, exposing to 97H,% and 3%

H,O at the anode and ambient air at the cathode [43]

2.3.2.4 Support material
Metal-supported SOC has been developed. Thick metal layer which is used to

support thin ceramic cell compartment to provide mechanical tolerance and stability
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of the cell. The support material should be inexpensive with a proper gas flow filed.
It should provide benefit greatly with increasing of mechanical property, redox
tolerance and thermal cycling of the cell. As thinner layer of all electrodes, the total
resistance of the cells is reduced and their electrochemical performance can be
improved.

Tucker [7] reviews progress in metal supported-SOFC. It is suggested that
material for support should have thermal expansion coefficient slightly higher than
electrolyte material to enable rapid thermal cycling during operation. Moreover,
oxidation resistance must be concern in the material selection.

Ferritic stainless steel has been widely used as support material in SOC. This
support provides low cost, high oxidation resistance, stable in elevated operating
temperature and compatible TEC with electrolyte. Unfortunately, Elemental inter-
diffusion of Ni, Cr and Fe from the substrate and electrode occurs after annealing
process. This solid diffusion results in a catalyst poisoning in anode at which the
reason of low activity. When stainless steel is used as a support material in SOC, a
diffusion barrier layer between fuel electrode and support can be a promising
solution in the implementation of stainless-support SOC [8-11].

Ni-based material is also considered as the support material due tomaterial
compatibility between the support and electrode. However, Ni coarsening and Ni
infiltration can occur after high-temperature heat treatment and degrade the cell’s
performance. Therefore a composite of Ni-alloy can be advantageous intern and

contributes to extensive material choice in research and development.
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Table 8 Summary of candidate support metals (Ni-based)

Thermal expansion
Materials coefficient or TEC Reference
(ppmK)
Ni 16.50 [7]
NiCrAl 16 [19]
NiCrALlY 15-16 [7]
NiFe (50:50) 13.70 [7]

Note : TEC of electrolytes (YSZ, CGO, LSGM) are 10-12 pme_1 (7]

In this research, an alloy of nickle-iron (Ni-Fe) is used as support material to
eliminate the limitation in stainless steel and Ni based material. To obtain better TEC
matching between electrode and avoid solid diffusion as mentioned above, Kim et
al. [13] successfully fabricate thin metal supported- SOFC by using Ni-Fe alloy as
support material. The electrochemical performance is satisfactory result. Impurity
oxide scale phase based on solid diffusion has not identified in microstructure.
However, particle coarsening is detected in anode and cathode layer after operation
at 2 Acm”, 1073 K, 10 h,

Li et al. [44] also observe redox tolerance of Ni-Fe alloy supported SOFC. The
result reveals that cell exhibits excellent tolerance to redox cycles. Oxide scale,
possibly be NiFe,O, is identified on inner surface scaffold of porous Ni-Fe alloy as
shown in Fig. 6. However, this oxide scale formation prevents inward oxidation of

alloy metallic inside scaffold attribute to great oxidation resistance of this support.
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Xu et al. [45] investigate the oxidation of Ni-Fe alloy in a humidified
atmosphere of MS-SOFC operation. The presence of vapor in fuel electrode can
promote oxidation during the process because of increasing of oxygen partial
pressure. Fe;O4 which form on the surface by thermally grown oxide scale has
influence electrical conductivity. Incidentally, the support provides sufficient

electrical conductivity for this application and can be well employed in SOFCs.

Figure 6 Cross-sectional microstructure of Ni-Fe alloy support oxidized at 873

K in air for 2 h [44].

2.3.3 Metal supported SOEC

2.3.3.1 Fabrication

Fabrication of metal supported SOC has been developed to overcome some
limitation of conventional cell and improve electrochemical performance and
durability. In SOEC operation, the fabrication has concerned similarity as the fuel cell
fabrication. Materials for each compartment are discussed in Section 2.3.2. There are
various variables such as electrode’s deposition technique, material compatibility
between electrodes, fabricated condition and physical cell property. These variables

must be controlled to accomplish the successful fabrication. Summary of previous
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research in fabrication of SOFC and detail of common fabrication techniques are

listed in Table 9 and 10 respectively.

Table 9 Summary of previous research in fabrication of SOFC
Layer fabrication
]
e
Cell Configuration Thickness o
Layers Technique Fabrication condition 3
(Mm) =
Support : Co-firing with multi-steps
120
NiFe (50:50) - Green sheet laminated

H, Electrode : with 3 MPa of pressure at

s ’ ; 30
70C, 10
Ni-YSZ (6:4) Tape casting min

% Fired at

400°C, 5 h in air (2°C/min)

Electrolyte :8YSZ 15

1) NiFe/Ni- R ired at
1,300 °C, 5 hin air
YSZ/YSZ/LSCF
(3°C/min)
3 Reduced at

800 °C, 1 hin wet H, (-
O, Electrode : LSCF Screen-printing 2°C/min) ,
o Cooled to room
temperature (-3°C/min)
Apply a vertical loading at 1

l<g/cm2




Table 9

Summary of previous research in fabrication of SOFC (Continued)
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Layer fabrication

w
Cell Configuration “g
9]
Layers Technique Fabrication condition Thickness (Mm) g
&
Support - Green sheet laminated
150
: AISI 434L (STS) with 25 MPa of pressure
Current collector at 60bC, 10 min
20
: STS-YSZ (1:1) - Fired at
H, Electrode : Tape casting 400°C, 12 hin air
15
LSTN-YSZ - Fired at
2) AISI 434L (STS)/ STS- Electrolyte 1,250 °C, 3 h in air
[47]
YSZ/YSZ/LSTN-YSZ : 8YSZ with Apply a vertical loading at 2 5
1Wt.%ALO, ke/cm”
Buffer layer RF-magnetron
- 0.5
: GDC sputtering
- In-situfired at 900 C, 1 h
O, Electrode
Screen-printing during electrochemical 10
: LSCF
testing process
Support 1) STS/SSZ/Porous SSZ
Tape casting
1 430L STS - laminating and co-
H, Electrode sintering in a reducing 260
: Ni-SDC infiltrated Infiltration atmosphere of 5%
support H,/95% N, at 1320°C
Electrolyte fordh
Tape casting 17
:SSZ
3) 430Ni-SDC infiltrated 2) Electrodes infiltration
430L STS/SSZ/LSFSc - H, electrode : [48]
infiltrated SSZ infiltrated 30 wt.% Ni-SDC
(5 wt.%per time)
O, Electrode
Tape casting and - O, electrode :
: LSFSc infiltrated 30

porous SSZ

infiltration

infiltrated 10 wt.% LSFSc
(3 wt.% per time)

Dried and reduced at
850°C, 2 h in 5% H,/95%

N,




Table 9

Summary of previous research in fabrication of SOFC (Continued)

Layer fabrication

[%]
Cell Y
. c
Thickness o
Configuration Layers Technique | Fabrication condition <
[a'
(Mm)
Support
Chemical etching - 200
: Crofer22APU
Porous material
: Pre-coarsened GDC GDC, Aremco 644-A - -
at 1200°C
Metal coating Doctor blade
1,000°C, 1 h -
Y2508 1103 coating
H, Electrode Doctor blade
) 1,000°C, 1 h -
4) Crofer22APU/ s LST-6DC coagng
R Electrolyte 1
LST - GDC/GDC/ 1,000°C, 1 h .
Y$7/GDC/ : nanoparticle GDC
: [49]
% Electrolyte 2 3-step coating
LSCF-GDC 950°C, 1 h )
: nanoparticle YSZ process
Electrolyte 3
1 YSZ
5 times of 900°C, 1 h
Catalyst
impregnation -
: Ni nitrate (2M)
(8wt.%)
Buffer layer
Spin coating -
:GDC
900°C, 1 h
O, Electrode
Screen-printing -
: LSCF-GDC
Support - Green sheet laminated
. 200
Ni with 10wt.% pore at 70 C, 10 min
H, Electrode : - Fired at
30
Ni-YSZ (6:4) Tape casting 1,300°C, 3 h in air
- Reduced at
5) Ni supported/ [50]
Electrolyte :8YSZ 800 °C, 1 h in reducing 20

Ni-YSZ/YSZ/LSCF

atmosphere

O, Electrode : LSCF

Screen-printing

- In-situ fired at 900 C, 2
h during
electrochemical testing

process
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Table 9 Summary of previous research in fabrication of SOFC (Continued)
Layer fabrication "
Cell 8
. c
Thickness o
Configuration Layers Technique | Fabrication condition <
(Mm) =
Support
430L FSS
Number of spraying : 40
H, Electrode :
Duration of spray run : 1.84
Ni-YSZ (46:38) with )
min 63.09
16 wt.% carbon
Deposition rate : 34.3
black
Mm/min
Atmospheric Number of spraying : 50
6) 430LFSS/ Ni- 1 \ [51]
plasma spraying : . 51
YSZ/NSZ/LSMLYSZ Duration of spray run : 2.30
Electrolyte ~ : YSZ (APS) min 59.85
Deposition rate : 26.0
Mm/min
Number of spraying : 80
Duration of spray run : 3.69
O, Electrode : LSM-
min 41.00

YSZ

Deposition rate : 11.1

Mm/min
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Table 10 Comparison of SOFC fabrication techniques [52]
Process Thickness Components made Advantage
Tape-casting > 10 um Whole cell Low-cost, co-sintering
Slip-casting >1 um Electrodes, Simple and
electrolyte inexpensive
Screen-printing >5 um Electrodes, Low cost, co-sintering
electrolyte
Wet powder >5 um Electrolyte, Low-cost
spraying electrodes
Dip-coating >1 pum Whole cell Low-cost
Spin-coating >1 um Electrodes, Reproducible,
Electrolyte uniform
Extrusion/co- > 100 pm®  Electrolyte, Large, complex
extrusion supports shapes
Hollow fiber >200 um”  Electrolyte, Graded porosity
supports
Freeze-casting N/A supports Graded porosity
Dry-pressing N/A Whole cell Low-cost
Catalyst N/A Electrodes Nano-structured
impregnation surfaces

* The thickness of electrolyte fabricated by co-extrusion is about 20 pm.
" The thickness of electrolyte fabricated by dual layer hollow fiber is about 10 pm.

