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Structural Effects of 3D Inkjet-Printed Ni(O)-YSZ Pillared
Electrodes on Performances of Solid Oxide Electrochemical

Reactors

Inyoung Jang,* Anna Hankin, Zheng Xie, Stephen J. Skinner, and Geoff H. Kelsall

Increasing densities of reaction sites for gaseous reactants in solid oxide
electrochemical reactors (SOERS), is a key strategy for achieving enhanced
performance in either fuel cell or electrolysis modes. Fabrication of 3D
structured components in SOERs can enhance those densities of reaction
sites, which is achieved by 3D inkjet printing with high reproducibility, having
developed inks with appropriate properties. First, the effects of pillar
geometries on SOER performances are predicted through numerical
simulations, enabling subsequent 3D printing to focus on the more effective
geometries. Herein, the study reports the results of experimental validation of
those predictions by evaluating the electrochemical performances of cells with
various heights of 3D inkjet-printed Ni(O)- yttria stabilized zirconia (YSZ)
pillars and YSZ pillars. Those measurements prove that increasing pillar
heights generally increases SOER peak power densities in fuel cell mode and
increased current densities at the thermoneutral potential (1.285 V) in steam
electrolysis mode, as predicted by simulations. With increasing pillar heights,
more limitations in performance enhancement are found with YSZ electrolyte
pillars than with Ni-YSZ pillars, again as predicted by simulations. The
subsequent microstructural analysis of Ni-YSZ pillars proves the suitability of
the Ni(O)-YSZ composite particle ink formulation and the reliability of 3D
printing.

1. Introduction (Figure 1a)

Solid oxide electrochemical reactors (SOERs) are one of the

most promising energy conversion systems for sustainable fuel

previously,[*®

production (in electrolyzer mode with re-
newable energy sources; SOE) and utiliza-
tion (fuel cell mode: SOFC), thereby con-
tributing to achieving a net-zero society.!"]
Their high operating temperatures en-
able them to achieve amongst the high-
est electrical energy conversion efficien-
cies of 60-70%, depending on current
density.?l SOEs enable energy storage,
e.g. in the chemical energy of H,, CO,
etc., subsequent reconversion of which
to electrical energy in SOFCs could ad-
dress inherent intermittencies of renew-
able energy systems, decarbonize electri-
cal power generation, and better balance
electrical power supply and demand.’!

Amongst the various strategies for fab-
ricating high-performance SOERs, one
approach is to increase specific interfacial
areas between electrode and electrolyte
layers, e.g., constructing 3D structured
SOERs.*l Forming 3D structured nickel
oxide (Ni(O))-yttria stabilized zirconia
(YSZ) layers could achieve this objective,
and may be preferred to 3D structured
electrolyte layers, as thicker electrolyte
layers cause increased ohmic potential

drops and more inhomogeneous current density distributions.!

Finite element simulations of the effects of Ni(O)-YSZ ge-
ometries on reactor electrochemical behavior were reported
I predicting much-enhanced performance of Ni(O)-
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YSZ pillar structured cells when pillar heights were increased.
(Figure Sla, Supporting Information) The simulation results
have been replotted in Figure 1b, by dividing the current by the
total, rather than geometric / cross-sectional, surface area of elec-
trodes. For fuel cell mode, power densities were predicted to in-
crease with pillar heights up to =70 um, due to the increased
triple phase boundary (TPB) densities in pillared structures. For
pillar heights >70 pm, power densities were predicted to decrease
with increasing pillar height, due to depletion of gas reactant in-
side pillars, causing their uppermost parts to become inactive. In
electrolysis mode with just 20% H,O fed to negative electrodes,
current densities at the thermoneutral potential difference de-
creased with increasing pillar height, and steam reactant deple-
tion caused potential-current (U+j) gradients to become steeper.
When the pillar diameter was 5 um, gas transport through the

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. a) Schematic illustration of the Ni(O)-YSZ pillared structured SOERs with various heights of pillars. b) Predicted SOER performances in both
fuel cell and electrolysis modes as predicted by COMSOL Multiphysics simulation. Replotted from the reference with permission.[#t] ¢) The ink property
diagram plotted based on suitable ink printing conditions for inkjet printing: We? > 4, Oh Re®/* < 50, and 1 < Z < 10. Reproduced with permission.[®]
d) Effect of ball milling time on ink weight ratio. Effect of particle weight ratio in ink, on ink viscosity. f) Effect of surfactant concentration on surface
tension.
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porous pillar structure became more limiting, leading to more se-
vere reactant depletion within pillar structures (Figure S1b, Sup-
porting Information).

