Volume 5
Number 1

7 January 2024
Pages 1-380

Materials
Adva

rsc.li/materials-advances

15 ~

e

’
“\ AN Y,
("\’_“\“‘?‘NM

v N

ROYAL SOCIETY PAPER

Muhammad Imran Asghar et al.
OF CHEMISTRY A novel CuFe,O, ink for the fabrication of low-temperature
ceramic fuel cell cathodes through inkjet printing




¥® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

A novel CuFe,0, ink for the fabrication
of low-temperature ceramic fuel cell cathodes
through inkjet printing

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2024,
5,143

@ Peter D. Lund® and Muhammad Imran Asghar (2 *3°

Sanaz Zarabi Golkhatmi,
Inkjet printing is a mask-free, contactless, and precise thin film and coating fabrication technique, which
can tailor the electrode microstructure of solid oxide fuel cells to provide a larger surface area with
more reaction sites. For the first time, printable and functional CuFe,O4 inks were developed by
analyzing particle size, viscosity, surface tension, density, and thermal properties. Two inks, named Ink (1)
and Ink (2), were formulated with different compositions. Ink (2), containing 20 wt% 1,5-pentandiol,
exhibited smaller particle sizes (0.87 um) and a lower activation loss compared to Ink (1). For further
optimization, NLK-GDC porous electrolyte substrates were inkjet printed with 30, 40, 50, 100 and
200 layers of Ink (2), with estimated thicknesses of 4.2, 5.6, 7, 14, and 28 pm. The best performance was
achieved with a 100-layer inkjet-printed symmetric cell, exhibiting an ASR of 9.91 Q cm?. To enhance
the rheological properties of Ink (2), cyclopentanone was added, resulting in Ink (2) — Samba, which had
improved characteristics. Ink (2) — Samba possessed an average particle size (D50) of 0.68 pm and
a Z number of 3.89. Finally, EIS analysis compared a 100-layer inkjet-printed symmetric cell with Ink (2)

Received 2nd July 2023, — Samba to a drop-cast cell with the same ink to evaluate how the fabrication technique influences cell

Accepted 2nd October 2023 performance. Inkjet printing demonstrated a hierarchical porous microstructure, increased reaction sites,
and reduced ASR from 19.59 Q cm? to 5.99 Q cm?. Additionally, SEM images confirmed that inkjet

printing reduced the particle size distribution during deposition. These findings highlight the significant
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Introduction

Commercialization of solid oxide fuel cell (SOFC) technology
often suffers from the high operating temperature (750-
1000 °C) necessary to maintain a high enough ionic conductiv-
ity to ensure satisfactory performance, which causes material
degradation, higher costs, and constraints in materials
selection.' One way to reduce the operating temperature with-
out sacrificing performance is to develop high-performance
materials with engineered microstructures for electrodes, par-
ticularly for cathodes, as the oxygen reduction reactions (ORRs)
dominate the activation loss in SOFC.” Recently, spinel ferrites
have gained a lot of interest for different electrochemical
devices due to their superparamagnetic characteristics, excellent
thermal and chemical stability, and chemical composition.® Spinel
ferrites with the composition of MFe,0, (M: Mn, Co, Cu, Ni, Mg,
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impact of manufacturing techniques on electrode quality and fuel cell electrochemical performance.

etc. in octahedral sites) have demonstrated a higher catalytic
activity than single-component metal oxides.* Furthermore, these
spinel oxides have a suitable thermal expansion coefficient (TEC)
with the other components, unlike other perovskite materials for
SOFC cathodes such as LSCF.> Copper ferrite (CuFe,0,) is a
prominent spinel ferrite due to its electrical conductivity and
high electrochemical activity.® CuFe,O, has been used in many
applications, including wastewater treatment,”® sensors,” " Li-ion
batteries,">'*  supercapacitors,"**® SOFCs,"”"® and photo-
catalysts,?* > showing positive effects in surface reactions. Inkjet
printing, which is an additive manufacturing technique, can tailor
the CuFe,O, microstructure.?® It is an efficient, mask-free, con-
tactless, and precise fabrication method for thin films and coating
preparation also producing less by-products and waste.”*** The
formation of single droplets released from a nozzle makes inkjet
printing a precise and reproducible film preparation method.>®
Solid oxide fuel cells (SOFCs),”° batteries,® * supercapa-
citors,** ¢ solar cells,”° and sensors*®™** have recently benefited
from this deposition technique using colloidal suspensions as inks
on different substrates by obtaining high-precision and uniform
electrode layers with a higher specific surface area.”® Inkjet print-
ing could maximize the CuFe,O, potential in surface reactions by
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depositing a porous and highly structured thin film and providing
more active sites for CuFe,O, particles.43 However, CuFe,O, ink
development for inkjet printing techniques has not yet been
reported. Here we develop three CuFe,O, inks with different
dispersant wt% to work as functional ink in inkjet-printing
applications. We studied their particle size distribution, rheologi-
cal properties, and optimized the printing conditions by adjusting
the number of printed layers for SOFC. Finally, the effect of the
fabrication technique on SOFC performance was investigated by
comparing drop-cast and inkjet-printed CuFe,O, symmetric cells
via electrochemical impedance spectroscopy, Brunauer-Emmett-
Teller (BET) analysis, and electron microscopy analysis to deter-
mine the impact of inkjet-printing on the microstructural devel-
opment of the CuFe,0, ink. A full fuel cell is also demonstrated for
anode-supported 100-layer inkjet-printed and drop-casted com-
plete cells. Current-voltage measurements were carried out to
illustrate the functionality of a complete fuel cell consisting of
100-layer inkjet-printed and drop-cast anode-supported cells with
Ink (2) - Samba.

Experimental
Cathode inks

The preparation procedure for the inks. The solid composi-
tion of the cathode inks was commercially available CuFe,0,
(Ningbo Sofcman Co. Ltd, China) with an average particle size
of 3 um and a purity of 3 N. The dispersing medium was
Terpineol (Sigma-Aldrich, Germany). Ethyl cellulose (EC) and
1,5-pentandiol (both from Sigma-Aldrich, Germany) were used
as the dispersant and humectant/surfactant, respectively. Three
distinct dispersions with 3.5 wt% CuFe,0,4, 0.03 wt% EC, and
three different values of 1,5-pentandiol, including 0 wt%,
15 wt%, and 20 wt%, were prepared to investigate the effect
of 1,5-pentandiol on CuFe,O, ink printability and electro-
chemical performance; these inks shall thereafter be known
as Ink (0), Ink (1), and Ink (2). The procedure was followed by
ball-milling with small, medium, and large zirconia beads in a
zirconia jar for 2 weeks at 300 rpm. Finally, the inks were
vacuum filtered through glass microfiber filters (Grade GF/B,
Whatman). It is worth mentioning that Ink (0) showed poor
flow through the vacuum filtration, which was impossible to
filter. Ink (2) was then modified for the Samba cartridge to
reduce the viscosity with the addition of cyclopentanone
(Sigma-Aldrich, Germany) in a volume ratio of 3:1 (Ink (2):
Cyclopentanone), and named Ink (2) - Samba.

