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Development and characterization of highly stable electrode inks for 
low-temperature ceramic fuel cells 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Development of a highly stable and 
jettable LSCF cathode ink for inkjet 
printing. 

• Extensive characterization of fresh and 6 
months stored LSCF inks. 

• Z number for fresh LSCF was 2.7 and for 
6-month stored 3.4 (printable range 
1<Z < 10). 

• Inkjet printing and drop-casting LSCF 
cathode ink on NLK-GDC substrates 
were used. 

• Inkjet printed cell outperformed drop- 
casted cell in electrochemical 
performance.  
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A B S T R A C T   

Inkjet printing is a potential contactless and mask-free additive manufacturing approach for solid oxide fuel cells. 
Here, a highly stable cathode ink using La0.6Sr0.4Co0.2Fe0.8O3 was developed and characterized with particle size 
analysis, viscosity, surface tension, density, and thermal analysis. Both fresh and 6-months stored inks showed 
excellent jetability behavior with a Z number of 2.77 and 3.45, respectively. The ink was successfully inkjet- 
printed on a (LiNaK)2CO3-Gd:CeO2 porous electrolyte substrate to fabricate a symmetric cell. The electro-
chemical impedance spectroscopy measurements showed that at 550 ◦C the inkjet printing lowered the ohmic 
resistance to one-third (from 1.05 Ω cm2 to 0.37 Ω cm2) and the mass diffusion resistance by 4.25 times (from 
6.09 Ω cm2 to 1.43 Ω cm2) as compared to drop-casted cell by creating a hierarchical porous structure and 
increasing reaction sites. Successful inkjet printing of the functional electrode material opens up a new avenue 
for the fabrication of the low-temperature ceramic fuel cells.  
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Nomenclature 

Abbreviations 

Acronyms & 
Abbreviations 

Definition Variables 
& 
Constants 

Definition & unit 

SOFC solid oxide fuel cell Rohm ohmic resistance, Ω 
cm2 

LSCF La0.6Sr0.4Co0.2Fe0.8O3 L1 inductor 
NLK-GDC (LiNaK)2CO3-Gd:CeO2 R1 charge transfer 

resistance, Ω cm2 

EIS electrochemical 
impedance 
spectroscopy 

R2 resistance related to 
catalytic conversion 
of oxygen at the 
electrode, Ω cm2 

CNFC ceramic-carbonate 
nanocomposite fuel cell 

R3 mass diffusion 
resistance, Ω cm2 

PVD physical vapor 
deposition 

Re Reynolds number 

EVD electrochemical vapor 
deposition 

We Weber number 

ALD atomic layer deposition Z jetability parameter 
YSZ yttria-stabilized 

zirconia 
Oh Ohnesorge 

LSM La0.8Sr0.2MnO3 v drop velocity, m s− 1 

OCV open circuit voltage ρ density, g cm− 3 

SDC Sm0.2Ce0.8O1.9 α characteristic length, 
m 

EC ethyl cellulose η viscosity, Pa s 
DLS dynamic light scattering σ surface tension, N 

m− 1 

TGA thermogravimetric 
analysis  

DSC differential scanning 
calorimetry 

SEM scanning electron 
microscope 

Au gold 
DoD drop on demand 
TPB triple-phase boundary 
ASR area-specific resistance  

1. Introduction 

Development of clean energy conversion devices is highly important 
to reduce fossil fuel use and emissions [1–4]. Solid oxide fuel cell (SOFC) 
represents an attractive energy supply technology because of high fuel to 
electrical energy conversion efficiency, fuel flexibility, combustion-free 
operation, near-zero emissions, and potentially long lifetime of 40, 
000–80,000h [5–8]. However, the high operating temperature 
(850–1000 ◦C) of SOFC causes several disadvantages, including severe 
degradation, challenges with sealing, and high costs, which hinder their 
practical application [3,9–11]. After decades of research, it is widely 
accepted that the working temperature of SOFCs should be decreased to 
an intermediate range of 500–800 ◦C to facilitate industrialization. This 
decrease would effectively lower the cost and extend the life of SOFCs, 
boosting their economic competitiveness with established 
power-generating technologies [12,13]. 

