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Executive Summary

Within this document, ITQ-CSIC and SINTEF have developed the steps for the fabrication of an integrated solid
electrolyte oxygen separator cell with the aim of eliminating the oxygen originated from the water splitting. The water
is the subproduct of the catalytic reaction of syngas to aromatics (BTEX and PX), which must be eliminated to shift the
reaction equilibrium.

The main challenges of this task are the following:

To obtain a good catalytic performance for the water splitting in the cathode surface at 450 °C and less than
25 bar

To reach a good oxygen transport performance at 450 °C and < 25 bar, which is a low temperature regarding
the optimum operating conditions of ceramic electrochemical devices

To ensure a good stability of the electrolyte material in the reducing conditions encountered in the reaction
chamber: Hz content.

To obtain a good catalytic performance for the oxygen evolution reaction in the anode surface at 450 °C

To integrate all the materials above in one full cell working at low temperature

Several fabrication attempts have been performed, including screen printing and R.F. sputtering. Electrochemical testing
on the fully-assembled cells has been tested under electrolysis and fuel cell mode, i.e. dual atmospheres to test the gas
oxygen transport. The testing applies voltamperometry, impedance spectroscopy and gas analysis, although it was only
possible in some of the cells, due to very low performance or undesired reactions. Last electrochemical tests have failed
but enabled to identify performance and/or degradation problems.

O Operation T=400-450 °C, <25 bar
Q j> 100 mA/ cm?
O Non-coking steam cathode

Q Thermo-chemical stability CO and H,

O Water is a subproduct of STA reaction

O Oxygen from water splitting in the anode
O H, to feed the reaction

Figure 1: Scheme of the SEOS integrated reactor proposed as a CO2SMOS Solution to increase aromatics yield.
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1. Introduction

The following sections describe the scope and the structure of the current deliverable, as well as the interdependencies
with other CO2SMOS tasks and deliverables.

1.1 Scope of the Deliverable

This report represents a part of the work carried out in Task 3.4 which aims for the fabrication and testing of a solid
electrolyte oxygen separator (SEOS) cell to eliminate water subproduct from the syngas to aromatics reaction (STA). The
approach aims to deliver an innovative lab-scale solution working in catalyst-sound operation regime. The integration
of an oxygen separator aims to increase the products yield of the syngas produced from biogenic CO; (in WP2), into
added-value platform chemicals.

In particular, Task 3.4 is divided into two interlinked sub-tasks:

e Subtask 3.4.1 named “Development of solid electrolyte Oz separator”. The output is presented in D3.6 deliver-
able, and in current deliverable D3.7, ‘Stability of SEOS under catalysis -sound operation regime’, in M36;

e Subtask 3.4.2 named “CMR for aromatics production: integration”. The output is also partially presented in the
D3.6 deliverable and completed in deliverables D3.8. ‘Development of BTX-selective synthesis catalyst’ and
D3.9 ‘Structure-performance correlations and principles of catalyst performance’.

The information in this report is a summary of the work carried out in SINTEF for the fabrication of cells by reactive
pulsed DC sputtering and by CSIC-ITQ on the fabrication and testing of cells. The conclusions will be directly employed
for the scaling up of a SEOS for the water electrolysis produced in the STA reactor.

1.2 Structure of the Deliverable
Within this Deliverable, besides Chapter 1 that constitutes the present Introduction, the following sections are included:

e Chapter 2 outlines the methodological approach.
o Chapter 3 presents the achievements in the fabrication and testing of the SEOS reactor
o Chapter 4 draws the conclusion remarks and next steps.



@& SMOS

Solutions for a circular biobased industry

1.3 Interdependencies with Other Tasks and Deliverables

The figure below shows the interdependencies of WP3 with other work packages. The activities reported in this
Deliverable have been performed taking into account the objectives and outputs of WP3, which are reported in
deliverable D3.6. The output will be forwarded to WP4 for scale up design, either with the materials here reported or

other promising ones out of the scope of this deliverable.