Characterization methods. The inks’ particle size distribu-
tion was determined using a particle size analyzer (Nanoptic 90,
3P Instruments GmbH & Co. Kg, Germany) based on dynamic
light scattering (DLS) theory. Viscosity measurements were
performed in a temperature range of 35-70 °C to determine
the suitable printing range for the inks using a vibrating
viscometer (SV-10, A&D Company, Japan). After finding the
appropriate temperature range (40-50 °C) based on the inkjet
printer requirements, surface tension measurements were per-
formed using a force tensiometer (Sigma 700, Biolin Scientific,
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Finland) with a micro roughened surface Platinum Wilhelmy
plate. The same instrument and density probe were used to
perform the density measurements.

The printability of Ink (1) and Ink (2) was determined by
calculating their Reynolds (Re), Weber (We), Ohnesorge (Oh),
and Fromm (Z) numbers, then combined in a graphical map by
Derby,** as given below:*>

Re = — 1
p (1)
V2 pat
We = Y (2)
_ Re \/apa
Z=0h"!= = 3
vWe n ®)

where v is the drop velocity (m s™%), p is the density (g cm™3),
and « is the characteristic length (m), often proportional to the
cartridge nozzle diameter (21.5 pm), 7 is the viscosity (Pa s), and
o is the surface tension (N m™ 7).

To study the sintering behavior of Ink (1) and Ink (2),
thermal examination (TGA/DSC) was performed up to 650 °C
at a heating rate of 5 °C min~" under an air atmosphere using a
NEXTA STA thermal analyzer (Hitachi, Japan).

Electrolyte substrates

Powder preparation. As the nanocomposite electrolyte sub-
strate was designed with a three-layer structure (porous-dense-
porous), two types of NLK-GDC powder were prepared for the
dense and porous layers. The electrolyte’s porous structure
serves as capillary forces, which regulate the stage of drop dis-
persal and prevent the coffee-string effect.’>*® The NLK-GDC
nanocomposite electrolyte powder for the dense layer was
prepared via a solid-state ball-milling procedure. Lithium,
sodium, and potassium carbonates (Purum, 99%, Sigma-
Aldrich, Germany) with a eutectic weight proportion of Li: Na:
K = 32.1:33.4:34.5, were used for the carbonate composition.
Then, the eutectic carbonate composition and GDC (WuXi
Kai-star Electro-optic Materials Co., China) powders with a
30:70 wt% ratio were ball-milled together for 24 h at 300 rpm
with zirconia beads. The NLK-GDC nanocomposite powder
for the porous layer was formulated with the as-prepared
NLK-GDC nanocomposite powder, and 25 wt% EC was added
to the mixture, followed by grinding.

Porous substrate preparation. The three-layered porous elec-
trolyte substrates were fabricated by cold pressing a 13 mm die,
filled with 0.1 g porous, 0.3 g dense, and 0.1 g porous NLK-GDC
powders, for 120 s under a pressing pressure of 250 MPa.
Finally, the green-pressed porous pellets were sintered in a
muffle furnace (Nabertherm, Germany) at 1 °C min " up to
350 °C. Then, the sintering was continued at 2 °C min~"' to
700 °C. After 1 h maintaining the temperature at 700 °C,
the heating profile was completed in a slow cooling step at
1 °C min~ "' until reaching room temperature. The diameter
and thickness of the resulting substrate were 12.2 mm and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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1.22 mm, respectively. The substrate consists of a dense layer
(0.73 mm) with porous layers (0.25 mm each) on both sides.

Anode-supported substrates

Powder preparation. The anode powder was prepared
through a solid-state route. Ni(m) oxide green (99%, Sigma-
Aldrich, Germany) and GDC (WuXi Kai-star Electro-optic Mate-
rials Co., China) were mixed with a weight ratio of NiO:GDC =
60:40 to make NiO-GDC. Then, EC (Sigma-Aldrich, Germany)
was added to the NiO-GDC mixture in a weight ratio of NiO-
GDC: EC =90:10. The final composition was ball-milled for 1 h
at 300 rpm with zirconia beads.

Substrate preparation. The two-layered anode-supported
substrates were prepared by cold co-pressing using a 13 mm
die, filled with 0.4 g NiO-GDC and 0.3 g GDC, respectively, for
120 s under a 250 MPa pressure. Finally, the green anode-
supported substrates were sintered at 1500 °C with a heating
rate of 1 °C min~" for 4 h, followed by a cooling step with the
same rate until reaching the room temperature.

Fabrication and characterization of symmetric and full fuel
cells

Inkjet-printed symmetric cell. A Dimatix DMP-2800 (Fujifilm,
Santa Clara, USA) inkjet printer with a piezoelectric transducer and
10 pL Legacy DMP and Samba cartridges was used for the inkjet
printing of the porous NLK-GDC nanocomposite electrolytes. The
Legacy DMP and Samba cartridges featured 16 and 12 nozzles of
21.5 pm diameter, respectively, and a reservoir with a 1.5 mL
capacity. The electrical signal that drives the piezoelectric actuators
in the printhead nozzles was controlled by a single waveform with
a cartridge temperature of 45 °C, jetting voltage of 35 V, jetting
frequency of 30 kHz, and dwell and falling times of 4 and 20 ps,
respectively. There was a 10 s delay between printing each layer,
and the printer vacuum platen was active. At first, porous NLK-
GDC nanocomposite electrolytes were inkjet-printed with 50 layers
of Ink (1) and Ink (2) to find the best 1,5-pentandiol wt% for the
CuFe,0, ink. Once one side was printed, the cell was oven-dried
for 1 h at 130 °C before being sintered at 600 °C for 1 h at
1 C min~". The other side of the cell was printed, dried, and
sintered similarly. After determining the appropriate ink composi-
tion for CuFe,0,, Ink (2), it was used to optimize the number of
inkjet-printed layers by printing in 30, 40, 50, 100, and 200 layers.
Finally, Ink (2) - Samba was inkjet-printed in 100 layers, the
optimized number of layers. All the inkjet-printing processes
followed the same as-mentioned steps. The ink loading for one
side of the 100-layer inkjet-printed cell with Ink (2) - Samba before
and after sintering was 10.8 mg and 1.6 mg, respectively.

Drop-cast symmetric cells. Symmetric cells were fabricated
using Ink (2) and Ink (2) - Samba and the drop-casting deposi-
tion technique to evaluate and compare the electrochemical
performance of the optimized inkjet-printed cell. The drop-
casting was performed on a hot plate at 60 °C with 0.05 mL of
ink through a micropipette on one side of the porous NLK-GDC
electrolyte. The drying and sintering steps were done similarly
to the inkjet-printed cells. The other side of the drop-cast
cell was then drop-cast, dried, and sintered using the same

© 2024 The Author(s). Published by the Royal Society of Chemistry
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procedure. Concerning the loading of the cells, the objective
was to test both inkjet-printed and drop-cast samples with the
same loading of the cathode ink. However, some difficulties
were encountered in attaining a uniform and homogenous
coating through the drop-casting method with the same load-
ing as the inkjet-printed cell. The minimum amount of ink to
obtain a homogenous coverage was 0.05 mL, equal to 49.5 mg
before sintering. The final loading of one side of the drop-cast
sample after sintering was 4.9 mg.