As presented in Table 10, tape casting and dip-coating process provide

applicable fabrication for whole cell compartments, low cost and simplest method

for layer deposition. However, there are various variables which are controlled during

process for successfully fabrication. Several importance variables are discussed

following;

A) Effect of heat treatment process

Jin et al. [15] investigate anode-supported SOFC fabrication by tape-casting

and co-firing technique. It is found that the decomposition of additive and shrinkage

in green tapes clearly induces cracking and delamination of half-cell. Thermo-
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gravimetric and differential thermal analyses (TG-DTA) and thermal dilatometry are
used for monitoring decomposition of additives and linear shrinkage layers
respectively. Additives are vaporized at temperature exceed 500°C. The results of
shrinkage analysis also reveals that there are 2 steps during sintering process that 1)
30-600°C and 2) 800- 1400°C, which provide a large mismatch of linear shrinkage in
all layers as shown in Fig. 7 for of Ni-SSZ gradient anodes/SSZ electrolyte for SOFC.
Cracking and peeled electrolyte are found on cell by the rapid heating rate and
shrinkage mismatch as shown in Fig. 8(B). To successfully fabricate the cell, sintering
process are divided into 3 steps which are 1) 0.5°C/min (30- 600°C), 2) 3°C/min (600-
800°C) and 3) 1°C/min (800- 1400°C). Slow heating rate is found to help preventing
defect formation. Therefore, shrinkage analysis of all layers must be identified to

determination of step heating rate for successfully fabrication.

0.00

-0.05

stage [l stagelll

-0.10 - stage |

dL/Lo

-0.15} = electrolyte layer
anode 1st layer

» anode 2nd layer

-0.20 + anode 3rd layer

0 300 600 900 1200 1500
Temperature ('C)

Figure 7 The results of shrinkage analysis in fabrication of Ni-SSZ gradient

anodes/SSZ electrolyte for SOFC[15]
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Figure 8 Photos of (A) green tape before sintered, (B) co-sintering cell at
3°C/min (30- 1400°0), (C) co-sintering cell at 0.5°C/min (30- 600°C),

3°C/min (600- 800°C) and 1°C/min (800- 1400°C) [15]

B) Effect of slurry composition

Slurry composition is the considerable parameter which carefully in
manufacturing of SOC. This determines rheology of slurry and green layer mechanical
properties [14]. Slurries have been identified properties by optimum ratio of staring
powder, solvent and additives. The role of each composition and their properties
should be clarified to successfully fabricate each layer. In common SOFC fabrication,
slurry is consisting of starting powder, solvent and other additive (dispersant, binder,
plasticizer and pore former). The starting powder is solid material which is used as
main composition in green tape such as ceramic, metal and cermet. Solid particle is
suspended in liquid phase as solute in solvent. Additives are added to enhance
rheology and properties (particle network strength, viscosity and mechanical

property) reach to the uniform and easily deposition. Behavior of slurry in tape
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casting has several points that similar with screen printing ink. Therefore, some
reviews of this parameter are conducted by screen printing fabrication research to
understand rheology phenomenon. Effect of slurry compositions are revealed as

follow:

1) Starting powder

To obtain a flatness and uniform layer, particle size and distribution of
powder are critical parameters in slurry preparation. This identified the maximum
solid content in slurry. High solid content attribute to excessive viscosity and
difficulty in slurry mixing and green tape casting. Electrical performance is also
enhanced by applying of nanocomposite which provides large surface area and
excellent dispersion in electrode layer [53, 54]. However, low solid content is
observed in screen-printing ink by using nano-sized powder. Due to high surface area,
inter-particle interaction is increased and motivated defect in green film after printing
[55].

2) Solvent

Solvent plays the critical role in slurry preparation. The volume of solvent is
also effect directly to the rheological properties of slurry. Starting powder and solid
additives require solvent to produce homogeneous phase in slurry. In addition to
particle size and distribution of powder, solvent also determine maximum the solid
loading (include starting powder and other additives) in slurry. Therefore, volume and
solubility of solvent to be chosen has to be considered in slurry preparation to

obtain steady slurry.
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C) TEC and shrinkage matching

The defect which occurs during fabrication process can be generated from
the mismatching of their TEC and shrinkage rate in annealing process. The TEC of
each layer is determined by their material composition in solid content; ceramic,
metal or cermet. However, the shrinkage of layer depends on all composition in
slurry. Internal stress of their mismatch is created at interface of layers and caused of
cracking and fracture on fabricated cell. Rapid heating also activates stress and
evaporation of additives which are source of defect. Therefore, TEC and shrinkage

mismatch must be minimized by low decomposition heat rate.

Lee et al [14] believe that shrinkage of support layer should be higher than
electrolyte layer. Micro cracking has been occurred by higher shrinkage of electrolyte.
Electrolyte is also low densification. Result of defect tape which is occurred by
shrinkage mismatch is shown as Fig. 9. Coarse particle powder is substituted fine
particle in their fabrication to reduce shrinkage rate. Controlling low heat rate in fast

shrinkage range is also used for suppress the undesired phenomenon [15].

Thermal
decomposition
at 600°C

Bending & cracks occurred

Figure 9 Tapes after thermal decomposition at 600°C for the fabrication of

large-area unit cell [14]
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In addition to shrinkage, TEC mismatch is also investigated and purposed as
influence parameter in fabrication by Gondolini et al. [19]. They study the deposition
of NiO-GDC layer on NiCrAl foam with screen-printing technique. It has found that the
detachment between bi-layer occur between interlayer as shown in Fig. 10. The
ascription is postulated that the detachment is made by expansion of foam support
and shrinkage of cermet layer during sintering process up to 1273 K. To obtain the
adhesion between both layers, TEC of cermet layer is increased to match the TEC of
the alloy foam by increasing NiO content in ink composition. Shrinkage rate is also

adjusted by compositional gradient cermet [53].

Figure 10 SEM micrograph of the polished fracture (left) non NiO gradient and

(right) NiO gradient layer on NiCrAl foam support [19]

D) Reducing condition

Particle coarsening and oxide formation are undesired phase in H, electrode
microstructure which is formed by high temperature annealing in oxidizing
atmosphere. In order to obtain excellent electrochemical performance, a reducing

atmosphere is conducted during fabrication before reaction testing to minimize the
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defects. Reducing condition must also be specified to obtain successfully fabrication.
10%H, in N, at 800°C, overnight is the conventional reducing condition which

provides sufficient reducing of oxide and avoid possible ignition.

2.3.3.2 Electrochemical performance
Electrochemical performance of SOC is enhanced by metal-supported cell
design. To understand this improvement, metal supported-SOFC research is reviewed

and summarized in following subsections.

A) Current density

The one of electrochemical performance results which is taken first priority
for comparison and discussion is current density. It shows how much of current is
produced or consumed in reaction area by electrochemical reaction. In SOEC
operation, if current is highly consumed at low potential (above OCV), electrolytic
cell can provide great performance and produce high primary product. Table 11
shown summary of electrochemical performance of metal supported-SOC.

For consequence the effect of operating temperature, electrochemical
performance has efficiently proceeded at increasing of temperature followed
principle of thermodynamics. The trend of polarization curve along different

temperature is shown in Fig. 11.
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Table 11 Reviewing of electrochemical performance of metal supported-SOC
3 2 _
v < 2 8
, . 2 3 ) <
Cell configuration Feed gas © o £ on g
O c £ = Q@
o v ~ [e) [}
£ 5 > o
0]
[ (@
Fe26Cr/
97%H,/3%H,0 1073 22 0.7 [(56]
Ni-GDC/YSZ/LSCF
Ni-SDC infiltrated 430L
97%H,/3%H,0 1073 2 0.6 (48]
STS/SSZ/LSFSC infiltrated S5Z
Ni supported/
97%H,/3%H,0 1073 15 0.6 (50]
Ni-YSZ/YSZ/LSCF
NiFe/Ni-YSZ/YSZ/LSCF 97%H,/3%H,0 1073 07 0.6 [46]
Porous Ni/Porous STS/
979%H,/3%H,0 723 0.4 0.6 (57]
Ni-GDC/GDC/LSC-YSZ
1.2
\ —o—{800°C 1.2
1.0 —0—750°C | =
—A—700°C H1.0 ©
08 —v— 650°C |] s
e —o—600°C [10-8 >
o =
=) 1 7]
8 e 106 €
G A
> 04 {04 -
2
0.2 102 o
] o
0.0 1 1 1 1 1 1 1 0.0
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Current Density/A cm”

Figure 11

SSZ metal supported-SOFC measured at 600- 800°C [48]

Polarization curves of Ni-SDC infiltrated 430L STS/SSZ/LSFSc infiltrated
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B) Electrochemical impedance spectra (EIS)

Electrochemical impedance spectra or EIS provides all resistances which are
total resistance, ohmic resistance from all electrodes and polarization resistance.

Li et al. [44] studies the performance of Ni-Fe alloy supported SOFC by low
cost tape-casting. Their EIS result is shown in Fig. 12. It is found that resistances
decreases with increasing of temperature. The polarization resistances are gradually

low in which the cell is well fabrication. The ohmic resistances are also low.

-0.4

05
@ . 500°C (b) —=—Totl
+ 550°C —e—Ohmic
v 600°C 044 —&— Polarization
= 650°C
g 03
° 4 T T 8
G S 06 07 £ 02
N . I~
; 0.1
v e 0.0 r . ; .
0.4 500 550 600 650

Figure 12 Total (Ry), ohmic (RQ) and polarization (Rp) resistances of the Ni-Fe/Ni-
GDC/GDC/LSM-BSCF SOFC as a function of testing temperature
obtained from measured electrochemical impedance spectra at open

circuit voltage and various temperatures between 500 and 650°C [44]

C) Durability
Tucker [58] fabricates metal supported- SOFC that stainless steel as support.
Porous YSZ backbones for H, and O, electrodes are deposited on both side of dense

YSZ layer. Electrode catalysts are infiltrated to both backbones which are
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Lag 15510 sMNOs 5 (LSM) on the O, electrode side and 80 vol%Smg,Cey 0,8 -20 vol%

Ni (SDCN) on the H, electrode side as shown the SEM image in Fig. 13.

Stainless
Steel

Figure 13 SEM image of (a,b) polished cross section of STS/SDCN-YSZ/YSZ/L.SM-
YSZ/STS metal supported-SOFC structure after sintering and before

catalyst infiltration [58]

As results in Fig. 14, long term operation performance at 650, 700 and 750°C is
conducted by LSM and SDCN as infiltrated electrodes for O, and H, electrode,
respectively. It is not surprising that severe degradation of current density is obtained
at 750 °C. Coarsening of catalyst and increasing of Cr deposition in O, electrode are
found at higher temperature. It is also confirmed that this degradation must be
attributed to microstructure evolution by the stable of OCV in Fig 14(b). This stable
OCV is indicated that the sealing of cell is maintained along operation. Therefore,
700°C of operating temperature is chosen in other effect experiment.

Type of infiltrated catalyst on O, electrode side is investigated as results
shown in Fig 15. SDCN/SDCN cell provided stable operation than LSM/SDCN.
Although, LSM/SDCN cell displays higher electrochemical performance at initial

operation.
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Figure 14 Temperature-dependence of the initial cell stability of LSM/SDCN cell.