Reactors with ionically-conducting YSZ pillars showed more
limited increase in peak power densities with increasing pillar
height, compared to the electronically-conducting Ni(O)-YSZ pil-
lar behavior, due to increased path lengths of oxygen ions in the
YSZ, causing increased ohmic potential drops. Hence, the max-
imum power density enhancement factor was 1.9 (Figure Slc,
Supporting Information) compared with 4.9 for reactors with
Ni(O)-YSZ pillars.

The objectives of the work for which results are reported herein
were to validate experimentally the computational predictions of
SOFC and SOE electrochemical performances with Ni(O)-YSZ
and YSZ pillar heights, fabricated by controlling the numbers of
printed layers in inkjet 3D printing (Figure 1a). To isolate those ef-
fects, additional functional layers, YSZ electrolyte on Ni(O)-YSZ
pillars, and lanthanum strontium manganite (LSM)-YSZ positive
electrodes, were deposited by dip-coating, which unfortunately
produced spatially inhomogeneous distributions.

As an additional interpretational aid, microstructures of 3D
printed Ni-YSZ pillars were analyzed by focused ion beam-
scanning electron microscopy (FIB-SEM) tomography, to ob-
tain the physical/chemical information of pillar structures and
to confirm their homogeneity in Ni-YSZ composite microstruc-
tures fabricated using 3D inkjet printing. Using the parame-
ters obtained by 3D tomography, supplementary computational
simulations were conducted to provide more realistic predic-
tions of reactor performance, as reported in the Supporting
Information.

2. Results and Discussion

2.1. Ink Property Characterisation and 3D Ink-Jet Printing

Several physical parameters need to be considered in preparing
stable particulate dispersions for consistent inkjet printing, such
as ink density (u,), droplet ejection velocity, the characteristic
length (r, diameter of printer nozzle), ink viscosity (1) and surface
tension of the ink (y). The printability of inks can be evaluated typ-
ically by three dimensionless numbers derived using their physi-
cal parameters: Reynolds (Re), Weber (We), and Ohnesorge num-
bers (Oh), defined by Equations (1)—(3).[”) Typically, inks are con-
sidered printable when their Z values (Oh™!) are between 1 and
1081 or 4 and 14.19
puyT

2
uspr
We = —

(2)

Vv We n

Oh = = (3)

Re — \fypr

The Re-Oh number diagram is replotted in Figure 1c to con-
firm the ink formulated for 3D printing was within the printable
area (Yellow color). Based on the stable operation of drop-on-
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demand inkjet printing conditions reported previously, the for-
mulated NiO-YSZ ink should fit the following conditions: 1 < Z
< 10 for suitable ink viscosity for printing, We? > 4 for a drop to
possess sufficient energy to be ejected, and Oh Re>/* < 50 to avoid
onset of splashing.[®10]

To calculate the dimensionless numbers and fit the required
conditions, several ink property analyses were conducted along
with the adjustment of ink density, viscosity, ball-milling time,
surfactant ratio, and dispersant ratio. The effects of dispersant
ratio on zeta potential values and average particle sizes in the sol-
vent are shown in Figure S2 (Supporting Information). As shown
in Figure S3 (Supporting Information), increasing ball milling
time decreased NiO-YSZ particle sizes significantly, with a lim-
iting effect after ca. 100 h. The use of the right dispersant ra-
tio had led to the earlier saturation of particle size and adding
a sonification process accelerated the saturation of particle
size.