Ceramic-carbonate nanocomposite fuel cell (CNFC), a combination 
of SOFC and molten carbonate fuel cell technologies, is a promising fuel 
cell owing to its lower operating temperature (400–600 ◦C) and 
improved ionic conductivity of the electrolyte [14,15]. In addition to the 
electrolyte, the fuel cell electrode also requires optimization to operate 
at lower temperatures while maintaining a high output power [13,16]. A 
thinner cathode will reduce the ion transport losses, and a higher 
porosity will result in enhanced oxygen diffusion and accelerated charge 
transfer reactions [17–19]. There are several fabrication methods to 
design a porous thin film cathode, including physical vapor deposition 
(PVD) [20], electrochemical vapor deposition (EVD) [21], chemical 
vapor deposition (CVD) [22,23], and atomic layer deposition (ALD) [24, 
25]. However, these techniques need expensive setups and equipment 
such as vacuum environments and complicated procedures, which 

restrain the practical manufacturing of the SOFC components, including 
cathodes. Other conventional techniques, such as screen-printing [26, 
27] and tape-casting [28,29], are easier to conduct, but they are not 
capable of fabricating thin electrodes [13]. 

Inkjet printing is a potential contactless and mask-free 
manufacturing technique for additively fabricating submicron-scale 
and multi-material components. It has received considerable atten-
tion due to its cost-effective, rapid, and accurate fabrication method 
[30–32]. So far, different studies have been published on the inkjet 
printing of SOFCs. For instance, Esposito et al. [33] reported a SOFC 
with an inkjet-printed dense thin electrolyte yttria stabilized zirconia 
(YSZ), with La0.8Sr0.2MnO3 (LSM)/YSZ as the cathode and Ni/YSZ as 
the anode, achieved an open circuit voltage (OCV) over 1.15 V and a 
power peak density of 1.5 W cm− 2 at 800 ◦C. They also conducted 
extensive ink characterization, including particle size distribution and 
rheological studies, for the YSZ ink [33]. In another research, Li et al. 
[13] examined the fabrication of inkjet-printed YSZ electrolyte and 
Sm0.2Ce0.8O1.9 (SDC) buffering layer having high solid contents of 20 
and 10 wt%, respectively. The cathode was sprayed on this cell, and 
the as-fabricated cell reached a peak power density of 0.86 W cm− 2 at 
800 ◦C [13]. However, only a few articles addressed cathode deposi-
tion via inkjet printing [16,18,33–36], and the rest focused on elec-
trolyte fabrication or functional layers [13,33–46]. Regarding the 
inkjet-printed cathodes, Han et al. [16] designed an LSCF 
aqueous-based ink with 377 mW cm− 2 at 600 ◦C; still, a comprehensive 
study of the ink rheological properties was missing [16]. On the other 
hand, Chen et al. [30]conducted an extended characterization of an 
LSCF ink and its jettability, but then there was no examination of the 
ink’s electrochemical performance [30]. It is also worth mentioning 
that even in those mentioned reports, the lack of electrochemical 
performance comparison of inkjet printing with other deposition 
methods is quite noticeable. Only in one study, Sukeshini et al. [47] 
compared the electrochemical performance of an inkjet-printed and a 
hand-painted LSM cathode, and the inkjet-printed cell exhibited 90 
mW cm− 2 less than the hand-printed cell in maximum power density. 
Also, in the case of ink stability studies, Chen et al. [30] studied the 
stability of the LSCF ink for 90 days. However, no one has studied the 
long-term stability of this ink (>100 days) [30]. 

In the present study, we developed a highly stable cathode ink from 
one of the conventional SOFC cathode materials, LSCF, and investigated 
its rheological properties and particle size distribution right after the 
preparation and after 6 months of storage. Moreover, we deposited the 
LSCF ink on as-prepared nanocomposite NLK-GDC porous electrolytes 
by both inkjet-printing and drop-casting to compare their electro-
chemical impedance spectra and microstructure to obtain the positive 
effect of inkjet printing on microstructural modification of the LSCF 
cathode ink. 

