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IT-SOFC Based on a Disaggregated Electrospun LSCF Nanofiber Electrode
Deposited onto a GDC Electrolyte Disc: Preparation Technique and Morphological
Characterization
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Laboratory-size intermediate temperature solid oxide fuel cells (IT-SOFCs) are manufactured, based on
Lag eSro4C0poFepg0s5 (LSCF) nanofiber electrodes applied onto Cey9Gdy101.95 (GDC) electrolyte discs. The LSCF
nanofiber electrodes are produced through electrospinning. The electrospun tissue is gently disaggregated in a-terpinol
before been applied onto the electrolyte, in order to break the fibers into segments, while preserving their morphology.
GDC electrolytes are obtained by uniaxial pressing of the GDC powders, followed by sintering. The dispersed
nanofibers are deposited onto the electrolyte to form symmetrical 1T-SOFCs, which are then heat treated. SEM
characterisation of the heat treated IT-SOFCs proves that the nanofibers morphology is preserved, forming a 3-D
structure with many contact points among the fibers themselves, which is expected to feature simultaneously enhanced
charge conduction and electrochemical reaction. The cells are ready for electrochemical impedance spectroscopy (EIS),
which is the ideal tool to characterize the electrochemical performance of the disaggregated electrospun LSCF

nanofiber electrodes.

Key words: nanofiber; electrospinning; intermediate temperature solid oxide fuel cell (IT-SOFC);
Lag 6Sro.4C0g2Fep 8035 (LSCF); sol-gel synthesis; CeqoGdy 10195 (GDC).

INTRODUCTION

The upward trend of global energy emissions,
and their likely multiple adverse effects, compel the
adoption of eco-innovative energy supply solutions,
to foster world transition into a paradigm of
sustainability [1]. Fuel cells, featuring high
efficiency and environmental compatibility, are
considered the preferable candidate to substitute the
conventional energy conversion technologies. Solid
oxide fuel cells (SOFCs), based on ceramic
materials, offer several advantages over other types
of fuel cells, mainly due to the use of non-noble
metals as catalyst, the possibility of being moulded
in a variety of shapes, and the high fuel flexibility,
which allows 100% tolerability towards CO and
around 5% tolerability towards CH,4 (depending on
the SOFC operating temperature) [2]. On the one
hand, the traditionally high SOFC operating
temperature (around 900°C) matches perfectly the
feeding temperature of gas turbines (GTs), allowing
an ideal coupling in hybrid cycles featuring up to
65% efficiency. Unluckily, on the other hand, this
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high operating temperature involves technological
problems, primarily due to the different thermal
expansion coefficient (TEC) of the SOFC
components, causing delamination and eventually
breaking. Another problem is that the high
operating  temperature  favours an  almost
instantaneousdevelopment of the steam reforming
of CH,, whose endothermal behaviour can cause a
steep temperature drop dangerous for the
mechanical stability of the ceramic materials,
limiting to about 5% the amount of CH, which can
be fed directly into the SOFC and making internal
CH, steam reforming practically unfeasible. These
problems are heavily mitigated by lowering the
operating temperature down to 550-850°C [3,4],
which is the so-called intermediate temperature
range. Furthermore, lower temperatures are
expected to mitigate degradation, reduce sealing
problems, enable the use of less expensive
materials in the balance of plant and finally
improve the response to rapid start-up. However,
lowering the operating temperature also lowers the
SOFC performance, since electrodes and electrolyte
materials become less conductive. Furthermore, the
kinetics of the electrochemical reactions decreases
exponentially as temperature decreases; indeed, the
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poor activity of the cathode is one of the key
obstacles for the development of IT-SOFCs [5].
For these reasons, innovative materials are under
investigation. For the electrolyte, Cey9Gdy 10195
(GDC) is used [6], while LaggSrg4C0og2Fep 5035
(LSCF), which is a well - known MIEC (mixed
ionic electronic con-ductor), is considered as of the
most promising cathodes [3]. The number of active
sites for the oxygen reduction reaction (ORR) is
expected to increase dramatically with the increase
of the specific surface area [7,8], and thus new
electrode morphologies and architectures are under
development. In this framework, nano-structured
electrode scaffolds, often obtained through the
electrospinning  technique, are intensively
investigated [9]. This preparation method offers
advantages in terms of simplicity, efficiency, low
cost and high degree of reproducibility of the
obtained materials [10]. In addition, it allows to
manufacture complex nanostructures, usually fiber-
made, with specific properties, such as high surface
area, high porosity and excellent mechanical
strength, which make them very suitable for IT-
SOFC electrode applications [11,2].