WP1: Definition of the full value O LuT
o= chain and process requirements =
i ¢

=
2
s (@ WP2: Primary conversion of =N WP3: Development of a bio-based
g g €O, into bio-acetateand platform to produce CO,-derived [ 2
g' £ green syngas intermediates and monomers o §

: i ¥
£ R &
o c ) ﬁ
5 g WPS5: Validation of CO, derived Slc
£ 4 = WpP4: Up-scaling-the CO2sMOs (=) intermediates into final m 2 8
5 =4 concept for pilot process applications including guidelines g2
22 validation for future S
2 s ? standardization/certification
; ¢> WP6: Replicability studies, market analysis, regulatory

framework and social acceptance measurements
o E82
Q WP?7: Project impact: techno-economic ¢>

and sustainability assessment for the new value chains

Figure 2: Interdependencies of WP3 with Other Work Packages
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2. Methodological approach

CO2SMOS approach proposes a new concept of electrocatalytic membrane reactor to intensify the direct conversion of
syngas into aromatic hydrocarbons (BTEX and PX). For that purpose, a reactor consisted of a solid state oxygen separator
is designed. Several constraints arise from the reaction operation conditions:

(i) the syngas to aromatics (STA) reaction occurs at temperatures between 400-450 °C,

(ii) non coking steam cathode is necessary to dissociate the water

(iii) the solid state material’s performance increases at higher temperatures

(iv) the reaction medium is principally reducing due to the CO and Hz content, restricting the usable materials
(stable ceramic oxides at these conditions)

(v) the compatibility of cell materials in the fabrication process is not trivial

Therefore, the different components of the reactor must be designed and optimized specifically for this purpose. On
the one side, the STA reaction requires a catalyst that is being optimized in T3.4.2, and will produce water as a
subproduct (e.g. for benzene 6CO+9H2 > CsHs + 6H20). The catalysts are based in metal oxides supported in zeolites,
giving an optimal working temperature of 400 °C, which is investigated to be further extended to 450 °C. The H,0 formed
will be electrolysed (H20+ 2e~ 2 O~ + H») to form more Hz and the oxygen ion will be transported through the lattice
and recombine to molecular Oz in the anode, being instantly removed, which will contribute to shift the equilibrium
towards aromatics formation, increasing CO conversion and BTEX/PX yield. The cathode can be functionalised with
nanoparticles of Ag, Cu and/or Pt catalysts to promote H: evolution. The anode will be modified to promote oxygen
evolution reaction by using state of the art electrode materials.

Therefore, the tasks to achieve such a SEOS reactor (Figure 3) reported in this deliverable are as follows:

CO + H, —» BTEX+PX

"W 11

- Selection and synthesis of materials for a SEOS as-

sembly
CATHODE
- Assembling of | cale SE t-up for the valida-
' ssemb g? ab scale SEOS set-up for the valida BRETRGTITE E"xt:ur:al
tion of ceramic cells >
ANODE N

- Characterization of electrochemical properties

iI—t

0, Sweep

- 1D Modelling of the reaction in the SEOS

Figure 3. Scheme of lab scale SEOS configuration

CSIC has developed the cell components for the SEOS with support of SINTEF on the layer deposition and cell fabrication.
To pursue the objective of the study, the evolution of the task achievements and identification of bottlenecks has
been based on the following steps:

1) coordination within T3.4 partners:

e  SINTEF focused in the last period on CGO thin dense layers deposition with its sputtering facilities as it was
identified as an important parameter to reduce the resistance of the SEOS. Weekly meetings were scheduled to
discuss the requirements of the thin layer and supports. The main experimental results, advances and problems
encountered are reported and discussed. The main results are shown below.

e MS Teams shared folder

e \Visit to labs
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2.1. Experimental Methods

The work in this task has been dedicated to the fabrication of full cells and their electrochemical characterization as
solid oxide electrolysers and in catalyst sound operation conditions (reducing atmosphere). The employed methods
are described below.

2.1.1. Cell fabrication

2.1.1.1. Ceria based electrolyte

As described in Deliverable D3.6, it is necessary to reduce the thickness of the ceria-based electrolyte to reduce the
high electrolyte resistance measured at 450 °C. To achieve a thinner dense electrolyte layer, two approaches have been
followed, i.e. conventional screen printing and reactive pulsed DC sputtering as an alternative fabrication route.