Considering the substrate’s thickness, the presence of a
porous structure poses challenges in accurately determining
the thickness of the ink layer that has been applied. Further-
more, measuring the thickness of the drop-cast cell is a
significant challenge due to the non-uniform characteristics
of the deposited layer, hence adding complexity to the direct
measurement techniques. However, it is possible to approxi-
mate the thickness by considering the surface area of the
substrate and the density of the ink as below:

P=Sxn )
where p is the ink density (¢ cm ™), which is 0.99 g cm ™, m is
the loading (g), S is the surface area of the cell (cm?), which is
1.09 cm?, and % is the thickness of the deposited layer on one
side (cm). The estimated thickness of the 100-layer inkjet-
printed and drop-cast samples were 14 and 45 um, respectively.

Inkjet-printed full solid oxide fuel cells. The same process as
for the symmetric cells was conducted with anode-supported
substrates and Ink (2) - Samba to fabricate 100-layer inkjet-
printed complete solid oxide fuel cells.

Drop-cast full solid oxide fuel cells. The fabrication of drop-
cast full solid oxide fuel cells was carried out using anode-
supported substrates and Ink (2) - Samba, following a similar
procedure to that of symmetric cells.

Microstructural characterization. Scanning electron micro-
scopy (SEM) analysis of the optimized inkjet-printed and drop-
cast symmetric cells was performed with a Zeiss Sigma VP SEM
to study the role of surface morphology in the cell’s electro-
chemical performance. Moreover, samples were investigated by
nitrogen gas adsorption-desorption at —196.15 °C (77 K) using
BELsorp MAX II (Microtrac BEL, Japan) equipment. A Bru-
nauer-Emmett-Teller (BET) analysis was applied to the results
of selected samples to estimate their specific surface area and
porosity. All samples were pretreated under vacuum at 160 °C
for 4 hours before measurement.

Electrochemical characterization. Electrochemical impe-
dance spectroscopy (EIS) was conducted using a Probostat
(NorECs Ltd, Norway) and a Zahner Imé6 potentiostat over a
frequency range of 100 mHz to 100 kHz open circuit voltage
(OCV) and a 20 mV AC amplitude. The temperature range of the
measurements was 400-550 °C with 50 °C intervals. The effec-
tive surface area of the cell was 0.64 cm”. To provide reliable
electrical contacts during the measurements, Au paste
(Metalor, UK) was applied to both sides of the cells and dried
in the oven at 200 °C for 2 h beforehand. Gold meshes (NorECs
Ltd, Norway) were utilized as current collectors.

Mater. Adv,, 2024, 5,143-158 | 145
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Fig. 1 Experimental steps of fabrication, characterization, and optimization for an inkjet-printed CuFe,O,4 symmetric cell.

Current-voltage (I-V) measurements were conducted using
the same equipment over a potential range of —1.2 to 1.2 V
under open circuit voltage (OCV) conditions and a 20 mV AC
amplitude. The temperature range of the measurements was
500-650 °C with 50 °C intervals. The provided gas atmospheres
for the anode and cathode were H, in the inner chamber with a
flow rate of 51 min~?, and air in the outer chamber with a flow
rate of 12.5 1 min~", respectively. The effective surface area of
the cell was 0.5 cm®. Samples were sealed using Ceramabond
552 (Aremco, USA) to avoid gas mixture between the chambers
of the Probostat.

The flowchart in Fig. 1 depicts the experimental steps for
fabricating, characterizing, and optimizing an inkjet-printed
CuFe,0, symmetric cell.

Result and discussion
Inks properties

Particle size distribution. An appropriate particle size dis-
tribution is crucial to prevent nozzle clogging during inkjet
printing, meaning that the largest particles should be less than
10% of the cartridge nozzle size.”” Nevertheless, too small
particles tend to agglomerate due to the high attraction forces
(van der Waals) among them causing nozzle blockage.*® Thus,
appropriate dispersant type and quantity are vital to avoid
nozzle clogging. Particle size distribution of Ink (0), Ink (1) -
prior to filter, Ink (2) - prior to filter, Ink (1), Ink (2), and
Ink (2) - Samba are shown in Fig. 2(a). Ink (0) has an average
particle size (D50) of 3.59 um, higher than 10% of 21.5 um.
Moreover, it was impossible to filter the Ink (0) due to the
strong sedimentation and filter blockage, confirming the

146 | Mater. Adv., 2024, 5,143-158

importance of using an appropriate dispersant. In this regard,
1,5-pentandiol is used as a surfactant to prevent agglomeration
by creating a steric hindrance effect and stabilizing the parti-
cles in the liquid medium.*® Ink (1) - prior to filter, showed
good dispersing behavior and was easily vacuum filtered.
However, it has a D50 of 3.63 pm with a secondary peak. After
the vacuum filtering of Ink (1), the D50 is lowered to 1.26 pm,
lower than the recommended particle size. But still, it has a
secondary peak which might cause nozzle clogging issues after
a while.*® Ink (2) - prior to filter D50 is 2.70 um, smaller than
that of Ink (0) and Ink (1), evincing that the dispersant is
improving the particle size distribution.”® After filtration, Ink
(1) shows a D50 of 1.26 um, making it a potential candidate for
printable ink, although the secondary peak still exists. Ink (2)
has a narrow particle size distribution and an average particle
size of 0.87 um without any secondary peaks, signifying no
agglomeration in Ink (2). The addition of cyclopentanone
reduced the D50 to 0.68 pum, showing that cyclopentanone
can act as an appropriate dispersant in the polar medium of
Terpineol and 1,5 - pentandiol.>® These features can ensure a
smooth inkjet printing process without any nozzle clogging.
Rheological properties. The ink printability requires specific
rheological properties, such as its viscosity and surface tension,
as well as other parameters like drop velocity and density.>?
The viscosity of ceramic ink has a considerable impact on
its ejection behavior. A low viscosity is preferable (typically
<50 mPa s) for the inkjet printing technique, which restricts
the types and amount of used polymer additives in the ink
composition.?® Moreover, it limits the amount of ceramic
content in the formulation to provide low-viscosity ink. The
ink’s viscosity should be adjusted as higher viscosity can cause
insufficient jetting. In contrast, too low viscosity may greatly

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Particle size distribution of Ink (0), Ink (1) — prior to filter, Ink (2) — prior to filter, Ink (1), Ink (2), and Ink (2) — Samba with average particle sizes of

3.56, 3.63, 2.70, 1.26, 0.87, and 0.68 um. The cartridge nozzle size and the recommended particle size are also shown in the plot. (b) Viscosity vs.
temperature plot for Ink (0), Ink (1), Ink (2), and Ink (2) — Samba in the temperature range of 70-35 °C. The inset is the Arrhenius plot for Ink (1), Ink (2), and
Ink (2) = Samba, which are practically printable to study the effect of 1,5-pentandiol on viscosity.