In the present paper, we present an innovative
preparation technique for symmetrical cells
employing LSCF electrospun electrodes, applied
symmetrically onto GDC electrolyte discs. The
LSCF tissue  manufactured through the
electrospinning technique is gently disaggregated
before being applied onto the GDC electrolyte, in
order to obtain short fiber segments which form a
3-D structure with a high number of contact points
between the fibers, to be tested through the
electrochemical impedance spectroscopy (EIS)
technique in order to assess the electrochemical
performance.

EXPERIMENTAL
Materials

LSCF fibers are synthesized using nitrates as
precursors: lanthanum (I11) nitrate hexahydrate
LaNs;Oq-6H,0, strontium nitrate Sr(NOs),, cobalt
nitrate hexahydrate Co(NOj3),-6H,0 and iron (l11)
nitrate Fe(NO3);-9H,0. Ethanol, N,N-
Dimethylformamide (DMF) and distilled water are
used as solvents. Polyvinylpyrrolidone (PVP) is

used as carrier polymer. All these materials are
provided by Sigma-Aldrich.

LSCF granular electrodes are manufactured
using LageSro4CogoFeqs035 powders provided by
Sigma-Aldrich (product code 704288, particle size
0.7 - 1.1 pum, surface area 5-8 m?/g).

GDC powders used for the electrolyte
preparation are supplied by Fuelcellmaterials
(GDC10-TC powder, particle size 0.1-0.4 um,
surface area 5.9 m?/g). In the cases where the GDC
powders are mixed with additives, 10 wt%
ammonium polyacrylate/water and 5% polyvinyl
alcohol (PVA)/water solutions are used, both
supplied by Sigma-Aldrich.

Preparation Procedures

LSCF nanofiber electrodes
LSCF fibrous electrodes are manufactured
through electrospinning. The starting solution is
prepared by dissolution of 0.178 g of Sr(NOs), in
0.4 ml of distilled water. Subsequently, 4 ml of
DMF and 6 ml of ethanol are added, followed by
mixing for 2 minutes with magnetic stirrer. Then,
0545 g of LaN;Og6H,O, 0.122 g of
Co(NO:s),.6H,0 and 0.679 g of Fe(NOs)s-9H,0 are
added to the solution, followed by mixing for 10
minutes. Lastly, 1.24 g of PVP are added, followed
by 24 h mixing (always with magnetic stirrer). With
this procedure, the molar ratio of the elements La,
Sr, Co, Fe in solution is 6:4:2:8 respectively. After
preparation, the solution is fed into a single-needle
electrospinning device (Spinbow), consisting of
four main parts: high-voltage generator, volumetric
pump (KD Scientific), syringe and cylindrical
collector (diameter 4 mm), which turns and shifts in
order to ensure homogenous thickness to the
electrospun tissue. The operating parameters for the
electrospinning device have been discussed in a
previous paper [3], and are reported in Table 1.
The LSCF nanofibers are heat treated following

the procedure reported below [3]:

- 1°C/min from 20°C to 350°C;

- 0.2°C/min from 350°C to 500°C;

- 1°C/min from 500°C to 800°C;

- 1°C/min from 800°C to 20°C.

Table 1. Operating parameters of the electrospinning device [3].

Flow rate Voltage
[ml/h] [kV] [cm]

[mm/s]

Needle-Collector Distance Collector Translation Speed Collector Rotation Speed

[rpm]

0.5 17 12

1000 750
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GDC electrolyte

For the preparation of the GDC electrolyte discs,
two different ways of treating the raw GDC
powders are employed. The first method consists in
mixing a mass of 2 g of GDC powders with 50 mL
of distilled water. Then 0.269 g of 10 wt%
ammonium polyacrylate/water solution (dispersant)
and 0.538 g of 10 wt% PVA/water solution
(binder), and finally 50 mL distilled water are
added, followed by 12 h treatment in an ultrasonic
device (sonicator UR1 Retsch ultrasonic bath).
Once the solution is dried, it is sieved and then it is
ready for pressing. In the second procedure, the raw
GDC powders are pressed with no preliminary
treatment. Uniaxial pressing is performed, which is
selected since it allows minimisation of the void
degree of the electrolyte pellet. The press die body
(13 mm diameter), is filled from the bottom: in this
way the GDC powder distribution has a high degree
of uniformity, resulting in a low void degree of the
final electrolyte pellet. Applied pressure ranges
from 50 MPa to 100 MPa. The GDC discs are then
sintered in a furnace, following the procedure
reported below:

- 1°C/min from 20°C to 200°C;

- 0.1°C/min from 200°C to 300°C;
- 10°C/min from 300°C to Tax;

- Tpaxfor 4h;

- 1°C/min from T to 20°C.