(a) Current density at 0.7 V and (b) OCV for cells operated

potentiostatically [58]
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Figure 15 Long-term operation: (a) Current density at 0.7 V for cells operated
potentiostatically at 700°C with LSM/SDCN (black) and symmetric
SDCN/SDCN (blue) catalysts. Current step polarization curves at 700°C
before (black) and after (blue) long-term operation for (b) LSM/SDCN

and (c) SDCN/SDCN [58]

2.4 Characterization

2.4.1 Cell Characterization

2.4.1.1 Rheology of slurries

Electrode slurry which is included electrode powders and additives is
characterized properties by rheological characterization. Slurry rheology is the one of
several factors which has impacted on the quality of casted layer on the substrate.
This performed as non-Newtonian fluid which their viscosity is varied dependent on
shear rate, shear stress and time. Therefore, general viscosity measurement is not
insufficient to identified the slurry characterization [55]

Consequence of non-Newtonian fluid of slurry, steady-state properties is used
as analysis data in slurry characterization. Shear stress at any shear rate is implied by

rheometer in the analysis process as shown in Fig. 16.
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(a) Viscosity N at a shear rate of 0.01 s, (b) Viscosity N at a shear

rate of 15, () Storage modulus G/, (d) Damping factor G"/G" and (e)

Physical yield stress [55]
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Meakin and Hukins [59] investigate the rheological properties of poly(2-
hydroxy methacrylate) (pHEMA) as a function of water content which is non-
Newtonian fluid. The characterization is conducted by rheometer analysis. The

schematic of rheometer is shown in Fig. 17.

Humidity cover

HE

/

| Hydrogel sample

25 mm diameter plate

ol ."S ]S 1[
- ——Peltier system

Figure 17 Schematic of rheometer [59]

The rheometer system consisting of a fixed plate (Peltier plate) in which
sample is placed, and an upper rotating plate on sample which is controlled gap
distance between two plates and the sample. Excess sample around plate is then
trimmed away by small blade. Example of station testing after trimming is shown in
Fig. 18. Shrivastava [60] also summarizes the effect of parameters on viscosity curve

as shown in Fig. 19.

[T — ottt o — ) BB — AR
YT T TTFTIFTTTIETANN T T TTTTTTTT TN T T T T ITTITFTITIIS

Under-filling Over-filling Correct filling

Figure 18 Proper loading of sample after closing the gap for cone and parallel

plate geometry systems [61]
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Figure 19 Effects of various parameters on different section of a typical viscosity

curve [60]

2.4.1.2 SEM-EDX

Scanning electron microscope or SEM is an electron microscopic instrument
which is allowing morphology image of specimen. Abd Mutalib et al. [62] report the
principle of SEM. They summarizes that an image is produced by reaction of electron
beam and sample surface. SEM configuration is included electron source,
electromagnetic lenses, electron detector, sample chamber, and the computer

display as shown in Fig. 20.

Anode
Condenser
Lens
Electron

Condenser y & Beam
Lens : '

Objective
Lens

Sample
Chamber

Figure 20 SEM Configuration [63]
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In the meanwhile, energy dispersive X-ray spectroscopy or EDX is quantity
analysis which is the detective instrument for element mapping of sample. EDX is
detected elements that possess higher atomic number more than Boron. Therefore,
element composition and their position on specimen are obtained by this technique.

Application of SEM-EDX in ceramic material is basic technique for morphology
characterization. Nickle oxide (NiO) and cerium gadolinium oxide (CGO) are identified
by the different contrast image between both elements in respective layers (Fig. 21).
Element mapping which is characterized by EDX is also obtained by a plot of relative
elemental distribution along a horizontal line in the scan area of the sample as

shown in Fig. 22.

Electrolyte

Figure 21 Difference in contrast of the NiO and CGO is visible with the darker

particle denoting NiO [63]
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Figure 22 Energy dispersive X-ray analysis of different points in the same scan

area showing different elemental composition of each points [63]
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2.4.1.3 XRD

X-ray Diffractometer (XRD) is an instrument for crystalline analysis of sample.
This technique is dominated by X-ray diffraction in crystalline plane as shown in Fig.
23. Each crystalline phase consist of different unit cells. When X-ray diffracted to
lattice planes, the absorbed energy of detective ray is identified as peak pattern (Fig.
24) for each crystalline structure. The crystalize size is calculated by Scherrer’s

equation as shown in Egs.(11) and crystalline phase pattern.

bA
D cos@

FWHM(20) = (11)
where FWHM is the full wide of the highest peak in XRD analysis pattern, 20 is the
scattering angle in radians, A is the wavelength, b is the constant value which is 0.89
or 0.94 depending on function of fitting in pattern and D is the dimension of the

crystallites.

Figure 23 X-ray diffraction in crystalline structure [64]
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Figure 24 Diffraction peak and information content [64]

24.1.4 TGA

Thermogravimetric analysis or TGA is the technique involved the mass change
of substance under controlled condition. It uses for thermal circumstances
investigation such as oxidation, reduction and decomposition. TGA can be also
utilized in chemical reaction for kinetics determination.

Loganathan et al. [65] review that there are several factors that influence to
mass changing during analysis process. The factors are consist of 1) amount of
sample, 2) physical structure of sample, 3) sample holder, 4) nature of analysis

atmosphere, 5) pressure and 6) heating or cooling rate condition. A general schematic

of TGA station is shown as Fig. 25.
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Figure 25 Schematic of TGA station [65]

TGA application in capability of oxidation is used in this research for substrate
and electrode characterization. Waldbillie et al. [66] investigate the effect of Ni
content in fine anode structure on oxidation rate by TGA technique. The TGA curve is

shown as Fig. 26. Condition for analysis is controlled at 750°C in air.
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Figure 26 Re-oxidation TMA of fine structured anode sample [66]
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24.1.5 UTM

In order to understand the mechanical properties of substrate, universal
testing machine is used in the investigation of stress-strain curve. A typical stress-
strain curve is shown in Fig. 27. Some critical point which is represented matter
behavior is also indicated. The detail of each critical point is referred as following
(60];

1) Point A as “Proportional limit”

2) Point B as “Elastic limit”

3) Point C as “Yield point”

4) Point D as “Ultimate point”

5) Point E as “Break point”

6) Point F as “Strength at yield”

7) Point G as “Elongation at yield”

8) Point H as “Ultimate strength”

9) Point K as “Strength at break”

70 L L L L " L 70

Stress (MPa)

Strain/elongation (%)

Figure 27 Typical stress-strain curve of a semi-crystalline material with some

critical measuring points [60]
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Cho et al. [46] study the mechanical property of thin metal supported- SOFC.
This is conducted by 3-point bending testing that shown as Fig. 28. The cell is placed
on the gap between a metal jig. A load with constant movement speed is applied

above the cell to generate the stress-stain curve of action.

Figure 28 Photo images of the setup for 3-point bending test of cell [46]
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CHAPTER IlI

EXPERIMENTAL

In this research, Nickle-Iron alloy supported solid oxide electrolysis cell (SOEC)
was fabricated by wet chemical coating and firing process that included tape casting,
dip-coating and screen-printing for H, electrode, electrolyte and O, electrode
respectively. The experiment for fabrication divided into 3 parts: Fabrication and
characterization of electrolyte-supported, Ni-Fe-alloy-foam supported SOEC and
cathode-supported SOEC. Investigation of electrochemical performance of fabricated

cell was also part of this experiment.

3.1 Fabrication and characterization of electrolyte-supported SOEC

Scandium cerium- and gadolinium-doped zirconia (Sco1Ceg05Gdg 052108902, SCGZ)
was fabricated into an electrolyte-supported SOEC. Three grams of SCGZ powder
(Kceracell, Chungcheongnam-do, Republic of Korea) were pressed at 24 MPa into a
pellet with diameter of 25 mm and thickness of 1.4 mm. The pellets were then
sintered at 1373 K to 1673 K for 4 h. The electrolyte pellet with sintering additive
was fabricated using the same method when 0.5 wt.% CuO was added into the SCGZ
staring powder. The relative density of the sintered electrolyte pellet was calculated

following Equation (12).

_ _ Actual density
Relative density = _ — X 100 (12)
Theoretical density
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where actual density is the bulk density of sintered cell. The theoretical density was
obtained by lattice parameter from X-ray diffraction (XRD) analysis (Bruker D8
Advance, Massachusetts, US).

Platinum (Pt) conductive paste (70 wt.% Pt, Nexceris) was coated on the both
sides of the electrolyte pellet as electrodes with thickness and area of ~30 ym and
~0.5 cmz, respectively. The schematic of cell component was shown as Fig. 29. The
cell was then fired at 1173 K for 2 h. It should be noted that the choices of
electrode used depend on the deposition technique, the operating temperature, and
the type of conductivity. Using gold or platinum as working electrode was reported
to perform well at high temperature but below 873 K they are relatively blocking
oxygen [27].

Phase and crystallite size of sintered electrolyte were determined using XRD with
CuKOl source (Bruker D8 Advance, Massachusetts, US). The microstructure of the
samples was investigated using SEM (Hitachi S-3400N JEOL model S-3400, Tokyo,

Japan). The average grain sizes were calculated by linear intersection method.

(b)

Pt electrode
(Thickness ~30 um)

SCGZ Electrolyte
(Thickness ~1.4 mm)

f

Pt electrode
(Thickness ~30 um)

Figure 29 Schematic drawing of electrolyte-supported SOEG; (a) top view, (b)

side view
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3.2 Fabrication and characterization of Ni-Fe-alloy-foam-supported

SOEC

In order to fabricate an alloy foam supported SOEC, electrode slurries were
prepared by mixing of starting powder, solvent, and other additives. Each electrode
layer was layer-by-layer coated on the foam support by wet chemical coating

technique.

3.2.1 Preparation of alloy foam support

The Ni-Fe (60:40) alloy foam (Tmax Battery Equipments Limited, People's
Republic of China) having a 5-130 ppi porosity, 25 mm diameter and 1 mm thickness
was used as the support. The alloy foam was cut into disc and was punched in
vertical direction to increase packing density and reduce surface roughness.