Cathode supported cell - CGO-Cu screen printing route (CSIC)

e Support CGO-Cu

Powders and pellets of CGO-Cu 50/50 vol% were prepared as described in Deliverable 3.6. Cathode pellets sintered
with 2 different sintering temperatures (800 and 1050 °C) were tested for screen printing of CGO layer in order to test
different shrinkage conditions. Besides, the influence of support reduction prior to the electrolyte screen printing was
also studied. These supports were also used for CGO deposition by R.F. sputtering tests in SINTEF.

e Screen printed layer

To obtain a thin and dense CGO layer by screen printing that is appropriately attached to the CGO-Cu cathode, high
temperatures are needed. Thermal expansion coefficients among layers must be as similar as possible, which is not the
case with a high load of Cu in the cathode. Besides, the expansion undergone in the reducing operation conditions,
further stresses out this compatibility. In this case, the attachment and sintering have been done in oxidizing conditions
(namely air), at 1050 °C. The cathode needs to be reduced before use in the STA reactor, which can also be done in situ
during the electrochemical reaction. The reduction is performed at 600 °C for 5 h in Harmix.

Since the densification of bare CGO at low temperatures is not being achieved, some sintering aids based in transition
metals (TM) have been added to the material as a contingency action. These transition metals have been added to CGO
by impregnation method (from nitrate precursors). CGO-Co (5mol%), CGO-Cu (5mol%) has been tested, with the aim
of facilitating the densification of the electrolyte layer. For the electrochemical performance, we have considered the
possible electronic leakage due to the Co or Cu addition.

e  Spray coated layer

Alternatively, some tests made by spray coating in order to obtain more even layers. This method involves atomizing a
solution with the CGO nitrates and spraying it onto a substrate to form a thin, uniform layer. The process consisted of
the atomization of the coating solution, transport of the droplets to the substrate, and deposition of the droplets on
the substrate surface. Parameters such as spray rate, nozzle type, and substrate temperature were selected based in
previous projects and carefully controlled. This technique was employed in the deposition of CGO on CGO-Cu substrates
for electrochemical cells.
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Manufacturing process

Cathode and electrolytes are obtained from the sintered powders as schematized in Figure 4. In this work, cathodes
consist of flat discs (Figure 4a). The homogeneity of the particle size is very important for the sintering process, which
is achieved by ball milling the powder in a zirconia media with acetone or ethanol. The typical particle size of the milled
powder is selected and homogenized by separating them through steel sieves of a particular mesh size (200-400 um).
A 20 mm diameter steel dye is used to uniaxially press the material at 125 MPa during 3 minutes. Afterwards, the green
disk is exposed to a high temperature sintering process in order to densify the specimen. The temperature and time of
the process depend on the material.

a)

electrolyte

Figure 4. General process for support/electrode fabrication a) and screen printing b) to obtain a thin CGO
electrolyte layer on the CGO-Cu support.

One of the disk sides was screen printed by a CGO electrolyte layer as schematized in Figure 4b. This is the most
economical, simple and widely used technique to produce films with a thickness in the range of 10—-100 pum. It consists
of applying highly viscous ink made of the ceramic powder, an organic binder (ethyl cellulose) and a plasticizer
(terpineol). A three-roll mill refines the powder and the other ingredients to form a uniform slurry. This slurry is forced
to pass through a 15 mm diameter mesh to develop the electrolyte. The layer deposition is then dried and sintered at
high temperature. After the drying step, more than one layer may be deposited by this method, depending on the
targeted thickness.

The cells fabricated by these methods include a full screening on sintering conditions (varying deposition method,
sintering temperature, sintering aid and powder sintering temperature), which are summarized in the results section.