Since the dispersed particle size decreased as the ball milling
time increased, a larger number of particles remained after fil-
tration, thereby the weight ratio of the ink increased linearly with
ball milling time in a log scale (Figure 1d). Through the process,
the ink weight ratio has been controlled and viscosity increased
linearly to the ink weight ratio (Figure 1f). All the viscosity val-
ues fit into the range from 1 to 25 mPa s which would be rec-
ommended for the inkjet printing.l"!l Here, the particle weight
ratio was fixed to 13 wt.% considering the time required for ink
preparation. Surfactant was added for increasing the stability of
the ink dispersion property as a final step, and the ratio of sur-
factant varied from 0.5 to 10 mg to the volume of ink (ml) to
find a suitable surface tension value when the particle weight
ratio has been fixed to 13 wt.%. The surfactant ratio of 2.5 mg
cm™ was chosen, considering the general recommended sur-
face tension range for inkjet printing and corresponding Oh and
Re values.”!!l The dimensionless values were calculated based
on the physical/chemical parameters of the ink with the opti-
mized additive ratios and the size of the nozzle used for the
printing was 19-20 pm (DMC, Fujifilm, Japan). The ink has
the Oh value of 0.143, Re value of 27.05, and Z (Oh™') of 7.01,
which are all suitable values for inkjet printing, staying in the
yellow area in the plot (Figure 1c). The ink for YSZ pillar print-
ing was already reproducible and well-studied and developed in
the previously published work, so is not discussed further in this
manuscript.[!?]

Using the formulated ink, 3D pillared structures were inkjet
printed by layer-by-layer printing circular shapes, as illustrated
schematically in Figure S4a (Supporting Information). Figure
S4b (Supporting Information) shows the first printed layer of
Ni(O)-YSZ layer, formed by droplets of Ni(O)-YSZ printed in a
circular shape, with the pillar height controlled by the number of
layers printed.

2.2. Effect of YSZ Electrolyte Pillar Heights on SOFC
Performances

To validate the effects of pillar height on SOFC and SOE per-
formances predicted by computational simulations, YSZ pil-
lars were printed with various heights (ca. 20-100 um) by
controlling the number of printed layers (20-100). Figure S5
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Figure 2. a—d) SEM images of printed and sintered YSZ pillars at lower (a—d) and higher (e~h) magnification, after 20, 50, 60, and 100 printed layers. i)
Top view optical microscope (OM) images of YSZ pillars after sintering, and: i) 20, j) 40, k) 60 and I) 80 layers printing). m—p) Effect of current density
on SOFC potential differences and power densities at 700, 750, and 800 °C, with 0, 20, 40, and 60 printed layers of YSZ pillars.

(Supporting Information) shows optical microscope (OM) im-
ages of those YSZ pillars immediately after printing. For compar-
ison, Figure 2a-h shows SEM images of pillar microstructures
after sintering at 1450 °C for 5 h. The number of printed layers
(20, 50, 60, 100) produced the expected corresponding increase in
heights of post-sintered YSZ pillars of 20, 50, 60, and 90-100 um,
as shown in Figure 2e-h. LSM-YSZ positive electrode layers were
dip-coated on YSZ pillar surfaces, then sintered at 1000 °C for 2 h,
so forming complete fuel cells, the performances of which were
determined subsequently, as shown in Figure 2m—p.

Figure 2m-p shows the effects of current density and YSZ elec-
trolyte pillar height on SOFC potential differences and power
densities at 700, 750, and 800 °C. As shown in the potential-
current density- power density (U-j-P) plots, peak power densi-
ties increased with pillar height, but reached a maximum value
for a pillar height of 40 um, and then decreased slightly for a pil-
lar height of 60 um. Cross-sectional images of the post-service
cells used to determine the data in Figure 2m—p are shown in
Figure S6 (Supporting Information). It can also be noted that the
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surface of the YSZ pillars became rougher with increasing num-
bers of printed layers. This is evident in the SEM images of YSZ
pillars in Figure 2e-h, displaying the detailed microstructure of
the pillars’ front view. The increased roughness of the surface,
correlating with pillar heights, could be due to a higher proba-
bility of ink splashing with increased printing time. Figure S6h
(Supporting Information) shows that the top part of the 60 pm
pillar was not fully covered by the LSM-YSZ positive electrode
layer, so explaining why peak power densities were less for the
60 pm high pillars than for 40 pm high pillars, despite the lat-
ter’s smaller electrolyte specific surface area. The exposed YSZ is
more obvious in the top view SEM image of the post-tested pil-
lars shown in Figure S7 (Supporting Information). The exposure
of the surface possibly occurred during the drying process. After
dip-coating the LSM-YSZ layer, the cell was placed horizontally,
causing the ink to flow downward while drying. This led to the
exposure or an excessively thin LSM-YSZ layer on the top. The
exposed top surface was also observed in the Ni(O)-YSZ pillar
structures, which will be discussed in Section 2.5.