The oxidation tolerance of the support materials was measure in term of
degree of oxidation (DoO) which was done at 1073 K under atmosphere. The degree

of oxidation of supports was calculated following equation (13):

DOO(%) — moxidized(t)—minitial
Moxidized —Minitial
(13)

when Mggized(t) is the mass of sample at a certain time during analysis. Mjyia and
Moidized are the mass of sample at the initial and final of the oxidation, respectively.
The change in mass of the alloy foam support was also determined for the samples
after firing at 1573 K to 1673 K as well as the samples after firing and subsequently
reducing in 10 vol.%H, at 1073 K for 12 h. Stress-strain curves of the alloy foam

support were also identified by universal testing machine (UTM, ASTM D695, USA).
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3.2.2  Preparation of cathode slurry and fabrication of the cathode layer

NiO (Sigma-Aldrich, USA) and Scg1Ce05Gdg 0521080, (SCGZ, Kceracell, Republic
of Korea) were used as cermet starting powder. For cathode slurry, the cermet
powder was mixed with toluene-ethanol binary solvent and polymeric additives.
Terpineol (Sigma-Aldrich, USA), and polyethylene glycol 400 (PEG 400, Sigma-Aldrich,
USA) were used as dispersant and plasticizer, respectively. The slurry was mixed using
zirconia ball-milling at room temperature for 24 hr. After that, cathode slurry was
coated layer-by-layer on the alloy foam support at which cathode green layers were
formed as multi-layers with a gradient of solid content ranging from 50-70 wt.%. High
solid content provided viscous slurry wad deposited as the first layer on the support.
The viscous slurry could build a thick layer on the alloy foam to prevent slurry
sweeping through the highly porous structure. The lower solid content slurries were
then coated on top to create a smooth surface layer. NiO content in the slurry
(NiO:SCGZ) was also varied ranging from 60 to 75 wt.% to obtain thermal expansion
coefficient gradient in the cathode layers. The gap between blade and surface
deposition was 100-200 FIm. The coated green cathode layers on the alloy foam
support was dried and fired at 1373 K, 2 h (1 Kmin ) with uniaxial loading 0.5 kecm

to prevent internal stress and rapid shrinkage which introduced a defect in the cell.

3.2.3  Preparation of electrolyte slurry and fabrication of the electrolyte

layer

The SCGZ electrolyte powder was mixed with 0.5-1 wt.% of CuO as sintering
additive (Sigma-Aldrich, USA). The electrolyte slurry was prepared by mixing the
powder with xylene-butyraldehyde solvent and polyvinylpyrrolidone (PVP, Sigma-

Aldrich, USA) at 343 K for 24 h. Polyvinyl butyral (B-98, Sigma-Aldrich) and PEG 400 as
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binder and plasticizer, respectively, were then added and stirred for another 24 h.
The electrolyte slurry was deposited on the cathode layer by dip-coating. The half-
cell was sintered at 1623 K for 4 h with the same uniaxial loading in the cathode

firing process. Thin electrolyte layer (~30-50 Mm) were formed.

3.2.4 Preparation of anode slurry and fabrication of the anode layer

BaosSrosCopsFeq 05 g (BSCF, Kceracel, Republic of Korea) was used as anode
material demonstrating the high electronic and ionic conductivity [43]. The anode
slurry which was contained BSCF powder and terpineol at weight ratio of 1 to 1 was
coated on the sintered cell by screen-printing with ~0.5 cm’ electrode active area.

The viscosity of cathode and electrolyte slurries was determined using a
rheometer (TA Instruments,USA) with a 25mm diameter steel disk plate. Viscosity-
shear rate curves were obtained by sweeping shear rate from 0.02 to 70 s with the
gap between plates at 500 Jm. Thermal behavior of green layers was investigated
with the weight loss and the heat of reaction between 298-1273 K using thermal
gravimetric analysis (TGA, TA Instruments SDT Q600, USA). The microstructure and
morphology of the fabricated cell was performed by scanning electron microscopy

(SEM, Hitachi S-3400N JEOL model S-3400, Tokyo, Japan).

(a) ()

Ancde : BSCF

I* . oot 56 _ e 15052
3 -

0

Substrate : NiFe foam

I 25 mm |

1
Figure 30  Schematic drawing of Alloy foam-supported SOEC
;(a) top view, (b) side view [67]
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3.3 Fabrication and characterization of cathode-supported SOEC

NiO (Sigma-Aldrich) and SCGZ cermet powder in a weight ratio of 60:40 were
ball-milled for 24 h in ethanol medium. After that, the slurry was dried at 105°C,
overnight to obtain green powder. A cermet pellet in 25 mm diameter was fabricated
by uniaxial compression with 3 g of green powder at the same condition in section
3.1. The green body was fired at 1,100 °C, 2 h. SCGZ electrolyte slurry was then
coated on fired pellet and sintered at 1,450 °C, 4 h. Heating rate for both annealing
process was 5 *C/min. BSCF anode was prepared by screen printing on sintered half-
cell. The morphology of fabricated cells is investigated using SEM (Hitachi S-3400N

JEOL model S-3400, Japan).

3.4 Electrochemical performance measurement

3.4.1 Electrochemical performance measurement of electrolyte-

supported SOEC Fabrication

Electrochemical performance was measured in a controlled temperature from
873 K to 1173 K with the feed containing steam and hydrogen at the ratio of 70:30.
The fabricated cell was attached with Pt mesh and wire (Kceracell,
Chungcheongnam-do, Republic of Korea) for electrical connection. The cell was
placed on a cell holder with high temperature sealant (Ceramabond 552, Aramco,
Houston, TX, USA). The holder was installed inside a vertical furnace (Chavachote,
Bangkok, Thailand). HPLC liquid pump (Teledyne SSI , State College,

Pennsylvania,US)was used to supply deionized water through a heated-pipe for
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steam generation in the system. Linear sweep voltammetry procedure was applied

to generate current/voltage (I-V) curves by controlling the potential from 0.4 V to 1.8

V with a scan rate of 20 mstl (Metrohm Autolab, Utrecht, The Netherlands).
Resistance was determined by the slope of current-voltage (I-V) curves and the

conductivity of fabricated cell (O) was then calculated using Equation (14).
O =L/RA (14)

where O is the conductivity (S cmfl); L is the thickness of fabricated cell (cm); R is
the cell resistance (Q); and, A is the area of electrode (cmz).
The activation energy of conduction (E,) was obtained by using Arrhenius,

Equation (15) with conductivity value as mentioned above.

oT =A- exp(—R—;‘ (15)

where O is the conductivity (S cm_1); T is the absolute temperature (K); A is a
constant; E, is the activation energy of conduction (J moL_l); and R is the gas
constant (8.314 J K mol ). It should be noted that the activation energy of
conduction in this study was calculated from |-V curves ranging from open circuit
voltage to 1.8 V. The slope of |-V curve is total resistance, which includes electrode
resistance. The |-V slope was not constant and was derived using a linear regression
with R-squared (R) ranging from 0.90-0.97. In this study, Pt was applied as both
electrodes (Pt/Electrolyte/Pt) and was expected to provide rather low resistance at

operating conditions.
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3.4.2 Electrochemical performance measurement of Ni-Fe-alloy-foam-
supported SOEC

Platinum (Pt) conductive paste (70 wt.% Pt, Nexceris), mesh and wire
(Kceracell, Republic of Korea) were attached on the both side of fabricated cell for
electrical connection. The fabricated cell was installed in test station consisting of
alumina cell holder with high-temperature sealant (Ceramabond 552, Aramco, USA)
inside a furnace (Chavachote, Thailand). The detail setup can be found in our
previous work [20]. The electrochemical performance was measured at 873-1173 K
with feed containing 60-80 vol.% of steam at constant hydrogen content (20 vol.%
H,, balanced N,). Deionized water was supplied for steam generation using high
performance liquid chromatography pump (Teledyne SSI, USA). A heated-tube was
used as steam generator. A potentiostat (PG310 Metrohm Autolab, Netherlands) was
used to evaluate the cell performance. Linear sweep current technique was applied
to generate polarization curves by potential applying from 0.4 V to 1.8 V with a scan
rate of 20 mVs . Electrochemical impedance spectroscopy (EIS) analysis were
performed in both electrolytic mode (0.6 V) and galvanic mode (1.1 V) with excitation
in the frequency ranges were investigated from 0.1 MHz to 0.1 Hz using a sinusoidal
signal amplitude of 0.01 mVrms. In addition, the durability of the fabricated cell was
investigated using chronopotentiometry technique at 800°C with 70 vol.% of steam

for 10 h.
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SCGZ powder CuO 0.5wt.% of starting powder
V V
Ball-milling with zirconia ball at 250 rpm 24 h | « Ethanol
V
Drying at 378 K, overnight
SCGZ with sinteriig additive powder
3 grams 3 grams

Uniaxial compression into a pellet at 24 MPa, 30s

!

Sintering at 1373- 1673 K, 4 h (10°C/min)

V

Coating conductive layer on both side with Pt paste

\’

Firingat 1173 K, 2 h

V

Electrolyte-supported SOEC
(Pt/SCGZ/Pt SOEC)

Figure 31

The fabrication procedure of electrolyte-supported SOEC
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Ball-milling with zirconia ball at 250 rpm 24 h
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Drying at 378 K, overnight
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Cermet powder (NiO:SCGZ in 60:40 weight ratio)
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Uniaxial compression into a pellet at 24 MPa, 30s

}

Firing at 1373, 2 h (5°C/min)

V

Electrolyte dip-coating | <= SCGZ Slurry

v

Sintering at 1723 K, 4 h

V

Half cell

Screen printing of anode layer | <— BSCF Slurry

v

Cathode-supported SOEC
(Ni-SCGZ/SCGZ/BSCF SOEC)

Figure 32

The fabrication procedure of cathode-supported SOEC
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NiFe Foam

\%

Cutting into a pellet (25 mm diameter)

\/

Uniaxial compression to increase packing density

\%

Firing at 1073 K, 1 h (10°C/min)

\/

Oxidized foam substrate

Casting 1% cathode layer

<— Cathode Slurry

<— Cathode Slurry

<— Cathode Slurry

<— SCGZ Slurry with CuO

\%
Drying at room temperature, 30 min
v
Casting 2™ cathode layer
\%
Drying at room temperature, 30 min
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Casting 3" cathode layer
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Drying at room temperature, 30 min
v
Firing at 1373 K, 2 h (5°C/min) under loading
\%
Electrolyte dip-coating
\%
Sintering at 1673 K, 4 h under loading
\%
Half cell

Screen printing of anode layer

<— Anode Slurry

\/

Alloy foam-supported SOEC (NiFe foam/Ni-SCGZ/SCGZ/BSCF SOEC)

Figure 33

The fabrication procedure of Alloy foam-supported SOEC
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CATHODE SLURRY PREPARATION

NiO SCGz Toluene:Ethanol

l l (ﬁi 1)

Ball-milling with zirconia ball at 250 rpm 24 h

\/
— PEG 400
Another Ball-milling 24 h < a-terpineol
\/

Cathode Slurry

ELECTROLYTE SLURRY PREPARATION

SCGZ CuO* Solvent Dispersant
l l (Xylene and Butyraldehyde) (PVP)
\% \%
Mixing with magnetic stirrer at 343 K 24 h
M _
— Binder (B-98)
SNOHeRIXiag 24 h <= Plasticizer (PEG 400)
\%
SCGZ Slurry