Three different values of T.. are tested:
1350°C, 1420°C and 1580°C. In all cases, after
sintering, the GDC electrolyte diameter is 1.1 cm.

Symmetrical cell assembly

The LSCF nanofiber tissue is gently
disaggregated in a-terpinol in the sonicator for 8
seconds. The resulting mixture is deposited
symmetrically onto both faces of the GDC
electrolyte discs.

Furthermore, symmetrical cells with LSCF
granular electrodes are manufactured as well. In
this case, the LSCF powder is dispersed in o-
terpinol and deposited symmetrically onto the GDC
electrolyte. All the symmetrical cells are heat
treated following the procedure reported below:

- 1°C/min from 20°C to 350°C;

- 0.2°C/min from 350°C to 500°C;
- 1°C/min from 500°C to 1000°C;
- 1°C/min from 1000°C to 20°C.

In all cases, after heat treatment the electrodes
have diameter 0.9 cm and thickness about 40 um.

Characterisation methodology

With all the samples presented in this work,
micrograph characterizations are carried out
through a scanning electron microscope (SEM)
50

Hitachi S-2500. SEM images of the GDC
electrolyte surface are used to evaluate the average
superficial porosity through the intercept method,
using a 0.32 um grid.

In addition, electrolytes are characterized in
terms of geometrical density, Archimedes' principle
density, mechanical bending, and thermal etching.
Geometrical density is evaluated by measuring the
pellet through a micrometer. The mechanical
bending test is used to determine the Young's
modulus and the ultimate strength point. The test is
carried out through a Zwick-Roell Z0.5
instrumentation. The electrolyte disc is placed on
an o-ring and a force is impressed through a sphere
positioned in the centre (Fig.1). The ultimate
strength (P) is measured at the breaking point of the
sample, while the Young's modulus (E) and the
maximum stress (omax) are calculated as follows
[12]:

P
Omax = s (1 + ) (5) + 1) )
e’ = (V1.6e? + t2) — 0.675t )
_ 0.552Pr?
- tsym (3)

Where 6max [Pa]; v = Poisson ratio — (assumed as
0.3); e = support footprint — (assumed as 0) [m]; P
= ultimate strength [N]; r = o-ring radius [m]; t =
sample thickness [m]; y., = deformation [m]; E =
Young's modulus [Pa].
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Fig.1. Schematic representation of the mechanical
bending test.

GDC pellets are thermally etched, and then the
linear intercept method is applied to the SEM
pictures to evaluate the grain size [13]. The linear
intercept method consists in drawing a set of
randomly positioned line segments on the
micrograph, counting the number of times each line
segment intersects a grain boundary, and finding
the ratio of intercepts to line length.
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RESULTS AND DISCUSSION
LSCF nanofibers

SEM pictures of the heat treated LSFC
nanofibers are reported in Fig. 2 In agreement with
the results previously reported in [3], the nanofibers
are continuous and randomly arranged. The average
diameter is around 250 nm.

Fig. 2. SEM pictures of heat treated LSCF nanofibers.

GDC electrolyte

Fig. 3 reports SEM pictures of the surface of
three different GDC discs. All the discs are
obtained by mixing the GDC powders with a
dispersant and a binder (first preparation method),
followed by pressing at 80 MPa. Then, the GDC
discs are sintered using three different T
(1350°C, 1420 °C or 1580 °C). Fig.3(a) shows that
with Trax = 1350°C, a high residual porosity (void
degree) is clearly visible. Fig.3(b) displays that
increasing the sintering temperature up to T =
1420°C, the residual porosity is significantly
decreased. Finally, a further increase of sintering
temperature up to T = 1580°C, leads to a further
reduction of the residual porosity, as shown in
Fig.3(c).