2. Materials and methods 

2.1. Ink preparation 

Commercially available La0.6Sr0.4Co0.2Fe0.8O3− δ (LSCF, Sigma- 
Aldrich, Germany) with 0.7–1.1 μm particle size range was used as the 
solid content of the electrode ink. Terpineol (Sigma-Aldrich, Germany) 
was used as the ink dispersant medium. 1,5-pentandiol and ethyl cel-
lulose (EC), both from (Sigma-Aldrich, Germany), were used as the 
humectant/surfactant and dispersing agent, respectively. A dispersion of 
3.5 wt% LSCF, 0.03 wt% EC, and 20 wt% 1,5-pentandiol was used to 
develop the electrode ink, followed by a ball-milling procedure with 
small, medium, and large size zirconia beads in a zirconia jar for 24h at 
300 rpm. After ball milling, the ink was vacuum filtered through a glass 
microfibre (Whatman). A 50 mL of the as-filtered ink was stored to 
characterize after 6 months. The as-prepared and stored LSCF inks were 
labeled as fresh LSCF and Old LSCF, respectively. 
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2.2. Ink characterization 

A particle size analyzer (Nanoptic 90, 3P Instruments GmbH & Co. 
KG, Germany), based on the dynamic light scattering (DLS) theory, was 
used to determine the particle size distribution of fresh and old LSCF 
electrode inks. The rheological characteristics for both inks were 
determined at room temperature and 60 ◦C, the printing temperature. 
The temperature was maintained using a thermostatic vessel (Biolin 
Scientific, Finland). The viscosity measurements were made using a 
vibrating viscometer (SV-10, A&D Company, Japan). A force tensiom-
eter (Sigma 700, Biolin Scientific, Finland) was used to study the surface 
tension with a micro roughened surface Platinum Wilhelmy plate. 
Density measurements were done by the same tensiometer device and its 
density probe. 

Thermal analysis (TGA/DSC) was performed up to 650 ◦C with a 
heating rate of 5 ◦C min− 1 on the fresh LSCF ink to evaluate its sintering 
behavior through a NEXTA STA thermal analyzer (Hitachi, Japan). 
Microstructural studies of the inkjet-printed and drop-cast cells were 
carried out using a scanning electron microscope (SEM) (Zeiss Sigma VP). 

The fresh and old LSCF inks printability was evaluated by calculating 
their Reynolds (Re), Weber (We) numbers, and Z parameter, the reverse 
form of Ohnesorge (Oh) number, which merged visually as Derby re-
ported [48,49], obtained as follows: 

Re=
vρα

η (1)  

We=
v2ρα

σ (2)  

Z =Oh− 1 =
Re
̅̅̅̅̅̅̅
We

√ =

̅̅̅̅̅̅̅̅σρα√

η (3)  

where v is the drop velocity (m s− 1), ρ is the density (g cm− 3), α is the 
characteristic length (m), usually related to the nozzle diameter (21.5 
μm), η is the viscosity (Pa s), and σ is the surface tension (N m− 1). To plot 
the Derby diagram of the inks, We and Re numbers were determined 
within the regular range of drop velocity values (1–30 m s− 1), as well as 
the actual droplet speed obtained from the Dimatix drop watcher. 

2.3. Symmetric cell fabrication 

2.3.1. GDC-NLK porous electrolyte preparation 
A three-layer structured (porous-dense-porous) nanocomposite 

electrolyte was designed for the electrolyte pellet. The NLK-GDC nano-
composite electrolyte powder NLK-GDC was prepared by a solid-state 
grinding process with a ball-milling machine for the dense layer. The 
carbonates composition included lithium, sodium, and potassium car-
bonate (Purum, ≥99%, Sigma Aldrich), with a eutectic weight ratio of 
Li:Na:K = 32.1:33.4:34.5 [19]. To make the nanocomposite electrolyte, 
GDC (WuXi Kai-Star Electro-optic Materials Co., China) and carbonate 
eutectic mixture were taken with the 70:30 wt% ratio and ball-milled 
with zirconia beads for 24h at 300 rpm. EC was added to the 
NLK-GDC nanocomposite powder to prepare the porous layers. The 
NLK-GDC electrolyte pellets were prepared by the pressing method, 
using a 13 mm die and pressing pressure of 250 MPa for 2 min. The 13 
mm die was filled with 0.1 g of porous NLK-GDC powder. 0.3 g of dense 
NLK-GDC powder, and 0.1 g of porous NLK-GDC powder, respectively. 
Then, the pressed pellets were sintered in a muffle furnace (Nabertherm, 
Germany) with a heating rate of 1 ◦C min− 1 till it reached 350 ◦C. Af-
terward, the sintering was conducted with 2 ◦C min− 1 to reach 700 ◦C. 
The temperature was maintained at 700 ◦C for an hour, followed by 
gradual cooling with 1 ◦C min− 1. 