*In case of SCGZ with sintering additive, CuO was added to slurry

ANODE SLURRY PREPARATION

BSCF: a-te(ﬁ)ineol (1:1)

Well mixing

\Z
Anode Slurry

Figure 34 The preparation procedure of electrode slurries
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CHAPTER IV

RESULTS AND DISCUSSION

4.1 Effect of CuO as sintering additive in different sintering

temperature on the electrolyte densification

4.1.1 Densification of the electrolyte-supported SOEC

SEM images of SCGZ electrolyte with and without 0.5 wt.% CuO sintered at
varied temperature from 1423 K to 1673 K are presented in Fig. 35 and 36,
respectively. The microstructure images reveal that the SCGZ without the sintering
additive could not be densified although high sintering temperature was used.
Porosity were observed all over the SCGZ without the sintering additive. Grain
boundary was observed from 1623 K but the grain size was rather small. The porosity
decreased when the sintering temperature was increased. However, the relative
density of the SCGZ without the sintering additive was only <90%, although high
sintering temperature was increased up to 1673 K. On the other hand, densification
and larger grain size were observed in the sample with the sintering additive. The
grain growth was observed when increasing sintering temperature (Table 12). The
added CuO could diffuse along the grain boundary and substituted in the vacancy
position of the microstructure. Myung et al. [68] investigated CuO (0.3 wt.% to 1.5
wt.%) as sintering additive in yttria-stabilized zirconia (YSZ) sintering between 1423 K
to 1673 K. It was reported that 0.5 wt.% of CuO is the optimal amount providing the

highest densification. Amount of optimal CuO additive at 0.5 wt.% was the same for
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YSZ and SCGZ, likely because both materials are zirconia-based electrolyte. However,
although having same optimal CuO amount, YSZ requires relatively higher sintering
temperature (1623 K) when compared with SCGZ (1573 K) at the same sintering

additive amount.

$3400 15.0kV 7.8mm x6:00k SE

$3400 15.0kV 6.2mm x6.00k SE

Figure 35 Scanning electron microscope (SEM) images of sintered
SCO.1ceo_056d0_05zr0.8902 (SCGZ) at (a) 1423 K, (b) 1473 K, (c) 1523 K, (d)

1573 K, (e) 1623 K, and (f) 1673 K.
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53400 15.0kV.7.4mm x6.00k SE 5.00um [l S3400 15.0kV 7.8mm x6.00k SE

$3400 15.0kV 7.6mm x6.00k SE 5.00um

$3400 15.0kV 6.1mm x6.00k SE

Figure 36 SEM images of sintered Scg1Ceg 0sGdo 05210890, (SCGZ) with 0.5 wt.%
CuO at (a) 1423 K, (b) 1473 K, (c) 1523 K, (d) 1573 K, (e) 1623 K, and (f)

1673 K
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Table 12 Average grain size of sinterted Scy;Ceq05Gdg 0520850, (SCGZ)
electrolyte and sintered SCGZ electrolyte with 0.5 wt.% CuO when

sintering temperature was varied.

Sintering Temperature (k) Average Grain Size (|.lm)
SCGZ | 5cGZ with 0.5 wt.% CuO
1423 3 158
1473 / 266
1523 1.04 5.02
1573 1.20 5.11
1623 1.51 3.32
1673 2.28 3.77

Adding 0.5 wt.% CuO enhanced the densification of SCGZ. The relative
densities of the fabricated cells are presented in Fig. 37 The SCGZ without sintering
additive provided rather low relative density (<90%) at all sintering temperatures,
corresponding to porosity observed in the SEM images. The SCGZ with 0.5 wt.% CuO
could be densified at lower sintering temperature. Increasing sintering temperature
from 1423 to 1673 K could help increase the relative density of the fabricated cell.
The cell was densified at 95% relative density at 1573 K respect to other sintering
temperature. It was reported that CuO exhibit relatively low melting point (around
1599 K) and can enhance sintering by pore filling during liquid phase sintering[69].
Increasing temperature above 1623 K was found to decrease the relative density of

the fabricated cell, likely relating to the liquid phase sintering.
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Liou et al [70] studied the effect of CuO as sintering additives on CaTiOs
perovskite ceramics. Liquid phase sintering at grain boundary is found at sintered
sample at 1723 K for 6 h and increases significantly when increasing sintering
temperature to 1743 K. However, liquid phase did not occur when increasing
sintering temperature up to 1773 K for 6 h, leading to less densification. Moreover,
sintering soak time was increased to 8 h at 1723 K| liquid phase sintering significantly
increases when compared with 6 h. A proper sintering temperature and soak time are

important factors affecting the densification of the sample.

N SCGZ
% 95 [ 18CGZ/0.5t CuO
92
90 90
L 88
. 88 86 87
E 84 . 85
lal
E 80
T 80
(]
x
1 74
72 4

1423 1473 1523 1573 1623 1673

Sintering Temperature (K)

Figure 37 Relative density (%) of the SCGZ pellet and the SCGZ pellet with 0.5

wt.% CuO when the sintering temperature was varied.
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4.1.2 Phase identification

XRD patterns of the SCGZ pellet sintered at 1673 K and the SCGZ with 0.5
wt.% CuO pellet sintered at 1523 K are shown in Fig. 38. The XRD patterns included
main peaks at (111), (200), (220), (311), and (222) planes (COD Database ID: 1529100).
Impurity phase was not detected. The XRD patterns of two samples were identical in
term of the peak positions. Shifting in peaks position of the XRD patterns was not
detected. This result could confirm that CuO did not form into a solid solution with
SCGZ but well-mixed with SCGZ as a composite form. This results corresponded to
the previous work [71]. It should be noted that CuO peaks were not detected, likely
due to small amount of CuO in the sample. The average crystallite sizes were 184
nm and 202 nm for SCGZ sintered at 1673 K and SCGZ with sintering additive
sintered at 1523 K, respectively, corresponding to the work that reported higher

densification provided a larger grain size leading to a larger crystallite size [72].

(111)

(a) SCGZ_0.5wtCuO_1523 K

(220)

(311)
(200)

222
(L)

INTENSITY (Arb. Unit)

(b) SCGZ_1673 K

! L.

T T T T T T T T T
20 30 40 50 60 70

26 (Degree)

Figure 38  The X-ray diffraction patterns of (a) sintered SCGZ at 1673 K and (b)

sintered SCGZ with 0.5 wt.% CuO at 1523 K.
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4.1.3 Activation Energy of Conduction

The electrochemical performance of the SOEC was evaluated. Linear sweep
voltammetry was from 873 K to 1173 K under a constant steam to hydrogen ratio
(70:30). The |-V curves of the cells having SCGZ electrolyte without and with CuO
addition are shown in Fig. 39 and 40, respectively. The conductivity and activation
energy of conduction are presented in Fig. 41. It can be seen that the conductivity
increased with increasing operating temperature. The activation energy of conduction
(Ea) was 72.34 kimol " and 74.93 kJmol for SCGZ and SCGZ with CuO, respectively.
In this  study, adding 05 wt% CuO did not significantly a
ect the conductivity of the electrolyte. The use of CuO as sintering additive in various
ceramic electrolytes has been reported differently. It was reported that adding CuO
can lead to ionic and electrical properties modification [68, 73-77]. Zhang et al [77]
found that addition of 1 wt.% CuO improved the sinterability of Smg,Cerg0; 4 (SDC)
electrolyte. The SDC could be densified even at lower sintering temperature than
1273 K but the ionic conductivity was also decreased as a result of microstructure
alteration. On the other hand, 0.5 mol% of CuO as sintering additive could provide
high ionic conductivity and insignificant change in the activation energy of conduction
for gadolinium-doped ceria (GDC) electrolyte [78]. In this study, 0.5 wt.% CuO was
used as a potential sintering additive for SCGZ electrolyte in SOEC, decreasing the
sintering temperature without any significant change in the activation energy of

conduction.
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Figure 39 The |-V curves of the SCGZ electrolyte-supported SOEC conducted

from 873 K to 1173 K under a constant steam to hydrogen ratio

(70:30)
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Figure 40 The I-V curves of the SCGZ with 0.5wt.% CuO electrolyte-supported
SOEC conducted from 873 K to 1173 K under a constant steam to

hydrogen ratio (70:30)
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Figure 41 Activation energy of conduction (Ea) for the SOEC having SCGZ

electrolyte and 0.5 wt.% CuO-added SCGZ electrolyte

4.2 Fabrication of Ni-alloy-foam-supported solid oxide electrolysis cell

(SOEQ)

4.2.1 Thermal behavior of the cathode and electrolyte layers

4.2.1.1 Thermal gravimetric analysis of the green layers

The decomposition of solvent and additives in the cathode and electrolyte
slurry during heat treatment was one of the parameters that significantly affect the

cell fabrication. This process results in a shrinkage of green layer during the firing
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process. The defect formation such as cracking, peeling, and bending can occur.
Therefore, thermal behavior of the green cathode and electrolyte layers can help
determine suitable heat treatment conditions suppressing the defect in cell during
the fabrication.

Fig. 42 and 43 present thermal behavior of the green cathode and electrolyte
layers, respectively. For the green cathode layer, slurry vehicle consisted of toluene,
ethanol, terpineol and polyethylene glycol (PEG 400).The binary solvent system of
toluene and ethanol is commonly used in slurry composition of tape-casting
technique for defect-free electrodes tape fabrication. The solvent plays critical key
role of powder solubility and dispersion in slurry [79]. Homogeneity of the slurry is
not only dominated by the solvent but also the dispersant. The nature of dispersant
contains the stable suspension of particle with steric stabilization and hindrance.
Terpineol is an effective dispersant which was reported to increase the density and
flexibility of green YSZ tape [80]. PEG 400 is also used as a promising plasticizer in
SOFC fabrication. PEG 400 is also used as a surfactant that provides easy casting or
screen-printing of green ceramic layer [55].

As presented in Fig. 42, the mass loss of the green cathode initially occurred
from 313 K to 453 K, corresponding to ethanol and toluene evaporation. The mass
loss between 453 K to 673 K was corresponded to a decomposition of terpineol and
PEG 400 with two exothermic heat flows observed on the DTA curve [15].