Fig. 3 shows that the reduction of residual
porosity observed with increasing the sintering
temperature. In particular, Fig. 3 (a) displays an
intermediate stage of sintering, with interconnected
porosity, while Fig. 3 (b) and (c) display a final
stage of sintering with isolated pores. The increased
stage of sintering is accompanied by an
enlargement of grain size. This is an important
parameter since it affects significantly the oxygen
ion conductivity of the GDC electrolyte, as
demonstrated by [14,15].

Fig. 3. SEM image of the surface of GDC electrolyte
discs obtained by uniaxial pressing at 80 MPa,
after sintering at T (a) 1350 °C, (b) 1420 °C, and
(c) 1580 °C.

Nevertheless, Fig. 3 (c) shows that some
residual porosity is clearly visible even with the
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highest sintering temperature of 1580°C. This
suggests that the dispersant and the binder added to
the raw GDC powders may interfere with the
process of grain agglomeration and growth during
sintering. Thus, a different procedure is
experimented, where the raw GDC powders are not
pre-treated, but instead they are pressed straight as-
received (second preparation method). Keeping the
maximum sintering temperature fixed at 1580°C,
the uniaxial pressing process is investigated by
applying a pressure of 50 MPa or 100 MPa. Fig.4
shows SEM images of the surface of the GDC
discs, displaying a reduced porosity and an
increased grain size, especially with the highest

applied pressure of 100 MPa. Tab. 2, for
completeness, reports geometrical and Archimedes’
density measurements. Considering that the bulk
GDC density is 7.2 g/cm?, for the sample pressed at
100 MPa the relative density is 0.924 according to
the geometrical density measurement, and 0.937
according to the Archimedes’ density measurement

The average superficial porosity, calculated with
the intercept method applied to Fig. , is 0.1% for
the electrolyte pressed at 50 MPa, whereas it is
0.04% for the electrolyte pressed at 100 MPa,
which is in agreement with the results obtained
from the density characterisation.

Table 2. Features of GDC electrolyte discs obtained with different applied pressures.

GDC disc
Applied Weight  Diameter  Thickness  Volume Geometrical Archimedes'
pressure Density Density
[MPa] [a] [cm] [cm] [cm’] [g/cm’] [g/cm’]
50 0.224 1.108 0.037 0.036 6.299 6.503
100 0.202 1.110 0.032 0.031 6.651 6.743

Fig. 4. SEM images of the surface of GDC
electrolyte discs obtained by uniaxial pressing at (a) 50
MPa, and (b) 100 MPa.

An SEM picture of the surface of the GDC disc
pressed at 100 MPa, after thermal etching, is
reported in Fig. 5. The grain size evaluated through
the linear intercept method is 0.5 pm.

The GDC disc obtained through uniaxial
pressing at 100 MPa is further characterized
through mechanical tests. The stress and strain
diagram is reported, the corresponding ultimate
strength is P =117 N, the Young’s modulus is
E = 0.12 GPa, and the maximum Stress iS Omax =
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30.5 MPa. All these features comply with the
requirements for a GDC disc to be used as the
electrolyte of an IT-SOFC. Thus, the samples
obtained by pressing the as-received GDC powders
at 100 MPa, followed by sintering at Tp =
1580°C, are selected for manufacturing the
symmetrical cells.

Fig. 5. SEM image of the surface of a GDC
electrolyte disc obtained by uniaxial pressing at 100
MPa, after thermal etching.
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Fig.6. Experimental load and displacement diagram of the GDC electrolyte disc obtained by uniaxial pressing at 100

MPa, followed by sintering at T = 1580°C.

Symmetrical cells

Symmetrical cells are prepared employing LSCF
nanofibers or LSCF granular powders, which are
coupled to the GDC electrolyte. SEM pictures of
the symmetrical cells (top-view) are reported in
Fig.7, clearly displaying the electrodes. Fig. 7(a)
and (b) show that the morphology of the fibers is
preserved after disaggregation, even if the fibers are
clearly broken into segments. This 3-D structure
with many contact points between the fibers, is

expected to feature simultaneously enhanced charge
conduction and electrochemical reaction [3]. The
high void degree is ideal to accommodate, in future
developments, a high degree of infiltrations, which
are expected to improve the electrochemical
performance [3]. Fig.7(c) shows the morphology of
the LSCF granular electrode, clearly displaying that
the LSCF particles have irregular shape. In this case
the void degree is much lower than with the fibrous
electrode.