2.3.2. Electrode deposition by inkjet printing 
The inkjet printing was conducted using a Dimatix DMP-2800 

(Fujifilm, Santa Clara, USA) DoD inkjet printer. The printer was 

equipped with a piezoelectric transducer and 10 pL cartridge with 16 
nozzles of 21.5 μm in diameter and a capacity of 1.5 mL. A single 
waveform with a jetting voltage of 30V was used to regulate the elec-
trical signal controlling the piezoelectric actuators of the printhead 
nozzles [50]. The dwell and falling times were 5 and 21 μs, respectively. 
A jetting frequency of 30 kHz was employed for all of the printings. LSCF 
symmetric cells were printed in 20 layers with a 10 s delay between 
printing of each layer. The platen and cartridge temperatures were set to 
60 ◦C, and the platen vacuum was on. After printing one side, the cell 
was dried in an oven for 1 h at 120 ◦C and then was sintered at 600 ◦C for 
an hour with a heating rate of 1 ◦C min− 1. Then, the same printing, 
drying, and sintering steps were conducted for the other side of the cell. 
The porous structure of the electrolyte provides reliable capillary forces, 
which controls the drop spreading stage and avoids the coffee string 
effect [51]. 

2.3.3. Electrode deposition by drop-casting 
The drop-casting deposition technique was used for the fabrication of 

a symmetrical cell with LSCF ink to assess and compare the electro-
chemical performance of the inkjet-printed cell. The same LSCF ink and 
NLK-GDC electrolyte pellets as inkjet-printed cells were used for the 
drop-cast cells. The drop-casting was taken place on a hot plate with a 
temperature of 60 ◦C. 0.3 mL of the LSCF ink was drop-cast by a 
micropipette on one side of the NLK-GDC electrolyte pellet. The drying 
and sintering were done similarly to the inkjet-printed cell. The other 
side of the cell was then drop-cast, dried, and sintered using the same 
procedure. 

2.4. Electrochemical characterization 

Electrochemical impedance spectroscopy (EIS) was performed via a 
Probostat (NorECs Ltd., Norway) and a Zahner Im6 potentiostat 
throughout a frequency range of 100 mHz to 100 kHz at OCV and an AC 
amplitude of 20 mV. The EIS measurements were conducted at 
400 ◦C–600 ◦C with intervals of 50 ◦C. Before the measurements, the 
cells were coated with Au paste (Metalor, UK) to make electrical con-
tacts, followed by a drying session for 2h at 200 ◦C. Gold meshes with an 
average area of 0.375 cm2 were used as the current collectors. Fig. 1 
briefly shows the experimental procedure of fabrication and character-
ization of inkjet-printed LSCF symmetric cell via a flowchart. 

3. Results and discussion 

3.1. LSCF inks properties 

A suitable particle size distribution, which should be kept below 10% 
of the printer cartridge nozzle, is essential for inkjet printing to avoid 
nozzle clogging. On the other hand, fine particles tend to agglomerate 
due to the high attraction forces (Van der Waals) between them, 
resulting in nozzle blockage. Hence, using a suitable type and amount of 
dispersant is essential to prevent the nozzle blockage issue [2,3,52,53]. 
Fig. 2 demonstrates the particle size distribution of the fresh and old 
LSCF electrode inks. The average particle size (D50) was 1.58 μm, lower 
than 10% of 21.5 μm. The fresh LSCF ink exhibited a narrow particle size 
distribution and no secondary peaks, indicating no agglomeration in the 
fresh ink [16]. The old LSCF ink featured a similar distribution trend as 
the fresh ink, with an average particle size of 1.49 μm, even smaller than 
the fresh ink, showing excellent stability of the LSCF ink after 6 months 
of storage. 