reduce friction and end in damped oscillation, significantly
impacting jetting speed.>® In this work, CuFe,O, inks were
formulated with a low solid content (0.60 vol%) to ensure a low
viscosity behavior. Regarding selecting appropriate additives,
1,5-pentandiol is a polyol with hydroxyl (-OH) groups which
may create hydrogen bonds with other ink components, such as
solvent, and increase the viscosity.”> An appropriate concen-
tration of 1,5-pentandiol is crucial for the optimum value of the
ink’s viscosity. Higher concentrations of this surfactant can
result in more intermolecular interactions and hence, higher
viscosity. Depending on the concentration, this increase in
viscosity might be beneficial or harmful to inkjet printing.
Fig. 2(b) displays the viscosity plots for Ink (0), Ink (1), and
Ink (2) from 70 to 35 °C to determine the optimal printing
temperature and study the effect of 1,5-pentandiol on viscosity.
The viscosity plot for Ink (2) - Samba is also included in Fig. 2(b).
In the viscosity vs. temperature plot for all the ink in Fig. 2(b),
Ink (2) had the highest viscosity. In contrast, Ink (0) and Ink (1)
have close viscosity values, showing that the 15 wt% concentration
does not strongly affect changing the viscosity. To provide a better
understanding of the 1,5-pentandiol concentration effect on attrac-
tive interactions, Arrhenius expression in logarithmic form is

used,”®>® and the plot is shown in Fig. 2(b) inset:
Ey
1 =In(4) + —=
(1) = In() + = ®

The values of E, for Ink (1) and Ink (2) were 48.09 and 49.41 kJ,
respectively, based on the slope of the fitted line and eqn (5). The
E, values indicate that the hydrogen bonding between 1,5-
pentandiol and terpineol hydroxyl groups is getting stronger by
increasing the 1,5-pentandiol concentration from 15 wt% to
20 wt%, leading to a higher viscosity.>®*® Considering the required
viscosity range of DMP cartridges (10-12 mPa s), the printing
temperature was chosen as 45 °C. The viscosity values of Ink (0),
Ink (1), and Ink (2) at 45 °C are 8.87, 9.58, and 11.7 mPa s,

© 2024 The Author(s). Published by the Royal Society of Chemistry

respectively. As the range of viscosity requirements is different for
the Samba cartridge (4-8 mPa s), Ink (2) was modified to Ink (2) -
Samba by using cyclopentanone to alter the viscosity to 5.95 mPa s
at 45 °C.°° The lower E, (39.83 kJ) and viscosity values for Ink (2) -
Samba demonstrate that the addition of cyclopentanone changes
the strong intermolecular interactions, including hydrogen bond-
ing and van der Waals forces, between the Terpineol and 1,5-
pentandiol molecules, which contribute to the viscosity of the ink
and lower it.°® As cyclopentanone has weaker intermolecular
bonds, it could be capable of hindering the formation of strong
intermolecular networks, resulting in a decrease in viscosity.
Weaker hydrogen bonding interactions may result in fewer mole-
cular entanglements and less resistance to flow, both of which
contribute to lower viscosity.®> Moreover, the smaller particle size
can lead to lower viscosity.®*

Also, the ink’s surface tension must be regulated to guaran-
tee the ink wets the channel and ejects from the nozzle.**
Furthermore, controlled surface tension can prevent the ink
from leaking from the nozzle during the no-jetting phase.®*
Fig. 3(a) represents the surface tension values at 45 °C as 27.9,
24.66, 28.43, and 25.53 mN m ™" for Ink (0), Ink (1), Ink (2), and
Ink (2) - Samba, respectively. These values show that adding
15 wt% 1,5-pentandiol to Ink (0) leads to a decrement in the
surface tension due to its lower surface tension value compared
to Terpineol. However, adding 20 wt% results in an increase
due to the higher attractive intermolecular forces between the
solute and the solvent.’® Also, the ink surface tension is
decreased when cyclopentanone is added because of its lower
surface tension compared to Terpineol and 1,5-pentandiol.

The rheological specification of a printable ink is deter-
mined by the dimensionless numbers in fluid mechanics,
including We, Re, Oh, and Fromm numbers. The optimal range
of these characteristics has been identified through various
research studies. As an example, Fromm® proposed Z > 2 for
consistent drop formation, while Derby®® determined 1 < Z < 10.
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Derby diagram for Ink (0), Ink (1), Ink (2), and Ink (2) — Samba at the printing temperature (45 °C).

Table 1 Particle size and rheological properties of Ink (0), Ink (1), Ink (2), and Ink (2) — Samba at 45 °C

Particle size and rheological properties at 45 °C

Average particle Viscosity Surface tension Density Drop velocity
Inks size (um) (mPa s) (mNm™) (gem™) Oh z (ms™ We Re
Ink (0) 3.59 8.89 27.90 1.90 0.26 3.80 9 118.59 41.44
Ink (1) 1.26 9.58 24.66 0.938 0.42 2.32 9 66.27 18.95
Ink (2) 0.87 11.7 28.43 0.936 0.48 2.04 9 57.34 15.48
Ink (2) - Samba 0.68 5.95 25.53 0.99 0.25 3.89 9 67.53 32.19

Considering the rheological requirements for printable ink, Derby
created a cartesian map based on Re and We dimensionless
numbers to specify the ink characteristics in DoD inkjet
systems.** Fig. 3(b) depicts the Derby diagram for all the inks with
a drop velocity range of 3-20 m s~ ", It is worth mentioning that Ink
(0) is theoretically printable. However, due to the large particle size
and heavy sedimentation, it wasn’t used for inkjet printing to
avoid nozzle clogging. It can be concluded that particle size
distribution is as important as the rheological properties to ensure
a good-quality inkjet printing process. Ink properties for all the
inks are described in Table 1.

Thermal analysis TGA and DSC analyses were performed for
Ink (1) and Ink (2) in the air to study their sintering behavior
and the thermal decomposition of solvent remnants and
organic components. As the cyclopentanone evaporates at
130 °C and the samples go through a drying step at 130 °C
for 1 h, the as-dried Ink (2) - Samba will follow the Ink (2)
thermal profile.®® Fig. 4(a) and (b) exhibit the thermal analysis
curves for Ink (1) and Ink (2), respectively. According to TGA
curves, there were no weight changes under 100 °C, indicating
that the inks’ organic medium preserves its weight at room
temperature, which is considered a beneficial behavior for
long-term storage and stability of the ink.®” The first and most
significant weight loss happened at 100-200 °C, accompanied
by endothermic peaks at 177 °C and 185 °C for Ink (1) and Ink
(2), respectively. This weight loss is attributable to the degrada-
tion of the major amount of organic substances and water

148 | Mater. Adv., 2024, 5,143-158

evaporation.®®®® The second weight loss for Ink (1) occurred at
185-210 °C with an endothermic peak at 209 °C, and for Ink (2)
happened at 195-210 °C with the same endothermic peak
temperature as Ink (1). The thermal breakdown of the residual
organic components, organic solvent volatilization, and EC
melting all contribute to these endothermic peaks.**”%”" After
raising the temperature to 400 °C, the remaining organic
material was burnt away, and a third endothermic reaction
occurred at 414 and 418 °C for Ink (1) and Ink (2),
respectively.’>”> At temperatures over 400 °C, the masses of
the inks remained constant. However, there was a fourth
endothermic reaction, at 471 °C for Ink (1) and 464 °C for Ink
(2), resulting from the CuFe,O, phase transition from tetra-
gonal to cubic phase.”” The total mass loss for Ink (1) was
87.24%, which is lower than that of Ink (2) (93.76%), as Ink (1)
had a lower amount of organic substances.