12
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Cathode supported cell - CGO-Cu (reactive pulsed DC sputtering route) to reduce thickness of the CGO (SINTEF)

As described in Deliverable D3.6, it is necessary to reduce the thickness of the ceria-based electrolyte to reduce the
high electrolyte resistance measured at 450 °C. To achieve thinner dense electrolyte layer, reactive pulsed DC
sputtering is investigated as an alternative fabrication route.

e Support CGO-Cu
Powders and pellets of CGO-Cu 50-50 were prepared as described in Deliverable 3.6 and delivered to SINTEF for
parameter screening.
Cathode pellets sintered with 2 different sintering temperatures (800 and 1050 °C) were tested for sputter deposition.
The cathode pellet needs to be reduced before use in the STA reactor. Sputtering was, therefore, tested on both
unreduced and reduced pellets. The reduction was performed at 700 °C for 10 h in Harmix.
To obtain a thin and dense layer with sputtering, it is important to deposit it on a smooth surface. The CGO-Cu pellets
presented some irregularities. Polishing of the surface was investigated to optimize the sputtering fabrication route.

e Reactive pulsed DC-sputtering of thin and dense CGO electrolyte
CGO films have been deposited at SINTEF by reactive pulsed DC sputter deposition from a Ceo.sGdo.202-s target onto
pellets delivered by CSIC, using a Polyteknik Flextura 800 deposition system. The depositions were done at 200 W power,
and ca 10% O: in Ar. Sputtering pressure was varied between 2-3-102 mbar and the substrate temperature was 600-
700 °C. A small RF BIAS was applied in all depositions in order to try to densify the films. The chosen sputtering
parameters for the CGO depositions were based on results from previous EU projects (eCOCO2) and Norwegian national
projects.

Surface and cross-section of the deposited films were characterized before and after sputtering with FEG-SEM and EDS
and crystallinity with XRD.

A post-annealing test of the CGO sputtered layer was carried out at 700 °C for 5 h in Harmix to check if the density of
the CGO film could be improved.

2.1.2. Characterization

The crystalline phases have been identified by X-ray diffraction by using a PANalytical Cubix fast diffractometer, using
CuKau,> radiation (A = 1.5406 A) and an X’Celerator detector in Bragg-Brentano geometry. XRD patterns recorded in
the 26 range from 15 ° to 100 ° were analyzed using X’Pert Highscore Plus software.

Grazing Incidence X-ray Diffraction (GIXD) on selected CGO films were measured in the 26 range from 20 ° to 80 °using
a Rigaku SmartLab 3kW high-resolution X-ray Diffractometer at omega = 0.5.

Cross section analysis of the cells and components was conducted by performing scanning electron microscopy (SEM).
Backscattered electrons detector (BSD) was used to provide images with compositional contrast that differentiate grains
and element distribution.

The electrochemical impedance spectroscopy (EIS) was carried out by a Solartron 1470/1455 FRA device providing 0 V
DC — 20 mV AC for amplitude signal. Two kinds of experiments were studied, i.e. electrochemical measurements at
different temperatures in full cells type in air, and electrolysis experiments in full cells in CO2+ H20 at 450 °C to 700 °C,
both at atmospheric pressure. Electrolysis experiments were carried out in a double chamber reactor sealed using Ag-
alloy, Pallabrass or silicon based gaskets (for lower T). After sealing and before any experiment, the CuO-GDC layer was
reduced under pure hydrogen for 2 h at 600-700 °C to get metallic copper.
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3. Results

The main results in the development of cells are described below.

3.1. Fabrication of cells

Anode supported cell - CGO-Cu (Screen printing route) to reduce thickness of the CGO (CSIC)

CGO-Cu 50-50/CGO/BSFC full cell has been the only one up to date that allowed the measurements at low
temperature (450 °C), although the |-V curves and electrolysis results are practically negligible (reported in
D3.6). Therefore, we have worked in improving the architecture of the cell by the fabrication of cathode
supported cells with dense thin film electrolytes. Reduction of the support to make it both porous and
conducting was done in 5%H2/Ar, at several temperatures and times. Table 1 shows the main results of the
fabrication, although no cell was ready to be measured.

Table 1. CGO-Cu electrode supported cells with CGO (+Cu or Co sintering aid) screen printed or spray coated
electrolyte and sintering conditions.