In general, ink rheological properties, including surface tension and 
viscosity, together with other factors such as the droplet velocity, 
determine the ink printability [31]. Ceramic suspension viscosity 
significantly influences ejection behavior. Apart from the particle size, 
inkjet printing demands a low viscosity ink (usually <50 mPa s) limiting 
the sorts and amount of polymer additives used in ink formulation. 
Greater viscosity may result in inadequate jetting, while a considerably 
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lower viscosity may drastically decrease friction and result in damped 
oscillation, which considerably affects the jetting velocity [30,54]. Here, 
LSCF ink was prepared with a low solid content (3 vol%) to provide a 
low-viscosity formulation. Fig. 3 (a) shows the viscosity values of fresh 
and old LSCF inks in the room and printing temperatures, which are in 
accordance with the optimal viscosity range (5–20 mPa s) required for 
the piezoelectric DoD inkjet printer [55]. 

Surface tension, shown in Fig. 3 (b), is another essential parameter in 
inkjet printing responsible for the spherical form of ink droplets ejected 
from a nozzle. The obtained values for fresh and old LSCF inks at the 
printing temperature, 28.21 and 27.24 mN m− 1, respectively, are 
consistent with the optimum surface tension range, usually up to 60 mN 
m− 1 [56]. It is worth mentioning that the old LSCF ink only exhibited a 
very slight shift from the fresh LSCF ink in both viscosity (Δƞ = |2.49| 
mPa s) and surface tension (Δσ = |0.97| mN m− 1) properties at the 
printing temperature, demonstrating the excellent stability of the LSCF 
ink after 6 months of storage [48]. 

The rheological requirements of a jettable ink are defined through 
the physics and fluid mechanics of the drop formation, which can be 
represented by the dimensionless numbers of Re, We, Oh, and Z (stated 
in the experimental section). The ideal range of these parameters has 
been determined in different literature. For instance, Fromm suggested 
[58] Z > 2 for steady drop formation, and Derby presented the 1<Z < 10 

Fig. 1. Fabrication and characterization procedure flowchart of inkjet-printed LSCF symmetric cell.  

Fig. 2. Particle size distribution of fresh and old LSCF electrode inks. D50 for 
fresh and old LSCF inks are 1.58 μm and 1.49 μm, respectively. 

Fig. 3. Rheological characterization of fresh and old LSCF inks. (a) viscosity and (b) surface tension measurements at room and printing temperature (60 ◦C).  
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range [59]. Derby also has presented the We–Re numbers diagram to 
demonstrate the printability range for particular inks [59]. Fig. 4 rep-
resents the Derby diagram for fresh and old LSCF inks. Both inks are 
placed in the printable range with a broad drop velocity range, 3–20 m 
s− 1. Moreover, the used waveform for the inkjet printing provides a drop 
velocity of 9 m s− 1 for both inks, putting the inks in the center of the 
derby diagram and assuring their excellent printability [57,59]. The ink 
properties for fresh and old LSCF inks are summarized in Table 1. 

Thermal analysis of the fresh LSCF ink was conducted in an air 
environment to study the thermal degradation range of the solvent 
residues and organic contents. The TGA curve in Fig. 5 exhibits a hori-
zontal line below 100 ◦C, suggesting that the organic medium would 
retain its weight at room temperature, which is beneficial for long-term 
stability and storage [60]. The initial weight loss, which is the major 
one, occurred in the temperature range of 100–220 at 184 ◦C due to the 
decomposition of most of the organic compounds and water evaporation 
[61,62]. The second endothermic peak at 206 ◦C is also attributable to 
the thermal decomposition of the remaining organic compounds, 
organic solvent volatilization and EC melting [63,64]. The organic 
remnants were gradually burned away until the temperature was 
increased to 400 ◦C, accompanied by the third endothermic at 416 ◦C 
[30,63]. At temperatures exceeding 400 ◦C, the estimated remaining 
mass became constant [65]. 

The study of SEM images indicated a favorable and uniform spread of 
the LSCF active material over the porous electrolyte substrate (Fig. 6 
(a)), unlike the drop-cast cell in Fig. 6 (b) with a poor distribution of 
LSCF ink [36,66]. Observing the high-magnification SEM image of the 

inkjet-printed cell in Fig. 6 (c) reveals a conjugated nanostructured 
morphology for LSCF and NLK-GDC electrolyte, which is important for 
enhancing the charge transfer. However, there is no hierarchical or 
conjugated structure in the drop-cast cell in Fig. 6 (d). 