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. a—c) Top-view optical microscopic (OM) images of Ni(O)-YSZ pillars after sintering of a) 40, b) 80, and c) 120 printed layers. d—f) cross-
sectional SEM images of the same Ni(O)-YSZ pillars at higher magnification and g-i) lower magnification. Measured effects of current density and 10,
20, and 40 pm pillar heights, on cell potential differences (U) and power densities (P) at j) 700 °C, k) 750 °C, and |) 800 °C.

2.3. Effect of Ni(O)-YSZ Pillar Heights on SOFC Performances

Figure S8a—c (Supporting Information) show printed Ni(O)-YSZ
pillars immediately after printing, their brown color being that of
slightly sub-stoichiometric nanoparticulate NiO in the NiO-YSZ
particulate composite ink. After sintering the pillars at 1450 °C
for 5 h, the color changed to green as shown in Figure 3a—c, due
to the change in stoichiometry and NiO particle size growth dur-
ing sintering.[¥] Figure S9 (Supporting Information) shows the
top-view SEM images of the same samples, with Figure S10 (Sup-
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porting Information) showing lower magnification top-view im-
ages of homogeneous printed pillar arrays without missing pil-
lars.

Figure 3d—f show cross-sectional microstructural SEM images
of Ni(0)-YSZ pillars with higher magnification, with lower mag-
nification images of greater numbers of pillars in Figure 3g,h.
In the OM & SEM images of pillars with 40 printed layers
(Figure 3a,d), the coffee stain effect was evident,[**) but it disap-
peared on printing of additional layers, as evident from the im-
ages of 80 and 120 printed layers. The coffee stain effect is caused
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by faster evaporation rates at the edges and centers of a droplets,
causing gradients in surface tension. The appearance of the cof-
fee stain effect in the first 40 layers and its subsequent disap-
pearance could be due to the change in affinity, moving from the
interaction between NiO-YSZ ink and the surface of substrate, to
that between NiO-YSZ ink and the printed Ni(O)-YSZ, thereby
altering the degree of Marangoni flow within the droplet.[”]

Figure 3j-1shows the effects of current density and pillar height
(10, 20, and 40 pm), on fuel cell potential differences (U) and
power densities (P) at 700 °C (Figure 3j), at 750 °C (Figure 3k)
and at 800 °C(Figure 3l), increasing pillar heights generally en-
hancing performance. Whereas the peak power density (PPD) for
the planar cell operating at 800 °C was 268 mW cm~2, that for the
cell with 40 um Ni(0)-YSZ pillars was 913 mW cm =2, correspond-
ing to an enhancement factor of 3.4. For comparison, the PPD of
a cell with 40 um YSZ pillars was 489 mW c¢m~2, correspond-
ing to the much lower enhancement factor of 1.82, as predicted
by computational simulation.l’] The experimental Ni(0)-YSZ pil-
lar heights used were much shorter than the maximum value of
the range covered in the COMSOL simulation, due to the practi-
cal difficulty of forming an electrolyte layer, as explained in Sec-
tion 2.5. The EIS data for cells operating at 700, 750, and 800 °C
with 0, 10, 20, 40 um Ni(O)-YSZ pillars are shown in Figure S11
(Supporting Information); corresponding R, and R, values are
in Table S1 (Supporting Information).

2.4. Solid Oxide Electrolyser (SOE) Performance Characterization

The electrolysis performances of cells with Ni(O)-YSZ pillars
were evaluated both for steam (Figure 4a) and CO, (Figure 4b)
electrolysis. In steam electrolysis at 800 °C, current densities
were enhanced by the presence of 40 um pillars by a factor of
ca. 2 at the thermoneutral potential of 1.285 V') in good agree-
ment with computational simulations shown in Figure 4c. For
easier comparison, both sets of data are plotted on one graph
in Figure S12 (Supporting Information). When current densi-
ties were compared at the thermoneutral potential of 1.464 V at
750 °C,'”] a similar enhancement factor due to 40 pm high pil-
lars was achieved in CO, electrolysis at 750 °C with a CO, flow of
70 standard cubic centimeters per minute (sccm) and CO flow
of 30 sccm to the negative Ni(O)-YSZ electrode. Though mag-
nitudes of current densities were smaller for those for steam
electrolysis, the former process having slower kinetics, the cur-
rent density enhancement for pillared negative electrodes again
demonstrated benefits for CO, electrolysis as well.[8]

Effects of current densities (j), pillar heights, and temperature
(700, 750, and 800 °C) on potential differences (U) for steam elec-
trolysis, and of pillar heights and gas compositions for CO, elec-
trolysis at 750 °C, are reported in Figures S13 and S14 (Support-
ing Information), respectively.