ELECTRODE ELECTROLYTE Cell
ID | Material | P, T/t, Material T/t, Reduction Observations
kN °C/h °C/h (T, °C/t, h)
Al | CGO/CuO | 30 800/ | SP- 1050/10 700/15 Not dense
A5 | 50-50 10 CGO+Co | 1100/10 Dense while oxidized. Porous
Inf 5002C after reduction
A3 SP- 1050/10 No FESEM. Not dense
A7 CGO+Cu | 1100/10 Dense while oxidized. Porous
Inf 5002C after reduction
A2 SP- 1050/10 Dense while oxidized. Porous
CGO+Co after reduction
A6 Inf 8002C | 1100/10 Dense while oxidized. Porous
after reduction
A4 SP- 1050/10 Dense while oxidized. Porous
CGO+Cu after reduction
A8 Inf 800°C | 1100/10 Dense, but melt
A9 | CGO/CuO | 72 800/ | sc- 1025/10 700/8 Dense while oxidized. Porous
50-50 10 CGO+Co after reduction
Inf 800°C
A10 | CGO/CuO SC- Concave pellets, not valid for
50-50 CGO+Cu measurements
Inf 800°C
Al11 | CGO/CuO SP- Dense while oxidized. Porous
50-50 CGO+Cu after reduction
Inf 800°C
A12 | CGO/CuO SP- Dense while oxidized. Porous
50-50 CGO+Co after reduction
Inf 800°C
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Anode supported cell - CGO-Cu (Reactive pulsed DC-sputtering route) to reduce thickness of the CGO (SINTEF)
Figure 5 illustrates the various samples preparation routes investigated to prepare the thin CGO electrolyte layer on
the CGO-Cu porous support. All the samples sintered below 1000 °C broke during reduction and could not be used for
sputtering deposition. Lack of time did not allow us to investigate the reason for this systematic cracking. The pellets
sintered at 1050 °C did not break and could be used for reactive pulsed DC- sputtering.

CGO-Cu pellets sintered at 800°C
CGCu-4 CGO sputtering Reduction 700 °C
800°C Not performed x
CGCu-5  Reduction 700 °C
800°C I B B M Cracked pellets
CGCU-6  \dditional sintering Reduction 700 °C
800°C 900°C HEEN
Cracked pellets
CGO-Cu pellets sintered at 1050°C}
CGCu-0 CGO sputtering
CGCu-2  Reduction 700 °C Polishing i CGO sputtering
CGCu-3 P°“Shingﬁ Reduction 700 °C CGO sputtering

Figure 5. lllustration of the various sample preparation routes investigated to prepare the CGO electrolyte with
reactive pulsed DC-sputtering.

SEM characterisation of the surface showed that the surface quality of the pellets sintered at 1050 °C was not as good
as with a sintering at lower temperature. The surface presented cracks and holes, which were challenging to obtain
defect-free CGO thin layer. Polishing was performed to check if it might improve the surface. Some of the defects
observed on the CGO-Cu cathode before and after polishing are shown in Figure 6. These samples were used to tune
the sputtering parameters.

The CGO layers on CGO/Cu porous supports have been deposited at a substrate temperature of 600 or 700 °C. The
deposition time for most of the tubes was ca. 2 hours, giving a CGO film thickness up to 3 um.
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Figure 6. SEM micrographs of the CGO-Cu surface before polishing with sintering cracks (a), salient CuO large grains
(b) or deep holes (c) and after polishing with numerous deep holes (d) and area with smoother surfaces and small
holes (e).

GIXD patterns of selected CGO films confirms that crystalline CGO has been deposited at 600 and 700 °C, at 200 W target
power, 2 to 3-10°3 mbar sputtering pressure (10% O2/Ar). The comparison with CGO powder (COD 1541474
Ceo.8Gdo.201.9) shows that the growth of CGO film is somewhat textured compared to randomly oriented CGO powder.
GIXD peak positions/unit cell parameters indicate that the films are fully crystalline. This is supported by SEM-EDS data.

o —
o 7 o
2 8
8- 8 |
E — [G]
: 5
o 3 = — CGCu_2acCGOo
o— Q _—
< 3 —_
2 ® g CGCu_4aCGO
5 g 1 2
ISE ]
8 S [T} —_ 5
3 I ﬁ — o =
83 ) 8 o 9
] o = a S
3 =] o Y
E (C] a | a
8_: 1 [C) [C)
" lI_L Cu I ; AI
o ] . . o i e A,
B e e
30 40 50 60 70 80

2Theta (Coupled TwoTheta/Theta) WL=1,54060

Figure 7. GIXD pattern of CGO films deposited on selected pellets.