Fig. 7 shows the cross-sectional view of the inkjet-printed LSCF 
symmetric cell for studying the cathode/electrolyte interface and elec-
trode adherence to the electrolyte. The cathode/electrolyte interface is 
essential in SOFC performance as it affects the electrode and electrolyte 
contact and enhances the active reaction sites [17,46,67,68]. Fig. 7 (a) 
exhibits the different layers of the LSCF inkjet-printed symmetric cell, 
demonstrating that the LSCF ink permeated into the porous electrolyte 
layer and the electrolyte-interfacial region uniformly, which is vital for 
cathode performance [67]. Fig. 7 (b) presents the dashed green circle of 
Fig. 7 (a) in higher magnification to give a better view of the 
inkjet-printed LSCF electrode adhesion to the electrolyte. It is visible 
that the electrode and electrolyte layers are in good contact with each 
other, resulting in increasing the triple-phase boundary (TPB) length at 
the electrode-electrolyte interface and maximizing the reaction sites 
[46,66]. This well-adhered interfacial area can also reduce the electro-
lyte’s ohmic resistance [17]. 

3.2. Symmetric cell performance 

EIS is often conducted to analyze the performance and voltage losses 
in fuel cells, including ionic and electronic transfer (ohmic losses), 
charge transport activation (kinetic losses), and concentration (mass 
diffusion losses) [69]. Inkjet-printed and drop-cast cells were studied by 

Fig. 4. Derby diagram for fresh and old LSCF ink. The dashed and dotted lines are the printability indicators of fresh and old LSCF inks for a drop velocity of 3–20 m 
s− 1. The dots represent the inks spots in the derby diagram with 9 m s− 1 drop velocity, provided by the used waveform. The diagram has been presented by 
Derby [57]. 

Table 1 
Rheological properties of fresh and old LSCF inks at the printing temperature (60 ◦C).  

Inks Rheological properties at 60 ◦C  

Viscosity (mPa.s) Surface tension (mN m− 1) Density (g cm− 3) Oh Z Drop Velocity (m s− 1) We Re 

Fresh LSCF 8.59 27.61 0.938 0.36 2.77 9 59.16 21.36 
6-month-old LSCF 8.11 27.24 0.943 0.253 3.45 9 54.81 22.49  
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EIS at open circuit conditions with temperatures varied under air to 
investigate the effect of the fabrication method on the symmetric cell 
electrochemical performance. Fig. 7 demonstrates the Nyquist plots for 
the as-mentioned symmetric cells. The EIS plot is divided into 4 main 
regions: a long tail at high frequencies, two depressed semi-circles, and a 
region in between. The cell’s EIS response is fitted using an equivalent 
circuit model as exhibited in Fig. 8 inset. L1 is the inductor from the 
measurement setup, which is mostly attributable to the length of the 
measuring wires. The intercept of this region on the real axis is the 

ohmic resistance (Rohm) indicator, caused by oxygen ions and electrons 
conductions in the electrolyte and the electrode and current collector, 
respectively [70]. From these plots, it is clear that the fabrication 
method affects the electrode charge transfer activities and impacts the 
Rohm [33,47]. The inkjet-printed cells show significantly low Rohm (~3 
times lower at 550 ◦C) than the drop-cast ones, which can be ascribed to 
the higher interfacial area produced by the inkjet-printing method [17]. 
In Fig. 8 (a) and 8 (c), the inkjet-printed and drop-cast symmetric cells’ 
high-frequency region is shown in detail. Moreover, the mass transfer, 

Fig. 5. TGA/DSC curves of fresh LSCF ink.  

Fig. 6. SEM images of the (a,c) inkjet-printed and (b,d) drop-cast symmetrical cells in low and high magnifications, respectively.  

S.Z. Golkhatmi et al.                                                                                                                                                                                                                           



Journal of Power Sources 552 (2022) 232263

7

ionic diffusion from an electrolyte to an electrode, and electrode reac-
tion activities are all associated to R1-R3 and CPE1-CPE3. In fact, R1-R3 
demonstrates the electrode processes in the cell, which are related to the 
polarization loss (Rp). It should be noted that polarization loss is less 
than the sum of R1-R3 as they overlap with each other. The R1-CPE1 and 
R2-CPE2 impedances are generated by charge transfer reactions in cells 
[71–74]. 