Similarly, the mass loss of green electrolyte layer was observed at the same
temperature range to that of the green cathode (Fig. 43). Xylene and butyraldehyde
were used as solvents in the electrolyte slurry. Polyvinylpyrrolidone (PVP), polyvinyl
butyral (B-98) and PEG 400 were also used as dispersant, binder and plasticizer,
respectively. This polymeric slurry was formulated in our previous work for YSZ

electrolyte dip-coating [20]. A rapid mass loss was also shifted from 453-673 K in the



cathode slurry to 406-615 K in the electrolyte slurry, corresponding to decomposition

of PVP, B-98 and PEG 400.
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4.2.1.2 Sinterability of dip-coated electrolyte layer

In metal supported cell, the electrolyte sintering temperature should be
sufficiently low in order that the metal substrate does not deform during the
sintering. However, low sintering temperature resulted in a low densification of the
electrolyte layer. In our previous work [81], 0.5 wt.% CuO was therefore added as a
sintering additive in the SCGZ electrolyte pellet to gain a sufficient densification
(>95%relative density with average grain size of 3 [Um) at relatively lower sintering
temperature (1523 to 1573 K) when compared with bare SCGZ electrolyte. The
sintering temperature of SCGZ with CuO additive insignificantly affected the
microstructure and electrochemical performance of the SOEC. In this present study,
the electrolyte was deposited by dip-coating, not compressing and molding of
starting powder as used in previous work. It was found that different techniques in
electrolyte fabrication resulted in different electrolyte densification. For the dip
coating, the electrolyte slurry contained solid particles which are suspended in the
polymeric solvent. The rheology and solid packing of the green layer were influenced
by various parameters such as solid content, solvent, heating rate and soak time
during drying [14].

As presented in Fig. 44, although 0.5 wt% CuO-SCGZ prepared via
compressing and molding technique exhibited densified electrolyte layer after
sintered at 1523-1573 K [81], the same electrolyte layer prepared via dip-coating
technique did not achieve sufficient densification. Porous structure was observed.
Average grain size could not be determined in this condition. The CuO content was
then increased from 0.5 to 1.0 wt.% while maintain sintering temperature at 1573 K.
It was found that when sintered at 1573 K, the electrolyte densification did not

significantly change with increasing CuO content. Conversely, increasing the firing
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temperature to 1623 and 1673 K significantly increased the electrolyte densification.
The SEM images show the electrolyte average grain size at 4.03 and 4.28 um for

sintering at 1623 and 1673 K, respectively.

Figure 44 Sinterability of dip-coated electrolyte layer with 0.5-1 wt.% of CuO as

sintering additive in SCGZ at various sintering temperature.
4.2.2 Degree of oxidation of the Ni-Fe-alloy foam supports

Hydrogen production from steam using SOEC was conducted in oxidizing
atmosphere at the cathode side. The cell compartment at this side faced severe
oxidizing conditions due to high steam content. Degree of oxidation tolerance is
therefore an important parameter for material candidates as the cathode and the
support. In this study, degree of oxidation of Ni-SCGZ (60:40) cermet and Ni-Fe alloy

were investigated by TGA analysis as shown in Fig. 45. It was found that oxidation
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tolerance of Ni-Fe alloy were higher than Ni-SCGZ cermet. The oxidation of the Ni-Fe
alloy completed within 1 h. In contrast, it took Ni-SCGZ only a few minutes to reach
a completed oxidation. Moreover, different Ni and Fe content provided different
oxidation rate. The Ni-Fe alloy with weight ratio at 60:40 revealed a lower oxidation
rate than Ni-Fe alloy with weight ratio at 50:50, corresponding to the work of Zhu J.H.
et al [82] which reports that increasing Ni content decreased the oxidation rate of the
Ni-Fe alloy. Li K. et al [44] also observes the redox tolerance of Ni-Fe supported in
solid oxide fuel cell. Oxide scale, possibly NiFe,Oq4, was identified on inner surface
scaffold of porous Ni-Fe. This oxide scale formation prevents inward oxidation of
alloy metallic inside scaffold attribute to a great oxidation resistance of the Ni-Fe
support. In this study, Ni-Fe alloy foam with the ratio of Ni to Fe at 60:40 wt.% was

therefore chosen as the support for the SOEC.
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Not only facing severe oxidizing conditions in electrolysis operation, the
support also faced the firing process in the cell fabrication. The firing process formed
oxide compounds and decreased the mechanical property of the support material.
Therefore, effect of various firing temperatures on Ni-Fe (60:40) foam support was
also investigated. The Ni-Fe foam was fired at different temperatures (1573 K to 1673
K) in atmosphere — referred as ‘fired foam’. The fired foam was then reduced in 10
vol%H, at 1073 K for 12 h — referred as ‘reduced foam’. The mass changing of the
fired foam was calculated by the ratio between increasing weight after firing to the
initial weight of the foam. The mass changing of the reduced foam was then
calculated by the ratio between increasing weight after reducing to the initial weight
of the foam. As presented in Table 13, it can be seen that the Ni-Fe foams were
converted to close amount of oxide compound after firing at different temperatures.
The stress-strain curve of all Ni-Fe foams was presented in Fig.46. The fired foam was
more brittle and less flexible than unfired foam and the reduced foam. It was likely
that the oxide scale forming after firing decreased the strength of the foam. However,
the mass changing after reducing process revealed the fired foams were completely
reversed to the Ni-Fe alloy foam with mass changing <0.1 wt.% based on the initial
weight of the unfired foam. Reducing condition after the fabrication process was

considerably dominated the mechanical property and microstructure of the support.



78

Table 13 Mass changing of Ni-Fe-alloy foam after firing at different temperature

and after reducing in 10 vol%H, at 1073 K, 12 h.

Mass changing (wt.%)

Firing temperature (K) | (based on the initial weight of pre-fired foam)

After firing process | After reducing process
1573 39.68
1623 38.53 <0.1
1673 39.29
6

—O=— Unfired foam

Fired foam at 1573 K

Fired foam at 1623 K \
] Fired foam at 1673 K
—(— Reduced fired foam at 1573 K &
—/— Reduced fired foam at 1623 K
—— Reduced fired foam at 1673 K

~
1

Compressive Stress (Nmm™)
N

. : , .
0.00 0.02 0.04 0.06
Strain

Figure 46 Stress-strain curve of Ni-Fe-alloy foam in different firing process
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4.2.3 Fabrication of alloy-foam supported SOEC

4.2.3.1 Formulation of the cathode having a gradient of viscosity and

thermal expansion coefficient

Microstructure of the alloy foam with high porosity was one of the key
challenges in the cell fabrication. In order to produce a thin cathode layer on a
highly porous foam structure by wet chemical coating technique, viscosity of the
cathode slurry played a critical role. The first layer of the cathode was considered.
The first cathode layer could prevent sweeping of slurry through the porous structure
in the sequence coating. The first layer also acted as a bonding between the cathode
functional layer and the alloy foam substrate. Therefore, the first layer of the
cathode should have high viscosity as well as close thermal expansion coefficient
(TEC) to the Ni-Fe alloy foam support. The first cathode layer deposition on the Ni-Fe
foam was investigated by varying the solid content in the cathode slurry and the
cermet composition (Ni-SCGZ). The solid content was varied from 50-80 wt.% The
SEM images of the first cathode layer and the Ni-Fe foam after heat treatment are
presented in Fig 47. It was found that 70-80 wt.% solid content in the cathode slurry
produced a thin cathode layer attached on the foam substrate. However, 70 wt.%
solid content was chosen in this study, considering an easy casting and a smooth
surface. The cathode slurry with 40-50 wt.% solid content could produce smoother
surface because of lower viscosity but the slurry swept through the porous structure.

The heat treatment of the fabricated cell was accompanied by a certain
shrinkage of each layers due to TEC mismatching between the Ni-Fe alloy foam
support and the ceramic material. To reduce the TEC mismatching, which resulted in

detachment of the layers, the green cathode was divided into 3 layers with different
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cermet and solid content, leading to a gradient of TEC in the cathode. High Ni
content slurry (75:25 weight ratio of NiO:SCGZ) was used in the first cathode layer in
order that the cathode layer could have the TEC (13.83 x 10° K_l) close to that of the
Ni-Fe foam (14.16 x 10° K) in this study. However, the TEC of SCGZ electrolyte was
1033 x 10° K. Therefore, the slurry for the second and the third cathode layer have
a lower Ni and total solid content. The slurries for each cathode layer were

formulated as presented in Table 14.
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Figure 47 Ni-SCGZ cathode on the Ni-Fe-alloy foam and SEM images of cross
sectional cell fabricated by varying solid content in the cathode slurry
: (a,b) 40 wt.%; (c,d) 50 wt.%; (e,f) 70 wt.%; and, (g,h) 80 wt.%
Table 14 The properties of the cathode slurries
Layer
Properties
Ni-Fe foam NiO-SCGZ 1 NiO-SCGZ 2 NiO-SCGZ 3 SCGZ
Solid content - 70 wt.% 60 wt.% 50 wt.% 30wt.%
NiO:SCGZ - 75:25 70:30 60:40 0:100
TEC (x10° K) 14.16 13.83 13.62 13.40 10.33

The rheology of the cathode slurries was evaluated as shown in Fig. 48. It was

found that all slurries were non-newtonian fluid with varied viscosity along the

applying shear rate. This result confirmed that Ni and total solid content affected

viscosity property of the slurry. However, the test of NiO-SCGZ 1 was unsuccessfully

done due to excessively viscous slurry. Three layers of the cathode were deposited.

All cathode layers were co-fired at 1373K for 2 h, generating a gradient of TEC in the

cathode.
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Figure 48 Viscosity-shear rate curve of the cathode slurries

4.2.3.2 Heat treatment conditions in the electrolyte sintering process

In addition to the cathode slurry composition in cathode fabrication process,
heat treatment condition during the electrolyte sintering importantly influenced the
cell fabrication. The SCGZ electrolyte layer was deposited by dip-coating. The effect
of heating rate, compressing load, and step in firing was investigated. The images of

fabricated cells with different heat treatment conditions are presented in Fig.49.

A) Effect of heating rate

The effect of heating rate during electrolyte sintering was compared at 3 K
min_l, 5 K min'l, 10 K min_l, and multi-step heating. The sintering temperature was
1623 K for 4 h. For multi-step heating, the temperature was initially ramped to 473 K
with the heating rate of 1 K min . After that, the temperature was ramped further to

673 K with the heating rate of 0.5 K min" and 1623 K with the heating rate of 3 K
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min . The temperature of 1623 K was maintained for 4 h. Severe cracking was
observed on the electrolyte surface and the faster heating rate dominated the crack
formation, corresponding to the work of Jin et al [15]. The cracking was suppressed
by reducing heating rate during the electrolyte sintering process. However, minor
cracking was still observed on the surface. As reported earlier, the TGA of the green
electrolyte layer (Fig. 43) showed significant mass loss between 353 K to 673 K due
to the decomposition of the solvents and the additives in the firing process. It was
likely that a rapid heating rate affected the evaporation of large amount of the
organic compounds, causing a cracking network on the sintered electrolyte.
Therefore, the multi-step heating rate was applied. Initially, heating of 1 K min
(ramping from room temperature to 473K) was used for solvent evaporation. After
that the slower heating rate at 0.5 Kmin" (473K to 673K) was applied for the
decomposition of additives and prevention of layer shrinkage due to a rapid mass
loss. Finally, heating rate at 3 Kmin" (673K to 1623K) was used ramping to the
electrolyte sintering temperature. In this stage, mass loss was nearly zero and
additives were completely decomposition. No cracking on the electrolyte surface
was observed with multi-step heating rate. However, cell bending was observed on
the sintered body because of internal stress during shrinkage and expansion of each

compartment at high temperature.