SEM images from a more or less defect free area of a CGO film deposited on CGCu-3 are shown in Figure 8. Some
gaps between the grains can be seen in Figure 8a, while the film looks denser in cross section view, Figure 8 (b) and

(c).
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Figure 8. SEM images of CGO film deposited on CGCu-3 (a) surface (b) and (c) cross section.

However, all the substrates used for deposition had some kind of surface defects. The SEM images shown in Figure 9 (a)
and (b) show the importance of a defect free surface for sputtering. The thin CGO film cannot cover the largest defects
in the surface. The cross-section SEM image shown in Figure 9 (c) shows how the microstructural quality of the CGO film
is reduced by the surface defects.

Since all CGO/Cu supports had a significant number of surface defects, the gas tightness of the CGO films has not been
assessed.

b Surface after deposition ¢ X-session of defect after
deposition

( SINTEF

Figure 9. SEM images of (a) CGCu surface before deposition (b) CGO surface after deposition and (c) CGO cross
section of area with defects.

Post annealing was attempted to densify the films. The post annealing was carried out at 700 °C (5h, 5 °C/min). The
effect of the post annealing was minimal in terms of densification of the CGO film and showed that the CGO layer can
support high temperature exposure without cracking or delamination, as shown in Figure 10.
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(3 SINTEF 1y | somm - SINTEF &. .

Figure 10. SEM images of (a) CGO/CGCu 3-1 surface after deposition and (b) CGO/CGCu 3-1 surface after post
annealing

To summarize the sputtering activity:

The substrates used for all depositions had some surface defects which lead to defects in the deposited CGO films. The
CGO film deposited on defect free areas were of quite good quality, although it can not be verified that the films were
fully gastight. It is challenging to deposit a dense film on a porous substrate, even if the substrate is defect free. The
surface must be flat, the pore distribution must be homogeneous, and the pore size should be small (nano range). The
use of BIAS during sputtering (which was used here) helps the in situ densification of the layers.

Anode supported cell - CGO-Cu with and BiCuVOx electrolyte (CSIC)

BiCuVOx materials has been presented as the most promising electrolyte for oxygen transport at low T. However, its
incompatibility with some electrode materials at high temperature. Several attempts to manufacture a measurable cell
have been done, by developing two pellets that have been calcined in contact, leveraging the melting properties of Bi-
based materials. Screen printed BiCuVOx was the initial option, although it was discarded since it percolated inside the
electrode. Table 2 summarized the different pellets manufacturing, as well as preparation conditions (temperatures and
times for each step or component) and observations on the resulting cells. Highlighted in green color, there are the
three pellets that could be valid for testing in the electrochemical setup.
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Table 2. Identification of anode supported electrochemical cells made of CGO-Cu or CuMnO4 porous electrodes and

BiCuVOx and sintering conditions and observations. Cells highlighted in green resulted in an appropriate cell
architecture for electrochemical cell testing or FE-SEM analysis.
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B2
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B3

B4

B5
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SP-BiCuVOx

- 800/10
in Ar

Support was reduced at 700
°C/12h before screen
printing. It melt in the oven.

Cu13Mn1704

900/5

BiCuVOx
800°C/10

800/10 820/10

Sample melt in the oven
(probably due to furnace T
fluctuation and that 820 °C is
close to the melting point of
the material).
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- 820/1
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densification was achieved
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LSMBi
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790/1
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Au

820/1

Attached
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Slightly
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820°C/1h

780/0.5
790/1
820/1

Electrode screen printed on
BiCuVox monolith and all
sintered in 1 single step at
780 °C. The layers did not
attach together

LSMBi

780/0.5
790/1
820/1

Electrolite B9 with LSMBI
electrode calcined on top of
low T sintered CGO/Cu
support. The layers did not
attach together