On the other hand, R3, linked to the low-frequency impedance, is 
attributable to the resistance in non-charge diffusion processes, 
including diffusion mass transfer processes such as gas diffusion in the 
cathode and oxygen adsorption-desorption mechanism [14,75]. The arc 
radii of the low-frequency region in Fig. 8 (b) and 8 (d) are attributable 
to R3 values of inkjet-printed and drop-cast symmetric cells, respectively 
[19]. R3 value highly depends on the microstructure of the electrode 
because the amount of fuel adsorption and diffusion is related to the 
number of three-phase boundaries. Moreover, a porous microstructure 

can ease the charge transfer from the electrode to the electrolyte and 
vice versa [3]. It is evident that the inkjet printing fabrication method 
remarkably decreases the R3 by providing a hierarchical porous nano-
structure and increasing the reaction sites [18,76]. Furthermore, the 
inkjet printer creates a significant number of uniformly distributed 
nanoparticles on the electrolyte surface, increasing the electrode’s spe-
cific surface area and enhancing the electrochemical performance [77]. 
The Arrhenius plot, presented in Fig. 9 (a), and the comparison of 
inkjet-printed and drop-cast symmetric cells spectra at 550 ◦C, displayed 
in Fig. 9 (b), give a clear picture of the inkjet-printer role in improving 
the electrochemical performance of the cells [18]. Table 2 presents the 
Rohm, R3, and ASR values, which is calculated by Eq. (4) [78]: 

Area specific resistance (ASR)=
R1 + R2 + R3

2
− Rohm (4) 

As seen from the Arrhenius plot in Fig. 9 (a), the activation energy of 
the inkjet-printed cell (0.57 eV) is lower than that of the drop-cast cell 

Fig. 7. Cross-sectional SEM image of the inkjet-printed LSCF symmetric cell in a) low and b) high magnifications to give a better understanding of electrode 
adherence to the electrolyte. 

Fig. 8. Electrochemical performance and Nyquist plots of (a) Inkjet-printed symmetric cells, (b) high-frequency impedance spectra of inkjet-printed symmetric cells, 
(c) drop-cast symmetric cells, and (d) high-frequency impedance spectra of drop-cast symmetric cells. 

S.Z. Golkhatmi et al.                                                                                                                                                                                                                           



Journal of Power Sources 552 (2022) 232263

8

(0.93 eV). The difference between the activation energies highlights the 
influence of inkjet printing on LSCF particles’ catalytic activity as it 
provides a more porous microstructure that allows oxygen ions to 
diffuse through the TBP sites [79–82]. Also, inkjet printing creates a 
more homogenous coating which reduces the random aggregation of the 
active material on the surface area, thus increasing the TBP sites [83]. 

4. Conclusions 

A highly stable organic-based LSCF ink with 1,5-pentandiol as a 
surfactant was successfully developed. The cathode ink was analyzed 
right after the preparation and after 6 months of storage to study its 
printability and jettability. The particle size, viscosity, surface tension, 
and drop velocity were measured. The Z values for fresh and old LSCF 
ink were 2.77 and 3.35, fitting perfectly the desired printable range 
(1<Z < 10). Moreover, a porous NLK-GDC nanocomposite electrolyte 
was smoothly inkjet-printed with fresh LSCF ink depositing 20 layers on 
both sides to fabricate symmetric cells. Drop-cast cells were prepared 
using the same electrolyte and electrode ink to study the effect of the 
inkjet-printing technique on the electrochemical performance of the 
symmetric cells. The EIS results showed that inkjet printing decreased 
the ohmic losses in the cell by 3 times, from 1.05 to 0.37 Ω cm2, by 
providing a larger interfacial area comparing to a traditional drop-cast 
deposition method. Furthermore, this technique significantly reduced 
the mass diffusion loses and the area specific resistance of the cell from 
6.09 to 1.43 Ω cm2 and 13.89 to 4.76 Ω cm2, respectively, by generating 
a hierarchical homogenous porous microstructure and maximizing the 
reaction sites. Modifying the cathode microstructure by inkjet printing 
improves the fuel cell performance and could lower its operating tem-
perature. These findings suggest that the fabrication method used can 
have a significant impact on the quality of an electrode and its electro-
chemical performance in a fuel cell. Inkjet printing, which can produce a 
better electrolyte/electrode interface and triple-phase boundary length, 

has the potential to outperform conventional fuel cell fabrication tech-
nologies for manufacturing advanced low-temperature ceramic fuel 
cells. 
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