Figure 4d—g respectively show cross-sectional SEM images of
the cells with ca. 0, 10, 20, and 40 um pillar heights used in these
experiments The practical problem of dip-coating YSZ layers
onto the taller Ni(O)-YSZ electrode pillars >80 um and especially
160 um, caused them to exhibit electrochemical performances
lower than predicted, for microstructural reasons explained be-
low.
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2.5. Microstructural Analysis of Ni(O)-YSZ Pillar Structures

Fabrication of full cells with taller Ni(O)-YSZ pillars led to several
practical difficulties for evaluating their electrochemical perfor-
mances. First, when YSZ electrolyte layers were coated on Ni(O)-
YSZ surfaces by dip-coating on pillars > 80 um high, YSZ layers
on top surfaces of pillars tended not to be thick enough to prevent
pinholes, as shown in the Figure 5a. Figure S15 (Supporting In-
formation) shows more detail of the cross-sectional microstruc-
tures of the pillars with ca. 80 and 160 um heights, cut by focused
ion beam. Normally, for coating of ca. 7 um YSZ electrolyte lay-
ers on negative electrode support substrates, single dip-coating
is required.'*'] However, even after repeating the dip-coating
three times on 160 um high pillar structures, several pillars still
showed the brown color of Ni(O)-YSZ on the top part of pillars;
this is evident from the top-view OM images of pillars in Figure
S16 (Supporting Information).

SEM images of Ni-YSZ pillar microstructures after sintering
showed cracks between pillars (Figure 5a; Figure S17, Support-
ing Information), and the top part of pillars had YSZ thicknesses
of only 1-2 um (Figure S17b, Supporting Information), compared
with almost 20 pm on the lowest part of pillars (Figure S17a, Sup-
porting Information). Ideally, YSZ layers should be coated con-
formally on Ni(O)-YSZ pillar surfaces, as shown schematically
in Figure S18a (Supporting Information). However, dip-coating
led to uneven YSZ thicknesses as shown in Figure S18b (Sup-
porting Information), which resulted in the cracks shown in the
cross-sectional image of the cell. Differences in layer thicknesses
coated on bottom and top parts of pillars were caused by differ-
ences in capillary suction pressures, due to differences in porosi-
ties of substrate and pillar structures;?) surface porosities of sub-
strates are well known to greatly affect thicknesses of dip-coated
layers.[2!]

Porosities of Ni(O)-YSZ pillars were expected to be very low,
as the pillars contained no pore-former and NiO had yet to be
reduced to Ni, contrary to Ni(O)-YSZ substrates that had high
porosity after combustion of pore-formers. Most porosity in Ni-
YSZ pillar structures would have arisen from reduction of NiO to
Ni as shown in Figure 5b,c; the lighter colored phase in Figure 5¢
corresponds to Ni from reduction of NiO, causing porosity. Com-
parison of porosity in the Ni-YSZ negative electrode substrate and
Ni-YSZ pillar after sintering and reduction is shown in Figure
S19 (Supporting Information); note that the pillars are not in pre-
sintered status. Hence, using the dip-coating method, there is a
limit to achieving conformally coated YSZ layers that can cover
NiO-YSZ pillars for taller pillar heights, as there would not be
enough capillary force for coating the top part of Ni(O)-YSZ pil-
lar structures when Ni(O)-YSZ pillars and substrates were dipped
into YSZ particulate dispersions. In addition to the uneven coat-
ing of the YSZ electrolyte layer, the dip-coating process used for
the LSM-YSZ layer also caused the exposure of pillar tops as
shown in Figure 5a, which is similar to what was observed in
the cells with YSZ pillars discussed in Section 2.2.