B) Effect of compressive loading

To produce flatness in the sintered cell without cracking, the sintered cell
was fabricated by applying a compressive loading at 0.5 kg cm” on the cell surface
and using the multi-step heating rate. The cell was successfully fabricated without
bending as presented in Fig. 49. Compressive loading provided the excessive force to

overcome internal stress distribution generated from shrinkage and expansion of the
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materials. However, the amount of loading should be optimized to prevent the
damage from loading. Increasing compressive loading increased the deformation rate

of the cell body [83].

C) Effect of firing step

In this study, the Ni-Fe-alloy foam supported SOEC was successfully
fabricated using the multi-steam heating rate and the compressive loading during the
electrolyte sintering. The multi-steps heating rate for electrolyte sintering were
applied after the cathode layer was initially fabricated. This process was referred as
‘two-step firing” where gradient cathode layers deposited on the foam support were
fired before sintering the electrolyte layer. In this study, co-firing of the electrolyte,
the gradient cathode and the foam support was also investigated. As presented in
Fig. 8, co-firing of all layers generated a severe defect. The gradient cathode layers
were designed to suppress the effect of TEC mismatching between the support and
the electrolyte. However, during co-firing, the electrolyte layer shrunk and peeled off
the cathode surface and severe cracking was observed. Internal stress during the co-
firing process might be excessively higher than the two steps firing. Myung et al. [53]
suggested that both the mismatch of TEC and shrinkage for different material
dominated the delamination of electrode layers during co-firing process. The
shrinkage of each layer with multi-steps heating rate should be further investigated

to fulfill the fabrication of the alloy-foam supported SOEC under co-firing condition.
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Figure 49 Images of sintered cells with different heat treatment conditions

4.2.4 Microstructure of alloy-foam-supported SOEC

The TEC in cathode was adjusted using varied NiO content in NiO-SCGZ
cermet as well as total solid content in the cathode slurry. The suitable heat
treatment condition was applied. Fig. 50 shows the cell during fabrication process
while Fig. 51 shows microstructure of the fabricated cell. The SEM images revealed
well attachment of all layers (electrolyte, electrodes and substrate). The average
thickness of cathode and electrolyte were 150 and 25 [m, respectively. The
cathode thickness was ~100-200 hm. The detachment between the Ni-Fe-alloy foam
and the Ni-SCGZ cathode was eliminated by the TEC gradient in the cathode layers.

The electrolyte was sufficiently dense with average grain size at 4.03 m. The
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interface between the electrolyte and the electrode layers also displayed good

adhesion.

Figure 50

S3400 15.0kV 6.6mm x6,00k SE

Figure 51

The Ni-Fe-alloy-foam supported Ni-SCGZ/SCGZ/BSCF SOEC
: (@) the Ni-Fe alloy foam; (b) deposition of the cathode layers; (c)
sintered Ni-SCGZ cathode; (d) deposition of the SCGZ electrolyte; (e)

sintered electrolyte; and, (f) deposition of anode

J

.

SEM  image  of  Ni-Fe-alloy-foam  supported-SOEC  before
electrochemical performance measurement; (a) SCGZ with 0.5 wt.%
CuO additive, (b) cross sectional image of Ni-Fe-foam supported Ni-
SCGZ/SCGZ SOEC and (c) interface between SCGZ electrolyte and Ni-

SCGZ cathode layer
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4.3 Electrochemical performance of Ni alloy-foam-supported solid

oxide electrolysis cell (SOEC)

4.3.1 |-V curve and EIS measurement

The |-V curve and EIS characteristic of Ni-Fe-alloy-foam supported SOEC at
temperature ranging from 873 to 1173 K with various steam to hydrogen ratio was
shown in Fig. 52. The EIS characteristic was fitted into an equivalent circuit of
Ronm(RurChe)(ReCip). High frequency (HF) and low frequency (LF) resistance were
represented by the first and the second arc, respectively. Ron, Wwas the ohmic
resistance of the cell and the support. The high frequency resistance (Rye) generally
refers to the charge transfer process and the electrochemical polarization within
electrodes. The low frequency resistance (R ;) refers to the mass transport resistance
in both electrodes.

For the |-V curve, the open-circuit voltage of all tests was ~0.8 V. Increasing
temperature enhanced the current density consumption in the electrolytic mode as
presented in Fig. 52(a). The current density at 1.1 V increased from 0.16 to 2.19 as
increasing temperature from 873 to 1173 K. The effect of steam content was
investigated. As presented in Fig. 52(b), at low current density (<1.1 V), increasing
steam content insignificantly affected the electrochemical performance of the cell,
corresponding to our previous work with the cathode supported cell [20]. However,
at higher current density, different electrochemical performance with different steam
content was seen. As presented in Fig. 52 (b) and (c), 70vol% steam content
exhibited lowest cell resistance. The parameters extracted from the Nyquist plot of
the Ni-Fe-alloy-foam supported SOEC with different steam content in electrolytic

mode (1.1 V) were listed in Table 15. In Fig. 52(c), it was clearly seen that the steam
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content in feed affected the mass diffusion process, consistent with increasing Rr in

the Nyquist’s plot.

Table 15 The parameters extracted from the Nyquist plot of Ni-Fe-alloy-foam

supported SOEC with different steam content in electrolytic mode at

1073 K

Steam content

60%vol H,0

70%vol H,0

80%vol H,0

Parameters

Ronm (Qcm’) 0.132 0.132 0.135
Ry (Qem?) 0.086 0.081 0.083
R (Qecm?) 0.126 0.111 0.114
Total Resistance (Qcmz) 0.344 0.324 0.332
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I-V curves of of Ni-Fe-alloy-foam supported SOEC; (a) with H,O:H, =

70:30 at various operating temperature, (b) at 1073 K with various
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H,O:H, content and (c) Nyquist plot of Ni-Fe-alloy-foam supported
SOEC with different steam content in feeding gas under electrolytic

mode (1.1V)

4.3.2 Comparison of the electrochemical performance between the Ni-
Fe-alloy-foam-support and the cathode-support SOEC

A comparison of the electrochemical performance between the Ni-Fe-alloy
foam supported SOEC and a cathode-supported SOEC was investigated. Figs. 53 and
54 show the |-V curves and the Nyquist’s plot of both cells, respectively. It can be
seen that the alloy-foam supported cell showed much higher electrochemical
performance than the cathode-support in both electrolytic and galvanic modes. It
should be noted that the total thickness of the alloy-foam supported cell was ~1.2
mm (1 mm of the alloy foam; 150 Fm of the cathode; 20 hm of the electrolyte;
and, 30 Mm of the anode, respectively) while it was 2 mm for the cathode-
supported cell. The thickness of the cathode-supported cell has to be much larger
than the alloy-foam-supported cell in order to withstand approximately the same
pressing load of 3 Nmmfz). The Ni-Fe-alloy-foam-supported SOEC exhibited the
current density of 0.95 Acrn” at potential of 1.1 V and H,O:H, of 70:30 at 1073 K. This
was ~1.5 times greater than the cathode-supported cell in electrolytic mode. The
hydrogen production rate was 4.95x10° and 3x10° mol s for the the Ni-Fe-alloy-
foam-supported SOEC and cathode-supported SOEC, respectively.

The parameters extracted from the Nyquist plots of both cells were listed in
Table 16. Total resistance of the foam-supported SOEC was significantly lower than
the cathode-supported cell, especially the ohmic resistance. However, the durability
of the alloy-foam-supported cell was rather poor as shown in Fig. 55. The potential

increased to 1.5 V within 4 h of operation (potential degradation rate of ~0.08 Vh).
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SEM images of the tested cell were shown in Fig. 56. Delamination of BSCF anode
was clearly seen (Fig. 56(d)). It was likely that high current density accelerate the
delamination of the BSCF anode. Therefore, the alloy-foam supported cell degrades
faster than the cathode-supported cell which operated at a lower current density.
High partial pressure of oxygen built up at the interface between the anode and the
electrolyte, introducing the anode delamination. It was reported that the SOEC
operated in high current density (0.5-1 Acmfz) accelerates the cell degradation [84].
Moreover, it was reported that a limitation of conventional SOEC under long-term
operation is often the oxidization of the cathode layer, decreasing three-phase
boundaries (TPBs) and poor durability. Thicker cathode layer in the cathode
supported SOCE can slower the cathode degradation rate when compared to the
alloy-foam supported SOEC. Teng et al. [85] reported poor durability (0.07 Vhfl) of Ni-
YSZ/YSZ/SDC/SSCN electrolyte-supported SOEC under steam to hydrogen of 50:50 at
1073 K with current consumption 0.5 Acmn”. To enhance the durability of Ni-Fe-alloy-
foam supported SOEC, the optimized cell configuration such cathode thickness as
well as operating condition such as steam to hydrogen ratio in feed and current
consumption are required for further investigation. Alternatively, cathode materials

are also needed to be an oxidation tolerance material.
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Figure 53 I-V curves of Ni-Fe-alloy-foam supported SOEC and Ni-SCGZ cathode-

supported SOEC with H,O:H, = 70:30 at 1073 K
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Figure 54 The Nyquist plot at H20:H2 = 70:30 and 1073 K: (a) Ni-Fe-alloy-foam

supported

SOEC and (b) Ni-SCGZ cathode supported SOEC
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Table 16 The parameters extracted from the Nyquist plot of Ni-Fe-alloy-foam

supported SOEC and Ni-SCGZ cathode supported SOEC with H,O:H, =

70:30 at 1073 K

Ni-Fe-foam Cathode

Parameters supported SOEC supported SOEC [20]

Electrolytic =~ Galvanic  Electrolytic ~ Galvanic
2

Ronm (Qem”) 0.132 0.134 0.434 0.421
2

R (Qem’) 0.090 0.087 0.294 0.736
2

Rr (Qem) 0.163 0.103 0.157 0.339

Total Resistance (Qcm?) 0.385 0.324 0.451 1.075
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Figure 55 Durability test of Ni-Fe-alloy-foam supported SOEC and Ni-SCGZ

cathode supported SOEC operated at 0.9 and 0.6 Acm—z, respectively

with H,O:H, = 70:30 at 1073 K, 10 h.
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SEM images of Ni-Fe-alloy foam supported SOEC after durability test
operated at 0.9 cm’” with H,O:H, = 70:30 at 1073 Kand 10 h

(@) SCGZ with 0.5 wt.% CuO additive; (b) cross sectional image of Ni-
Fe-foam supported Ni-SCGZ/SCGZ/BSCF; (c) interface between BSCF
anode, SCGZ electrolyte and Ni-SCGZ cathode layer; and, (d) interface

between BSCF anode and SCGZ electrolyte.