Fig.7. SEM pictures of LSCF electrodes (top view) after application onto GDC discs: (a) and (b) nanofiber

electrode, and (b) granular electrode.
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CONCLUSIONS

Laboratory symmetrical IT-SOFCs of 1.1 cm of
diameter (electrode diameter 0.9 cm) are
developed, employing in-house manufactured
electrospun LSCF fibrous electrodes deposited onto
in-house developed GDC electrolyte discs. In the
electrodes, the fibers do not form a unique
continuous wire along the whole electrode, but
rather they are gently disaggregated to form a
network of randomly distributed segments. As a
comparison,  symmetrical  laboratory  cells
employing granular LSCF electrodes deposited on
the same type of GDC electrolytes are
manufactured as well.

Future plans include (i) testing through EIS, in
order to assess the electrochemical performance;
and (ii) comparison with laboratory IT-SOFCs
employing LSCF electrospun electrodes applied
onto the GDC electrolyte with a different procedure
[16], where the fibers form a unique continuous
wire along the whole electrode.
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CT-TOKT Ha 6a3ara Ha qucerperupas enekrpousmiereH oT HaHoBimakHa LSCF enexkTpos, HaHeceH
BbpXy GDC enexTposnnT: HAYMH Ha U3pabOTKa U MOP(HOIOTUYHA XapaKTepHU3alus

K. CaHHal, A. Harauol, E.M. Canaz, P. BOTepZ, I1. Kocramaus™ |

Y Kamedpa no epascoancro, xumuuecko u exonoeuuno unscenepcmeo (DICCA), Vnusepcumem 6 Ienya, Hmanus
2 Munucmepemeo na enepeutinama konsepcus u coxpanenue, Texuuyecku ynugepcumem na Janus, ®pedepurcéopaeli
399, DK-4000 Pokuwuno, Hanus
3 Kameopa no xumus u unoycmpuanna xumus, Yuusepcumem 6 I enya, Umanus

[HocTpnmna Ha 15 mait 2018r.; npuera Hal2 roxm 2018r.
(Pe3rome)

Paspaborenu ca cpeaHO TeMIlepaTypHH TBBpao okcuaHu ropuBHu Kietkd (CT-TOKI), na 6a3ata Ha
emexktpoan OT LageSro4Cop2Fe0s035 (LSCF) wmanoBmakHa, HaHeceHM BBPXYy Cep9Gdy10195 (GDC)
enekrpormut. Enextpomute or LSCF HaHoBiakHa ce moiyyaBaT upe3  €JIEKTPOU3ILTUTAHE.
Enexrpousmuierenata ThKaH ce AMCETPETHpa B 0-TEPIIMHO, TPEIN JIa CE HAHECEe BbPXY EIEKTPONIUTA, C 11T
Jla ce HaKbCcaT BIIAKHATA HA OTACITHH CETMEHTH, KaTo ce 3amna3u TsxHara Mopdodorus. Enekrpomutn GDC ce
MoJTy4aBaT upe3 eAHOKpaTHO npecoBane Ha GDC mpaxoBe, mocieaBaHo OT CHHTepoBaHe. [lucneprupanure
HAHOBIIAKHA CE€ OTJIaraT BBPXY CJIEKTPOJUTA, 3a Ja o0pa3yBaT CHUMETPHUYHHU KJIETKH, KOUTO CIIE]] TOBa CE
3arpsiBar. Xapaktepuzanusara cs¢ CEM Ha TorumuHO 06paboternte UT-TOKI™ obpasum mokassa, 4e ce
3arma3Ba MOpQoJorusITa Ha HaHO(UOPOBUTE BllaKHA, 00paszyBaiiku 3-D cTpykTypa ¢ MHOTO KOHTAaKTHHA TOYKHU
MEX]y CaMHUTE BJIaKHa, KOETO CE€ OYaKBa Jia C€ XapaKTepHU3upa eJHOBPEMEHHO C MM0A00PEHN MPOBOAMMOCT U
CJIEKTPOXUMHYHA peakTHBHOCT. KileTkuTe ca M3cie/BaHH ¢ €IeKTPOXMMUYHA UMITEaHCHA CIIEKTPOCKOIHSI
(EUC), KOATO € HMICATHUAT WHCTPYMEHT 3a XapaKTepU3MpaHe Ha €JICKTPOXHMMHUYHHTE CSKCIIOATAIllMOHHH
KadyecTBa Ha JAucarperupaHuTe eiaekrpousiuiereHn ot HaHonakHa LSCF enextpoau.
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