Another possible reason for the thinner LSM-YSZ layer on the
top could have been led by the high current densities during the
oxygen evolution reaction (OER) in the electrolysis mode. Un-
der conditions of high current density, deviation in reaction rates
at TPBs and Double Phase Boundaries (DPBs) can cause vari-
ations in lattice parameters, resulting in tensile stresses at the

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. a) Effects of current density (j) on potential differences (U) for steam electrolysis with cells at 800 °C and 0, 10, 20, 40 um Ni(O)-YSZ pillar
heights. b) Data for CO, electrolysis with flow of 70 sccm CO, and 30 sccm CO to Ni(O)-YSZ negative electrode with 0, 10, 20, 40 um pillar heights
and cells operating at 750 °C. c) Updated computational simulation of steam electrolysis with cell at 800 °C and 0, 10, 20, 40 um using the tortuosity
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value that was obtained from 3D tomography in Section 2.5. Cross-sectional images of cells after experiments. ((d) planar, (e) 10 um, (f) 20 um, and (g)
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Figure 5. a) Cross-sectional SEM images of a full cell with 160 um Ni-YSZ pillar height. b) Cross-sectional SEM image of Ni-YSZ pillar after reduction and
resin infiltrated. c) Cross-sectional SEM image of top part of Ni-YSZ pillar. (Lighter phase: Ni, grey phase: YSZ) d) SEM image showing Ni-YSZ pillars
array used for FIB-SEM 3D tomography. ) SEM image that shows top surface of Ni-YSZ pillar after reduction in H, atmosphere at 600 °C. f) Higher
magnification of top surface of Ni-YSZ pillar showing porous Ni-YSZ network. g) 3D reconstructed volume analyzed by FIB-SEM 3D tomography. Green,
yellow, and blue represent Ni, YSZ, and pore, respectively. h) 3D reconstructed image showing pore distribution in analyzed volume. i) 3D reconstructed
image showing distribution of active TPB lengths in analyzed volume. j) Updated computational calculation using the tested cell diameter and the
obtained tortuosity value. k) steam distribution through porous Ni-YSZ pillar structure at the thermoneutral potential in electrolysis mode.
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Table 1. Microstructural parameters from FIB-SEM 3D tomography analy-
sis of inkjet printed Ni-YSZ pillars.

www.small-journal.com

Table 2. TEC values of the materials used in the SOERs layer components.

Material Thermal expansion Ref
Parameters Values coefficient (x 107 K=1)
Pore volume ratio / % 269+ 1.0 Positive electrode LaggSro,MnO, 1.3 [25]
YSZ volume ratio / % 47.4+0.1 Electrolyte YSsz 10.5 [26]
Ni volume ratio / % 25.7+09 Negative electrode Ni-YSZ (40 wt% Ni) 10-12.5 [27]
Pore tortuosity 1.98 +0.02 NiO-YSZ 11.88 [26]
YSZ tortuosity 1.75 + 0.03 (14% porosity)
Ni Tortuosity 159+ 1.0
TOtél ee denSIt?’ f 9:x02 tional predictions of SOER performances were updated, with re-
Active TPB density / um~2 82+02

layer interfaces.”?l Furthermore, during OER, lattice parameter
changes at the air electrode interface due to O?~ ion diffusion can
also result in the accumulation of tensile strain, likely leading to
the delamination of the electrode layer.[”* Therefore, operating
the cell under conditions that produce a moderate current den-
sities would be more favorable for reliable operation. However,
considering that the cell with SEMs shown in Figure 5a had not
been under measurement for an extended period, the reason for
the thinner LSM-YSZ layer is more likely to have been caused by
the fabrication process.

Additionally, FIB-SEM 3D tomography was used to evaluate
the stability of NiO-YSZ inks during the printing process, as the
top parts of pillar structures were the last parts printed. After re-
ducing Ni(0)-YSZ pillars to Ni-YSZ, (Figure S20, Supporting In-
formation), the top part of the pillar structure shown in Figure 5d
was sliced using a focused ion beam, prior to 3D reconstruction
analysis. Prior to FIB-SEM analysis, SEM images of pillar sur-
faces showed porous Ni networks as shown in Figure 5f. The
FIB-SEM tomography was conducted subsequently, milling the
volume 13.3 um x 8.0 pm X 12.6 um, on the top part of the pillar;
Figure S21 (Supporting Information) shows SEM images of the
first and last milled sections.

Via FIB-SEM tomography, a 3D volume of three phases was
reconstructed: Figure 5g shows the distribution of three phases,
and Figure 5h shows pore distribution, and lastly, Figure 5i shows
the distribution of effective TPBs within the analyzed volume of
pillar structure. The parameters calculated through the 3D recon-
struction are listed in Table 1. Each parameter obtained from dif-
ferent volumes are listed in Table S2 (Supporting Information).