Figure 57

Image of Ni-Fe-alloy-foam supported SOEC after durability test

operated at 0.9 and 0.3 Acmn’” with H,0:H, = 70:30 at 1073 K, 10 h
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CHAPTER V

CONCLUSIONS

5.1 Conclusion

0.5 wt.% CuO was employed as a sintering additive for SCGZ electrolyte in
SOEC. Phase formation, microstructure, relative density, and electrochemical
performance of electrolyte-supported SOEC were investigated. Adding 0.5 wt.% CuO
helped increasing the sinterability of the electrolyte which could achieve 95%
relative density with a large grain size at 1573 K. The average grain size was measured
at 5.11 Mm when sintering temperature was 1573 K for SCGZ with CuO. Phase
transformation and impurity was not detected in the electrolyte after adding CuO.
Neither peak shifting nor impurity peak were detected in the XRD patterns. Without
CuO addition, the SCGZ could not be densified although sintering temperature was
increased up to 1673 K Adding CuO into SCGZ insignificantly affected the
electrochemical performance of the cell. The activation energy of conduction (Ea) of
the SCGZ with and without CuO was 74.93 kJ mol™ and 72.34 kJ mot_l, respectively.

The Ni-Fe-alloy-foam (porosity: 5-130 ppi) supported SOEC  (Ni-
SCGZ/SCGZ/BSCF) was successfully fabricated using wet chemical coating technique.
The Ni-SCGZ cathode was divided into three layers with a gradient of TEC, ranging
from the TEC close to the Ni-Fe foam to the SCGZ electrolyte. This could help
prevent the defect in the cell during electrolyte sintering process. The electrolyte
was sintered using the multi-step firing. The conditions for heat treatment process
during fabrication were investigated. Slow heating rate with sufficient compressive

loading during sintering process was applied to prevent cracking and wrapping of a
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fabricated cell. The average thickness of active functional cathode layer, electrolyte,

and anode were 150, 25 and 30 U m, respectively. Electrochemical performance of
the alloy-foam-supported SOEC was investigated. The cell showed high current
density of 0.95 Acm_2 operated under 1.1 V with H,O:H, = 70:30 and 1073 K
corresponding to the hydrogen production rate of 4.95x10-6 mol s However, the
durability of the cell was rather low. The degradation rate was 0.08 V h-1. The BSCF
anode delamination was clearly seen, likely due to high current density operation,
inducing high oxygen partial pressure at the anode/electrolyte interface. Thin Ni-
SCGZ cathode layer also exhibited higher degradation rate due to cathode oxidation
under high steam partial pressure when compared to the thicker cathode-supported
cell. Optimized operating conditions are required for a suitable trade-off between

high performance and durability in the alloy-foamed supported SOEC.

5.2 Recommendation

For future work, the implementation and optimization of cell structure and
operation will be required to improve the cell’s durability. In this study, the higher
hydrogen production rate of alloy-foam supported SOEC was obtained when
compared with cathode-supported SOEC. However, poor durability was likely due to
operating in high current density causing the anode degradation. High oxygen build
up at the anode induced delamination of the anode and the electrolyte layer. The
chemical instability of the BSCF anode also caused the degradation in the material.
The cathode material also needs to be higher oxidation tolerance. The suggestion for
future work is divided into 2 parts: 1) the optimization of an operating conditions in

electrochemical reaction and 2) evaluation of new anode materials.
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5.2.1 The optimization of an operating condition in electrochemical reaction

The optimum of current density and operating temperature should be
investigated for durability improvement. The oxidation of cathode layer has been
identified after electrolysis operation. Steam to hydrogen ratio at 70:30 provided a
great electrochemical performance. Nevertheless, the ratio should also optimum to

suppress the cathode oxidation and coarsening.

5.2.2 Evaluation of new electrode materials

Enhancing the property of BSCF material by doping with higher valence
element can decrease oxygen vacancy but increase chemical stability of the
material.

The cathode material is also required high oxidation tolerance properties. The
use of metal alloy in cermet for cathode can be interesting topic for cathode

development.
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APPENDIX A: CALCULATION

A.1 Average grain size

The average grain size of electrolyte’s surface from SEM image was calculated

by linear intersection method with Image J program.

IR NN

sl b 4
#400 15.0kV 6.8mm x6.00k SE 45.00L"

Figure A.1 SEM image of SCGZ with 0.5 wt.% of CuO after sintered at 1573 K, 4 h

White line was 26.60 um with through 5 grains. Red line was 26.64 um with
through 6 grains. Black line was 16 um with 5 grains. Yellow line was 21.31 um with 4

grains. The average grain size was obtained by equation A.1.

Average grain size =
n Lengthof linen
=1 The number of grain intersecting the line are counted
n

(A.1)
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A.2 Relative density of electrolyte densification

The relative density of electrolyte was identified using equation A.2. The
actual density was the bulk density that calculated from their measured weight and
the volume of electrolyte pellets. The theoretical density was measured with lattice
parameters of SCGZ structure. The theoretical density of SCGZ was 5.67 g/cm3. A

relative density of each sintered electrolyte was reported as Table A.1

Actual density

X 100

Relative density =
y Theoretical density

(A.2)

Table A.1 Relative Density (%) of sintered electrolytes

Relative Density (%)
Sintering Temperature (K) SCGZ/Cu0O
SCGZ
0.5 wt.%

1423 74.52 84.43
1473 80.57 88.7
1523 83.25 90.98
1573 85.07 95.42
1623 86.94 92.31
1673 87.25 90.75
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A.3 lonic conductivity and activation energy of conduction

A.3.1 lonic conductivity

The ionic conductivity of electrolyte supported SOEC was calculated with the
resistance from SOEC range in IV-curve as shown in fig. A.2. This resistance was
conducted from slope of IV curve. It was assumed that polarization resistance is

much less than the Ohmic resistance.

Potential (V)
o
1

0.8 4
0.6

0.4

02 . . . :
-0.05 0.00 0.05 0.10

Current density (A/em?)

Figure A.2 I-V curves of the SCGZ with 0.5 wt.% CuO electrolyte-supported SOEC

conducted at 1073 K under a constant steam to hydrogen ratio (70:30)
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The resistance was applied in Arrhenius equation for calculation of lonic

conductivity.

Arrhenius equation:

o=— (A.3)

When O = conductivity (S cm&),
L = cell thickness (cm),

A = area of electrode (cmz),

A.3.2 Activation energy of conduction

With obtained ionic conductivity in section A.3.1, the conductivity in different

temperature was calculated and plotted as shown in Fig. A.3.

'
[s2]
1

SCGZ/ 0.5%wt CuO
E, =74.93 kd/imol

Slope =-9.0129

In Conductivity (S/fcm)
©
1

-10 4

0.8 0.9 1.0 1.1 1.2
1000/T (K™
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Figure A.3 Activation energy of conduction (Ea) for the SOEC having 0.5

wt.% CuO-added SCGZ electrolyte

This graph related with the activation energy of conduction equation as

shown in equation A.4.
—Ea A
In(o) = T + In (;) (A.4)

When O = ionic conductivity (S cmfl),
L = cell thickness (cm),
A = area of electrode (cm’),
T = temperature (K),
Ea = activation energy of conductivity (J mol_l),

R = gas constant (8.314 J K mol ).

It was found that slope of graph equal -9.0192, and then activation energy of
conduction was calculated by comparing equation with eq. (A.4). Ea=-9.0192 x

(-8.314) and Ea = 74.93 kJ/mol
A.4 %Mass changing of fired and reduced foam

The foam was weighted before and after firing and reducing process. Mass
changing after each process was determined based on the initial mass of alloy foam
support. The mass changing was calculated by equation A.5 and A.6 for firing process

and reducing process, respectively.
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Mass changing after firing =
Mass of fired foam—Mass of initial alloy foam

X 100 (A5
Mass of initial alloy foam (A5)
Mass changing after reducing =
Mass of reduced foam—Mass of initial alloy foam x 100  (A6)

Mass of initial alloy foam

A.5 Thermal expansion coefficient of cathode layer

Thermal expansion coefficient (TEC) of each cathode layers was calculated by

weight ratio of Nickle and SCGZ (cermet composition).

For 1” cathode layer, cermet was 75wt.% NiO and 25 wt.% SCGZ. TEC of
pure NiO and SCGZ were also 15 and 10.33 10_6K, respectively Therefore, TEC of

cathode layer was calculated as following below;

TEC of 1st cathode layer (107°K) = 0.75(15) + 0.25(10.33)
= 13.83

A.6 Cell degradation rate

Durability test result was shown in fig. A.3. The slope of potential versus

operating time was cell degradation rate.
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Figure A.3 Durability test of Ni-Fe-alloy-foam supported SOEC operated at 0.9 Acmfz,

respectively with H,0O:H, = 70:30 at 1073 K, 10 h.

A.7 Hydrogen production rate

Hydrogen production rate can be calculated from current consumption in V-
curve result as shown in fig. A.4. The Faraday’s law (equation A.7) was applied in this

calculation.
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Figure A.4 IV-curve of Ni-Fe-alloy-foam supported SOEC with H,O:H, = 70:30 at 1073 K.

Faraday’s laws of electrolysis

m = — (A7)

When m = Amount of mole is generated per area,
| = Current (A or Coulomby/s),
n = Amount of electron is generated in reaction (in this case n = 2),
F = Faraday’s constant (96,485 C/mol)

At 1.1V, current density was 0.95 Acm ”. Therefore hydrogen production rate

was equal; 0.95/(2x96,485) = 4.92x10° mol s
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Table B.1 Cathode slurries formula
Slurry 1% layer 2™ layer 3" layer
Composition (wt.%) (NiO-SCGZ 1) (NiO-SCGZ 2) (NiO-SCGZ 3)
NiO powder 52.50 42.29 3292
SCGZ powder 17.50 17.71 17.08
Toluene 21.06 28.08 35.10
Ethanol 4.62 6.16 7.70
O-terpineol 0.18 0.24 0.30
PEG 400 4.14 5.52 6.90
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B.2 Electrolyte slurry

Table B.2 Electrolyte slurry formula

Material wt.%
SCGZ/Cu0O 0.5 wt.% 19.30
Xylene 60.23
Buthanale 16.99
PVPD 0.97
Butvar 98 0.58
PEG 1.93

B.3 Anode slurry

Table B.3 Anode slurry formula

Material wt.%

BSCF powder 50

O-terpineol 50
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