Electrochemical characterization

1,5-Pentandiol wt% optimization. EIS is a helpful technique
to study different electrochemical processes involved in a fuel
cell, including ionic and electronic transfer (Ohmic losses), and
charge transport activation (kinetic losses).*>”* To determine
the best CuFe,0, ink formula for the ceramic fuel cell applica-
tion, 50 layers of inkjet-printed symmetric cells with Ink (1) and
Ink (2) were examined using EIS. Fig. 5(a) shows the Nyquist
plot for these inkjet-printed symmetric cells at 550 °C. Four
distinct sections are seen in these Nyquist plots: a long tail at

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ma00352c

Open Access Article. Published on 10 1402. Downloaded on 07/11/1404 01:40:35 ..

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

(a)

——TGA- Ink (1)
100 | —osc-ink@| [ g,
Foa
80 - =
Lo %
£
= N F-01 3
xX l "
s 60 E % &
4 5 o2 F-02 2
= , &1 2
E -
40 4 M % F-03 g
v & t-0.4 x
0 f I-0.5
3R
as I-06
0 T T T T T T T
0 100 200 300 400 500 600 700
Temperature (°C)
Fig. 4 TGA/DSC curves of (a) Ink (1) and (b) Ink (2).
= Ink (1)
T +Ink (2
10 4 S . (2)
-. T - -
54 L w e assessenen
~ - % .
g \/‘.
G
g 01
£
N
5 U R Ry Ry ]
cPEL  CPE2 :
-
-10 A —
T T T T : T T
0 10 20 30 40 50
Z,0y (Q cm?)

Fig. 5

View Article Online

Paper

(b)

——TGA-Ink 2)||_ 4
——DSC- Ink (2)|

F-0.1

-0.2

Mass (%)
93.76%

+-0.3

Heat flow (mW mg™)

I -0.4

t+-0.5

t-0.6

T T T T T
0 100 200 300 400 500 600 700

Temperature (°C)

(b)

160 .

140

120 4

100 +

0 50 50 550

80 4 L

Temperature (°C)

60

Area Specific Resistance (Q cm?)

40 -
= Ink (1)
204 = Ink(2)

T T T
400 450 500 550

Temperature (°C)

(a) Comparison of the electrochemical performance of symmetric inkjet printed cells by Ink (1) and Ink (2) at 550 °C. The insets are the enlarged

Nyquist plots of the higher frequency region (1.07-100 kHz) and the applied equivalent circuit. (b) ASR comparison of inkjet-printed symmetric cells with
Ink (1) and Ink (2) from 400-550 °C. The inset is the comparison of Ronm Of the as-mentioned cells in the same temperature range.

high frequencies, two depressed semi-circles, and an inter-
mediate region. The equivalent circuit to fit the EIS data is
shown in the inset of Fig. 6. L; is the measurement setup’s
inductance, mainly determined by the length of the measuring
wires. The high-frequency intercept on the real axis demon-
strates the ohmic resistance (Ronm), driven by the oxygen ion
conduction in the electrolyte and electron transfer in the
electrode and current collector.”>’® Moreover, the high-
frequency arc is the charge transfer mechanism linked to
oxygen transport at the electrolyte/electrode contact area,
demonstrated as R;.”” And R, features the low-frequency
arc generated by the oxygen ion diffusion and adsorption/
desorption on the electrode material’s surface.”® R, and R,
show the electrode mechanisms in the cell associated with
polarization resistance (R,), which is smaller than the total of
R; and R, since they overlap.*®

The inset of Fig. 5(a) shows an enlarged image of the higher-
frequency region (1.07-100 kHz) to provide a better picture of
Ronm comparison. The ohmic resistance for the inkjet-printed

© 2024 The Author(s). Published by the Royal Society of Chemistry

cell with Ink (1) at 550 °C is 0.86 Q cm?, which is 36.38% higher
than that of Ink (2) (0.53 Q cm?). This difference in Ropm, can be
attributed to different particle size distributions in Ink (1) and
Ink (2). Ink (1) had a larger D50 with a secondary peak, which
can cause poor dispersion of cathode active material in ink and
affect the electrode/electrolyte interface due to the particle
agglomeration and non-uniform structure and not providing
good contact with the electrolyte.”® In the case of the electrode
process, Ink (2) possesses a lower R; compared to Ink (1) due to
the better oxygen transport at the electrode/electrolyte inter-
face. This enhancement arises from the narrow particle size
distribution and smaller particle size compared to Ink (1),
leading to a more homogenous microstructure with a higher
specific surface area.”®®° Also, R, is different in these two inks,
as the particle size distribution impacts the gas diffusion
properties of the electrode. Larger particles and secondary
peaks of Ink (1) can cause agglomeration, block the active sites,
and reduce the lengths of triple phase boundaries (TBPs).
On the other hand, Ink (2)’s cell performance is better due to
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(a) Comparison of the electrochemical performance of symmetric inkjet printed cells by Ink (1) and Ink (2) at 550 °C. The insets are the enlarged

Nyquist plots of the higher frequency region (1.07-100 kHz) and the applied equivalent circuit. (b) ASR comparison of inkjet-printed symmetric cells with
different numbers of printed layers, including 40-, 50-, 100-, and 200-layers, from 400-550 °C. The inset is the comparison of Ronm Of the as-

mentioned cells at the same temperature.

its more porous microstructure and increased TBP lengths.”*®°

Fig. 5(b) and its inset exhibit a comparison of area-specific
resistance (ASR),*" which is calculated by eqn (6), and the Ropm
of inkjet-printed cells with Ink (1) and Ink (2) from 400-550 °C.

R+ Ry

Area — specific resistance = >

- ROhm (6)
Table 2 represents the Ronm, Ri, Ry, and ASR for both inks.

The number of printed layers optimization. After finding the
right ink, Ink (2), different numbers of layers, including 30, 40,
50, 100, and 200 layers, were inkjet-printed on the porous GDC-
NLK pellets to optimize the inkjet printing conditions. All the
samples were studied using the EIS technique to determine the
best assembly, as the number of inkjet-printed lasers can affect
the polarization resistance in some ways, including thickness
and porosity.”® Fig. 6(a) shows the Nyquist plots of inkjet-
printed symmetric cells with 40, 50, 100, and 200 layers of
Ink (2) at 550 °C. The insets are the expanded Nyquist plots
for the as-mentioned samples in the higher frequency region
(1.07-100 kHz) to provide a clearer image of the Ronm, and the
applied equivalent circuit, respectively. It is also worth
mentioning that the 30-layer symmetric cells didn’t have a
presentable performance.