Considering the molar volume change from NiO to Ni is ca.
449,241 the estimated Ni volume fraction in pillars before sinter-
ing was 49.2%, which was similar to the volume fraction of YSZ
to NiO in the ink (47.8:52.2), and the volume change of NiO to
Ni was the same as the pore volume fraction measured by FIB-
SEM tomography. Hence, the volume ratio between YSZ and Ni
remained the same as in the formulated NiO-YSZ ink, thereby
successfully demonstrating its reliable printing of Ni-YSZ com-
posite structures. The homogeneous distributions of Niand YSZ
within the printed pillar structure were also confirmed by SEM-
energy dispersive X-ray spectroscopy (EDS), as shown in Figure
S22 (Supporting Information).

As the diameter of the tested cell was larger (25 pm) than that
in the previously calculated model, and the tortuosities (Table 1)
were obtained from the printed pillar structure, the computa-
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sults shown in Figure 5j. The updated simulation showed a slight
enhancement in SOFC performance with 97% H, as the pillar di-
ameter was increased and the tortuosity was changed (Table 1).
In SOE mode with just 24% steam fed to negative electrodes,
current densities also increased slightly, but still increasing pillar
height caused decreased power densities and severe performance
saturation, due to reactant depletion through the porous Ni-YSZ
structure, as shown in Figure 5k. Increasing steam content to
80% relaxed performance limitation evident with 24% steam. The
plotted data (Figure S23, Supporting Information) also demon-
strated that in electrolysis mode, increasing pillar height led to
a decrease in up-scaling factor; the most effective SOER pillar
height depends on gas compositions. The distribution of the re-
actant (steam) was predicted with the model of different pillar
heights (70, 150, and 190 ym) and is shown in Figure S24 (Sup-
porting Information). Compared to the reactant distribution in
the 70 um pillar, the distribution in the 150 and 190 um pillars
exhibited severe depletion within the cell, which supports the re-
sults in Figure 5j.

Lastly, to evaluate the durability of printed pillars and their suit-
ability for application to commercial large-size cell, the thermal
expansion coefficient (TEC) values of the materials in each com-
ponent were investigated. A high TEC mismatch can resultin in-
ternal stresses, potentially leading to delamination or cracking of
the cell. Table 2 lists the TECs of the materials in each part of the
cell, showing TEC values in the range of 10-12.5, including both
Ni-YSZ and NiO-YSZ. This implies that during sintering and op-
eration, high thermal stresses were not expected to be caused by
TEC mismatches, suggesting suitability of those materials for re-
actor durability and for its application in large-size cells.

Additional discussion regarding the sintering process for the
large-sized planar cell with pillar structures is included in the
supplementary information. This section presents a proposed de-
sign of the pillar array on the surface and an alumina setter plate
for sintering (Figure S25, Supporting Information), addressing
its feasibility for application in large-scale reactors.

3. Conclusion

Ni(O)-YSZ and YSZ pillars were successfully 3D inkjet printed on
to planar Ni(O)-YSZ substrates, to extend electrode | electrolyte
areas, thereby up-scaling SOERs. Dip-coating was used to deposit
YSZ on Ni(O)-YSZ pillars, then sintered and dip-coated LSM pos-
itive electrodes applied, followed by sintering. The performance
of those cells was compared with those fabricated with YSZ pil-
lars. For both types of structures, effects of current density, pillar

© 2024 The Authors. Small published by Wiley-VCH GmbH
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heights and temperature on cell potential differences were deter-
mined in (H, and air) fuel cell and (steam and CO,) electrolyzer
modes.

As predicted by finite element simulations, in fuel cell mode,
cells with 40 pm Ni-YSZ pillars produced peak power density en-
hancement by a factor of 3.4 when compared to planar structures,
whereas cells with YSZ pillars increased peak power densities
by a factor of only 1.82. In steam electrolysis mode, at the ther-
moneutral potential of 1.285 V, cells with Ni-YSZ pillars doubled
current densities compared to values with planar cells; in CO,
electrolysis mode, current densities in such cells were increased
by ca. 1.97 compared with planar cells. FIB-SEM 3D tomography
on tops of Ni-YSZ pillars showed the same phase ratio as those
of inks used in their printing, showing high TPBs densities and
homogeneous spatial distributions of Ni and YSZ phases.