LSMBI

- 800/10

Polyvynil acetate was added
to the powder to improve
the pressing process. Raw
electrolyte and electrode
monoliths were sintered
together at 800 °C/10 h, but
did not attach. Sample is re-
sintered at 820 °C/1h, when
electrode de-attaches and
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the  electrolyte  breaks

(B11b).
B12 | CuMnO 30 900/5 800/10 | 820/0.5 |Electrode was screen printed | LSMBi
on top of BiCuVOx disc and it
was calcined all in a single
step. Cell was good and
layers properly attached.
B13 | SP- 72 - LSMBi
CGO/Cu0
50% (5mm)
B14 | CGO/CuO 72 800/10 820/1 |Electrode and electrolyte | LSMBi
50% (5mm) layers de-attached. They are
screen printed once again
(B14b) and sintered at
820°/1h
B15 | CGO/CuO 72 800/10 820/2 3 calcinations: 1. 820 °C/2 h |LSMBi 820°/2h-
50% (5mm layers do not attach; 2. 820 |go0°C+ 820°/5h-
e) °C/5 h layers do not attach; BCV 835°/2h
3.- 835°C/2h, layers melt 50%

ScSZr electrolyte supported cell - CGO protective layer for electrode contact: CGO-Cu cathode (Screen printing
route) and LPBSFC anode (CSIC)

A full cell based on commercial ScSZr electrolyte was fabricated. At high temperature ScSZr reacts with electrode
materials. Therefore, an R.F. sputtered CGO layer was deposited in ITQ to protect the electrolyte. On the surfaces, the
electrodes were deposited: i.e. CGO-Cu as cathode and LPBSFC as an anode, and then sintered at 1025 °C during 10 h.

3.2. Electrochemical characterization of full cells

3.2.1. Ceria based electrolytes

In D3.6 it was observed that the cell materials are thermo-chemically stable against CO2, CO and H: presence in the
anode chamber. However, cell voltage increases at these lower T, indicating a performance decay. A minimum
performance is still observed at 500 °C, while at 450 °C it was not possible to apply current higher than -100 mA-cm™.
Therefore, a full cell with thin electrolyte and supported on the CGO-Cu cathode was manufactured.
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Cathode: Pellet CGO/Cu (50/50)
Electrolyte: CGO82 (Screen printing)
Anode: LPBSFC/CGO (Screen printing)
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Figure 11. Lab scale full cells for electrochemical characterization and FE-SEM images of their microstructural
attachment.

Cathode supported cells consisted of a CGO/Cu pellet, pre-sintered at 900 °C on which the CGO electrolyte is screen
printed. Both layers are co-sintered at 1050 °C for CGO densification and submitted to a reduction in Hz afterwards,
which makes the electrode porous. The dense CGO layer is in between 10-20 um. On top of the electrolyte, the anode
is also screen printed. The anode for the ORR is LPBSFC/CGO. Figure 11 shows the obtained cell attachment, although
the presented sample broke and was therefore used for FE-SEM analysis. Another cell with similar configuration was
tested and i-v curves and OCV of the cell were applied. Although the cell was appropriately sealed under oxidizing
conditions, it became porous as soon as the cathode conditions were changed to Hz/Ar and the cathode (Cu) was
reduced. It revealed that the sintering conditions were not sufficient to densify the CGO layer and therefore the cell
could not be measured.

3.2.2. Bi-based electrolytes

Bi-based electrolyte cells manufacturing was very challenging. Two measurable full cells were achieved, one with
Cu13Mn1704 cathode and other with CGO-Cu cathode. The anode was LSMBi 600°C in both cells. Besides, one of the
cells (B13), showed attached layers but broke during the fabrication process. The layers were observed in FE-SEM to
check the microstructure and attachment. Screen printed LSMBi layer is well attached to the electrolyte, shown in Figure
12a. Figure 12b depicts good densification of the electrolyte, with some occluded pores along the cross section.
However, the other electrode (CGO-Cu) is not visible, indicating that no proper attachment was achieved.
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Figure 12. FE-SEM images of BiCuVOx electrolyte on B13 sample (a) attachment of electrode LSMBi (b) electrolyte
cross section and (c) general view of the electrolyte cross section without the CGO/CGCu electrode (which could not
be attached).