According to the plots, the ASR decreased by increasing
the number of printed layers, achieving the lowest value in
the 100-layer inkjet-printed symmetric cell (9.91 Q cm?), and

began to increase after that. This decrement until reaching 100
layers and then increasing behavior of Ry, is attributable to the
electrode layer’s thickness and CuFe,O, content.’” In the 30-layer
design, the electrode active material was insufficient and could not
provide enough active sites for oxygen reduction. By increasing the
number of inkjet-printed layers to 40 and 50, R, decreased as the
CuFe,0, content and thickness increased by bringing more active
areas for the electrode reactions. In the 100-layer case, R, reached
its optimum value as the electrode layer was thin enough to access
and react with the electrolyte yet thick enough to offer adequate
active sites for the reaction.*> However, in the 200-layer case, the
electrode layer was too high and became less porous, inhibiting
the oxygen transfer and causing R, increment.*

On the other hand, there is a different trend in Ronm. Ronm 1S
inversely proportional to the number of inkjet-printed layers.
This means that the 200-layer inkjet printed symmetric cell has
the lowest Ronm, and the 40-layer one has the highest. The
decreasing Ronm may be ascribed to the improved electrolyte/
electrode interface due to the presence of more active material and
better packing.®* Fig. 6(b) and its inset illustrate the comparison of
ASR and Ropm in 40-, 50-, 100-, and 200-layer inkjet printed
symmetric cells in the 400-550 °C temperature range. Overall, the
100-layer inkjet-printed symmetric cell was chosen as the optimized
cell due to its lowest ASR and reasonable Ropn,,. Table 3 presents the
Rohms Ri, Ry, and ASR of the 40-, 50-, 100-, and 200-layer inkjet-
printed cells from 400-550 °C.

Table 2 Ropm, R1. R2, and ASR values of Ink (1) and Ink (2) inkjet-printed porous NLK-GDC symmetric cells in the 400-550 °C temperature range under

an air atmosphere

Ink (1) inkjet-printed cells (Q cm?)

Ink (2) inkjet-printed cells (Q cm?)

Temperature (°C) Rohm Ry R, ASR Rohm R, R, ASR
400 2.58 235.77 145.45 187.97 1.68 114.69 107.32 109.85
450 1.60 111.04 73.44 90.60 0.86 67.58 61.81 63.77
500 1.11 59.27 51.45 54.19 0.53 27.61 23.39 24.90
550 0.86 31.32 31.83 30.68 0.53 17.53 14.50 15.48
150 | Mater. Adv,, 2024, 5,143-158 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Ropm. R1, Rz, and ASR values of 40-, 50-, 100-, and 200-layer
inkjet-printed porous NLK-GDC symmetric cells at 400-550 °C and
under an air atmosphere

Temperature (°C)

Resistance
Cells (Q cm?) 400 450 500 550
40-Layers Rohm 2.17 1.31 1.02 0.82
Ry 197.80 74.47 37.52 19.09
R, 122.02 65.70 27.65 16.63
ASR 157.70 68.73 31.54 17.04
50-Layers Rohm 1.68 0.86 0.53 0.53
Ry 114.69 67.58 27.62 17.53
R, 107.32 61.81 23.39 14.50
ASR 109.28 63.77 24.90 15.48
100-Layers  Ropm 0.98 0.61 0.49 0.41
R, 62.59 29.41 19.09 10.32
R, 58.20 25.31 17.37 10.32
ASR 59.39 26.71 17.69 9.91
200-Layers  Ronm 1.15 0.57 0.41 0.25
Ry 212.38 131.03 19.87 17.74
R, 181.49 71.76 31.99 12.49
ASR 195.75 100.80 45.96 14.83

Comparison of drop-cast and inkjet-printing techniques -
For Ink (2). Once the printing conditions were tuned, the
optimized inkjet-printed cell with 100 layers was compared to
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a drop-cast symmetric cell with the same ink to study the effect
of the fabrication technique on electrochemical performance.
Fig. 7(a) and (b) exhibit the electrochemical performance
of drop-cast and 100-layer inkjet-printed symmetric cells at
400-550 °C under an air atmosphere, respectively. As men-
tioned before, the electrode microstructure significantly
impacts the electrochemical performance and the ORR as the
number of TBPs correlates with the gas adsorption and diffu-
sion quantity, which are influenced by the electrode fabrication
techniques.®”®® Since inkjet-printing creates a hierarchical
porous nanostructure and provides more reaction sites,”*°
the inkjet-printed sample’s ASR dropped to 9.91 Q cm?
2.3 times lower than the drop-cast sample with 22.90 Q cm?
at 550 °C. This effect is visible in the arc radii of the low-
frequency zone in the Nyquist plots of the as-mentioned
samples in Fig. 7(c). Moreover, inkjet printing raises the
electrode’s specific surface area by homogenously spreading a
notable number of nanoparticles on the electrolyte surface,
improving the electrochemical performance and lowering ASR.

The electrode fabrication technique can also impact the
Ronm as the charge transfers between the electrode and
the electrolyte and, inversely, may be facilitated by a porous

microstructure.”””*”-®® This is why the drop-cast symmetric cell
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Fig. 7 The Nyquist plots of (a) drop-cast and (b) 100-layer inkjet-printed porous NLK-GDC symmetric cells with ink (2) at 400-550 °C under an air
atmosphere. The insets are the enlarged Nyquist plots in the higher frequency zone (1.07-100 kHz) and the applied equivalent circuit. (c) Comparison of
drop-cast and 100-layer inkjet-printed porous NLK-GDC symmetric cells with Ink (2) at 550 °C and the inset is the Nyquist plots in the higher frequency
region (1.07-100 kHz). (d) ASR and Ronm (inset) comparison of drop-cast and 100-layer inkjet-printed porous NLK-GDC symmetric cells at 400-550 °C

and under an air atmosphere.
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Table 4 Ronm, R1 Rz, and ASR values of the drop-cast and 100 layers
inkjet-printed porous NLK-GDC symmetric cells with Ink (2) at 400—
550 °C and under an air atmosphere

100-layer inkjet-printed
cell (Q cm?)

ASR  Rohm Ry R,

Drop-cast cell (Q cm?)

Temperature (°C) Ropm R R, ASR

400 2.25 194.60 163.02 176.54 0.98 62.59 58.20 59.39
450 1.23 56.57 47.88 50.95 0.61 29.41 25.31 26.71
500 0.78 34.20 29.86 31.21 0.49 19.09 17.37 17.69
550 0.61 25.89 21.18 22.90 0.41 10.32 10.32 9.91

has a 1.5 times higher Ronm (0.61 Q cm?) than the 100-layer
inkjet-printed sample (0.41 Q ¢cm?) at 550 °C. A comparison of
the ASR and Ropm of the drop-cast and 100-layer inkjet printed
porous symmetric cells at 400-550 °C under an air atmosphere
is given in Fig. 7(d) and its inset, respectively. The Ronm, R1, R,
and ASR of the drop-cast and 100-layer inkjet-printed samples
are outlined in Table 4.

Comparison of drop-cast and inkjet-printing techniques —
For Ink (2) - Samba. The electrochemical performance and
Nyquist plots of the drop-cast and 100-layer inkjet-printed
porous GDC-NLK with Ink (2) - Samba at 400-550 °C under
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an air atmosphere are shown in Fig. 8(a) and (b), respectively.
Like Ink (2), the inkjet-printed symmetric cell performed
much better than the drop-cast one by showing a 3.2 and
1.5 times lower ASR and Ronm, respectively. The electro-
chemical performance of Ink (2) - Samba was also superior to
that of Ink (2), with ASR and Ropy, values of 5.99 and 0.39 Q
cm?, respectively, compared to 9.91 and 0.41 Q cm? for Ink (2).
The Ink (2) - Samba’s reduced viscosity and narrower particle
size distribution may be responsible for the advancement.
Because of the increased surface area provided by the smaller
particles, the number of reaction sites available to the electrode
increases.**°

In addition, the Samba cartridge has a higher drop place-
ment accuracy, providing a more homogenous coating com-
pared to the DMP cartridge.®® The lower Ropn, of Ink (2) -
Samba can be attributable to the smaller particle size distribu-
tion which improved the electrode/electrolyte interface.”®

Table 5 presents the Ronm, Ri, Rz, and ASR values of the
drop-cast and 100-layer inkjet-printed samples with Ink (2)
- Samba.

Comparison of I-V measurements for drop-cast and inkjet-
printing techniques - Ink (2) - Samba. Fig. 9 displays the
current-voltage (I-V) and current-power (I-P) curves of the
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Fig. 8 The Nyquist plots of (a) drop-cast and (b) 100-layer inkjet-printed porous NLK-GDC symmetric cells with ink (2) — Samba at 400-550 °C under
an air atmosphere. The insets are the enlarged Nyquist plots in the higher frequency zone (1.07-100 kHz) and the applied equivalent circuit. (c)
Comparison of drop-cast and 100-layer inkjet-printed porous NLK-GDC symmetric cells with Ink (2) — Samba at 550 °C and the inset is the Nyquist plots
in the higher frequency region (1.07-100 kHz). (d) ASR and Ronm (inset) comparison of drop-cast and 100-layer inkjet-printed porous NLK-GDC
symmetric cells with Ink (2) — Samba at 400-550 °C and under an air atmosphere.
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Table 5 Ronm. R1, R2, and ASR values of drop-cast and 100-layer inkjet-
printed porous NLK-GDC symmetric cells with Ink (2) — Samba

100-layer inkjet-printed

Drop-cast cell (Q cm?) cell (Q cm?)

Temperature

Q) Rohm Ri R, ASR  Ronm Ri R, ASR
400 1.90 174.00 168.60 169.39 0.87 48.96 26.78 37.00
450 1.21  80.55 69.15 73.63 0.55 23.21 18.74 20.42
500 0.76  48.01 30.19 38.33 0.49 12.72 8.53 10.13
550 0.60 25.15 15.25 19.59 0.39 7.37 5.39 5.99

anode-supported cells. It is important to acknowledge that the
observed low open circuit voltage (OCV) and peak power density
(PPD) values in both cells are influenced by the thick electro-
lyte and anode layer used. This thickness hinders efficient
movement of ions inside the cell, ultimately leading to a low
OCV.”° The OCV values for 100-layer inkjet-printed and drop-
cast samples are 0.95 V and 0.48 V at 650 °C, respectively. The
increased open circuit voltage (OCV) observed in the inkjet-
printed sample can be attributed to its more porous
microstructure and larger specific surface area of the cathode.
These characteristics enhance mass transfer at the cathode side
by increasing the number of TBP sites.”*> The PPD value
observed in the inkjet-printed sample is approximately seven
times greater than that of the drop-cast sample. The difference
can be ascribed to the tailored microstructure, reduced pore
diameter, increased specific surface area, and greater number
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of TBP sites present in the inkjet-printed sample. Consequently,
these factors contribute to enhanced ORRs.”*** The OCV and peak
power density (PPD) values for different temperatures are given in
Table 6.

Microstructural characterization

SEM. Microscopic analysis was conducted on 100-layer
inkjet-printed and drop-cast porous NLK-GDC symmetric cells
by Ink (2) to study the differences in fabrication techniques and
their effects on the electrochemical performance of the cells.
Fig. 10 includes the surface morphology of 100-layer inkjet-
printed (a), (c) and (e) and drop-cast samples (b), (d) and (f) by
Ink (2), presented in 185x, 687x, and 4.15x magnifications.
Fig. 10(a), (c) and (e) reveal an adequate and homogenous
distribution of CuFe,0, particles on the surface of the inkjet-
printed sample.®®°> In contrast, the drop-cast sample suffers
from a poor spread of the active material without uniform
surface coverage. The higher magnification SEM images in
Fig. 10(c) and (e) indicate that CuFe,O, possesses a conjugated
hierarchical morphology, essential for improving the charge
transfer process.”® Furthermore, the morphology that is formed
through the inkjet-printing approach provides a favorable
environment for the oxygen reduction reaction (ORR) to occur
at the surface of the cathode.’® The drop-cast sample surface
morphology in Fig. 10(d) and (f), however, does not reflect
any hierarchical or conjugated structure, which hinders the
effective ORR activity at the cathode surface®® The particle size
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Fig. 9

IV and IP curves of (a) 100-layer inkjet-printed and (b) drop-cast full fuel cells with Ink (2) — Samba at 500-650 °C (H, with 5 L min~* and air with

12.5 L min~* were supplied on the anode and cathode sides, respectively), and (c) comparison of inkjet-printed and drop-cast full fuel cells with Ink (2) —

Samba at 650 °C.
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Table 6 OCV and PPD values for 100-layer inkjet-printed and drop-cast full fuel cells with Ink (2) — Samba at 500-650 °C (H, with 5 L min~tand air with
12.5 L min~* were supplied on the anode and cathode sides, respectively)

PPD (mW cm ?) ocCV (V)
Temperature (°C) 100-Layer inkjet-printed Drop-cast 100-Layer inkjet-printed Drop-cast
500 0.35 0.23 0.32 0.14
550 0.79 0.29 0.54 0.43
600 10.43 1.41 0.68 0.38
650 15.06 1.97 0.95 0.48

[y

Fig. 10 Surface SEM images of (a), (c) and (e) 100-layer and (b), (d) and (f) drop-cast porous NLK-GDC symmetric cells in 185x (a and b), 687x (c and d),
and 4.15kx (e and f) magnifications. The insets of (e) and (f) figures are the particle size distributions of CuFe,O4 particles on the surface of the inkjet-
printed and drop-cast samples, respectively, analyzed using ImgaeJ software.

distribution of the samples, studied by Image] software, is
presented in Fig. 10(e) and (f) for inkjet-printed and drop-cast
samples, respectively. The results show that the average particle
size in the inkjet-printed surface is 142 nm in diameter, which
is much smaller than that of the drop-cast sample, 1161 nm.
This study can confirm the EIS results as the inkjet-printed cell
provides a higher specific surface area for surface reactions and
increases the reaction sites.?*°”"°® Moreover, it indicates that
the inkjet-printing fabrication technique can potentially reduce
the particle size distribution during the deposition due to its
high-velocity ink ejection.