Sample B3, consisting of Cu1.3Mn1704 cathode and BiCuVOx electrolyte, with LSMBi anode, showed good apparent
attachment. However, a small reaction among layers was expected due to previous compatibility tests. The maximum
temperature of 380 2C was applied to the sealing, which was made of a high temperature silicone gasket, theoretically
stable up to 420 2C. Although initial test showed small leakages, after the reduction in hydrogen and at 380 2C the
leakages increased considerably. After several hours trying, we disconnect the membrane and observed that the sealing
silicone was corroded and so was the cell. The reduction of the cathode caused the porosity and then the easier way of
the hydrogen to the material, collapsing the cell as shown in the pictures of Figure 14.

&)

i . .
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Figure 13. Images of BiCuVOx electrolyte with CuMnO electrode on B3 sample, using a high temperatures silicone for
sealing, up to 380 2C.

Sample B8, consisted of CGO-Cu cathode, BiCuVOx electrolyte with LSMBi anode. The cell was sintered at 810 2C, 1 h,
and then the anode was attached at several temperature steps until it attached at 820 2C. An Au current collector was
painted on both sides. The cell was stable to all these thermal treatments. Then, it was mounted in the electrochemical
reactor and a Pallabrass gasket was used as sealant (up to 7702C). In oxidizing conditions, the sealing was not perfect,
indicating some porosity of the electrolyte. It was decided to change to reducing conditions and correct the leakages.
However, when the electrode was reduced the behaviour was worse. Electrochemical data could not be obtained, and
the leakage increased. After stopping the measurement, it was observed that the electrolyte heavily reacted with the
quartz reactor and destroyed the setup tip (Figure 14).

Figure 14. Images of BiCuVOx electrolyte on CGO/CGCu electrode B8 sample after reduction in H2/N2 50vol% and
sealing cycles with Palabrass sealant, up to 770 2C. The electrolyte reacted with the quartz reactor.
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3.2.3. ScSZr-based electrolytes

The full cell consisting of CGO-Cu//CGOint/ScSZr/CGOint//LPBSFC-CGO was introduced in the electrochemical setup.
Several measuring days were applied in order to seal the cell, by doing temperature cycles and preesure changes. When
demounting the cell, no apparent crack was detected, but some parts of the LPBSCF/CGO cathode were scratched. The
cell was broken and observed in FE-SEM as illustrated in Figure 15. The cross section showed a good attachment of

electrodes, better in the cathode side and the unreacted CGO thin protective layer. More efforts to measure this cell
will be payed in the WP4.
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CGO/Cu
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B N
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Figure 15. Post-mortem FE-SEM analysis of CGO-Cu//CGOint/ScSZr/CGOint//LPBSFC-CGO full cell.



4. Qverall conclusions

Several materials were recognized as candidates for low temperature electrochemical cells. However, manufacturing
conditions for joining them in a full cell are in many cases opposite to each other and compatibility issues have been
encountered, especially thermal and chemical.

BiMeVOx material, which is a good oxygen conductor, could not set a valid cell together with CGO-Cu, the best cathode
material tested in this study. Besides, as soon as it is in contact with reducing gases, the materials get destabilized and
reactive with the materials around it.

CGO electrolytes are good candidates but sintering them on top of a porous layer is a major challenge. Several efforts
have been made, including R.F. magnetron sputtering (SINTEF), screen printing and spray coating (CSIC-ITQ). Good cells
were obtained when all the materials are in oxidizing conditions, but strains appear upon reduction either when this
reduction is done before or after the deposition of the CGO electrolyte layer. Still, this cell has been demonstrated to
work at temperatures lower than state of the art for solid oxide cells (550 2C and even data was obtained at 450 °C,
D3.6).

Finally, a cell based on a ScSZr electrolyte has been tested. A bad sealing did not allow this cell to be fully measured, but
postmortem FEG-SEM analysis demonstrated good attachment of the electrodes and cell architecture. This kind of cell
will be considered as a candidate for scale up, especially considering the availability of 5x5 cm? commercial electrolytes.
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