Fig. 11
distribution on its surface, analyzed using ImageJ software.

154 | Mater. Adv., 2024, 5,143-158

A high-magnification SEM image of the inkjet printed
sample is shown in Fig. 11(a) to provide a better picture of this
homogenous spread of the nanoparticles on the surface. The
particle size distribution of this image is also studied by ImageJ
software, displayed in Fig. 11(b), and it was 57 nm in diameter.

Fig. 12 displays the cross-sectional view in the interface area
of the inkjet-printed and drop-cast samples in (a), (c), (e) and
(b), (d), (f) with different magnifications, respectively. The
electrode/electrolyte interface is crucial to SOFC performance
as it affects electrode and electrolyte contact and increases
active reaction sites, and therefore its research is essential.®® !

(b) 304 [ Particle size distribution after inkjet-printing

- N N
« 1<) [

Frequency

I
o

100 150

Diameter (nm)

(a) Surface SEM image with a high magnification of 8.66kx from the 100-layer inkjet-printed sample and (b) CuFe,O, nanoparticle size
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Fig. 12 Cross-sectional SEM images of (a), (c) and (e) 100-layers and (b),
3.71kx (c and d), and 9.77kx (e and f) magnifications.

From Fig. 12, especially in the higher magnification images of
Fig. 12(c) and (e), it can be seen that the inkjet-printed sample
electrode/electrolyte interface is fully covered with the CuFe,O,
nanoparticles, showing favorable ink infiltration to the substrate’s
porous layer. However, the interface area for the drop-cast sample
is more like scattered islands of the agglomerated CuFe,O,
nanoparticles. These observations align with the enhanced electro-
chemical performance of the inkjet-printed samples because of the
electrode/electrolyte interface improvement by emerging CuFe,O,
nanoparticles and providing more triple-phase boundaries.**'%>
The electrode/electrolyte interface behavior happened for the sym-
metric cells coated with Ink (2) - Samba. The interface area is
shown in Fig. 13(a), (c), (b) and (d) for the inkjet-printed and drop-
cast porous NLK-GDC symmetric cells by Ink (2) - Samba, respec-
tively. Comparing the lower magnification SEM images in Fig. 13(a)
and (b), it is clear that the inkjet-printing technique was more
successful in spreading the CuFe,O, nanopatrticles along the inter-
facial area as there are only some scattered particles in the drop-
cast one. Fig. 13(c) exhibits effective ink penetration through the
porous layer, while the drop-cast cells in Fig. 13(d) have aggregated
islands of CuFe,O, nanoparticles.

Fig. 13 Cross-sectional SEM images of (a) and (c) 100-layer and (b) and
(d) drop-cast porous NLK-GDC symmetric cells by Ink (2) — Samba in
787x (a and b) and 5.33kx (c and d) magnifications.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(d) and (f) drop-cast porous NLK-GDC symmetric cells in 1.23kx (a and b),

Table 7 BET results for 100-layer inkjet-printed and drop-cast porous
NLK-GDC symmetric cells with Ink (2) — Samba

Specific surface Mean pore

Samples area (m”> g™ ") diameter (nm)
100-Layer inkjet-printed 2.25 19.12
Drop-cast 1.84 22.51

BET. Table 7 displays the specific surface area and mean
pore diameter of 100-layer inkjet-printed and drop-cast porous
NLK-GDC symmetric cells with Ink (2) - Samba. The acquired
data aligns with the initial expectations and corresponds with
the broader framework of our research, highlighting the
enhanced role of inkjet-printing in enhancing the specific
surface area. This, in turn, results in the formation of a
hierarchical surface microstructure in the cathode material,
which boosts the electrochemical performance through the
creation of additional reaction sites.

Conclusion

CuFe,0, ink for inkjet-printing fabrication techniques was
developed for the first time by optimizing the 1,5-pentandiol
wt% as the dispersant. Three inks with 0, 15, and 20 wt% 1,5-
pentandiol were prepared, and their particle size, viscosity,
surface tension, and density were studied to determine the
best ink for inkjet printing. Although all three inks were
theoretically printable according to their Z values, Ink (1) and
Ink (2) were selected because of their smaller particle sizes (D50
of 1.26, and 0.87 um, respectively) and higher stability.
To choose the best ink for SOFC application, porous NLK-
GDC pellets were inkjet printed with 50 layers of Ink (1) and Ink
(2) to fabricate symmetric cells for EIS analysis at 400-550 °C
and under an air atmosphere. Inkjet-printed cells with Ink (2)
performed better by showing 1.7 and 2 times lower Ronn, and
ASR than Ink (1) cells, as Ink (2) had a smaller particle size,
which created a more homogeneous porous microstructure
and enhanced the gas transfers. Then, Ink (2) was picked to
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optimize the inkjet-printing conditions by changing the num-
ber of inkjet-printed layers. Porous NLK-GDC were inkjet-
printed by 30, 40, 50, 100, and 200 layers of Ink (2). Among
them, the 100-layer inkjet-printed symmetric cell had the best
performance with an ASR of 9.91 Q cm?” because the electrode
layer was thin enough to access and react with the electrolyte
yet thick enough to supply appropriate active sites for the
reaction. Then, the 100-layer inkjet-printed symmetric cell with
Ink (2) was compared with a drop-cast symmetric cell with the
same ink using an EIS technique to study the effect of the
fabrication technique on the cell performance. The inkjet
printing technique lowered the ASR from 22.90 to 9.91 Q ¢cm”
by creating a hierarchical porous microstructure and optimiz-
ing the reaction sites. Next, Ink (2) was modified for the Samba
cartridge by regulating its viscosity with cyclopentanone, and
the same procedure was done for the Ink (2) - Samba. The
values of D50 and Z parameter for the modified ink were
0.68 pm and 3.89, respectively. The electrochemical perfor-
mance comparison of the drop-cast and 100-layer inkjet-
printed symmetric cells with Ink (2) - Samba showed a
reduction in the ASR value from 19.59 to 5.99 Q cm” owing to
the surface modification by the inkjet-printing technique which
has direct effects on the cathode ORR. Finally, Ink (2) - Samba
was used to fabricate anode-supported full fuel cells by inkjet-
printing and drop-cast techniques. The 100-layer inkjet-printed
sample presented 15.06 mW cm ™ >, which is 7 times higher than
that of the drop-cast one, 1.97 mW c¢cm 2. These findings imply
that the manufacturing process can considerably impact the
quality of an electrode and its electrochemical performance in a
fuel cell. For manufacturing sophisticated low-temperature
ceramic fuel cells, inkjet printing, which can provide a better
electrolyte/electrode interface and triple-phase boundary
length, has the potential to surpass current fuel cell fabrication
technologies.
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