Though increased pillar heights were predicted to increase up-
scaling factors, and fabrication of cells with taller (> 100 pm) pil-
lars was achieved, subsequent use of dip-coating to deposit YSZ
electrolytes and/or LSM-YSZ positive electrodes led to inhomo-
geneous spatial distributions of those phases and their subse-
quent cracking. Hence, 3D printing followed by coating methods
such as aerosol deposition that can evenly coat thin electrolyte
layers on the pillars is recommended.

4. Experimental Section

Fabrication of Negative Electrode Support Layers: As described
previously,[*] negative electrode support layers were prepared by the
pelletization method. NiO (NiO-S, Fuelcellmaterials, USA) and YSZ
(8YSZ-US, Fuelcellmaterials, USA) powders were mixed in ethanol with
carbon particles (Sigma Aldrich, USA) as a pore former at concentrations
of 10 wt.% ratio to the ceramic powders. The mixed dispersion was
ball-milled for 24 h using zirconia balls and then dried at 70 °C for
24 h. The dried powders were lightly ground and then pressed into a
25 mm diameter size pellet at 10 MPa pressure, using a pellet press die
set (Specac Ltd, UK). The pressed NiO-YSZ pellets were heat treated
ultimately at 900 °C for 5 h, with T-hour interval heat treatment at 450 °C
to combust residual organics.

Ink Preparation and Its Analysis:  YSZ and Ni(O)-YSZ composite inks
were prepared for the pillar-structured YSZ electrolyte layer printing and
the pillar-structured Ni(O)-YSZ functional layer printing, respectively. YSZ
ink was prepared by dispersing commercial YSZ powders (8YSZ-U1, Fuel
cell materials, USA) in de-ionized (DI) water adding Dispex A40 (Ciba-
BASF, UK), PEG-35000, and Natsurf (Croda Chemicals, UK) as dispersant,
binder, and surfactant, respectively. The YSZ ink preparation has been de-
scribed previously.['?]

For formulation of NiO-YSZ inks, NiO and YSZ particles were mixed in
1:1 weight ratio and the particles were dispersed in the DI water with a 32
wt.% ratio to the solvent. The dispersant ratio (dispersant weight to the
total surface area of the particles) in NiO-YSZ inks was varied from 0.2 to
7 mg m~2, to determine its effect on ink particle size and zeta potential.
The ratio was fixed at 2 mg m=2 at which effective particle sizes were small-
est (D50: 540 nm) and zeta potentials exhibited their most negative val-
ues (—39 mV). To break particle agglomerates, Ni(O)-YSZ particles were
dispersed by ball-milling using a mixture of 3 mm and 5 mm size zirco-
nia balls for 24 h on electrically-driven cylindrical rollers. Then the ink was
centrifuged at 1400 rpm for 2 min, and 1000 rpm for 5 min, subsequently.
After filtering the ink using an 800 nm pore-size sterile syringe filter (Cole-
Parmer, UK), the particle weight ratio of ink was measured. PEG-35000 was
added with a 25 mg cm™3 ratio (binder weight to ink volume) and mixed
for another 24 h using a magnetic stirrer. Natsurf 265 (Croda Chemicals,
UK) was added at a concentration of 2.5 mg cm™ just before starting the
printing to increase the ink stability to aggregation.
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The viscosities and surface tensions of inks were measured respectively
using a rheometer and drop shape analyzer (DSA 25S, KRUSS, Germany)
to evaluate their suitability for inkjet printing. Dispersed particle sizes were
measured using a particle size analyzer (Mastersizer 2000, Malvern Pan-
alytical, UK).

Fabrication of Pillared Structured Cells: Ni(O)-YSZ pillars were first
printed on the Ni(O)-YSZ pre-sintered negative electrode support layer
by a 3D inkjet printer (X-serie, Ceradrop, France). For the YSZ pillars, the
printing was done on the surface of a dip-coated YSZ electrolyte layer that
was not yet sintered. As prepared YSZ inks or Ni(O)-YSZ inks were filtrated
using an 800 nm syringe filter before filling a DMC ink cartridge (DMC,
Fujifilm, Japan). Ceraprint software was used to design a rectangular pillar
array with a 50 pm diameter and 80 um spacing between each pillar. The
height of pillars was controlled by varying the number of printing layers. At
every ten layers, the printing was paused, and purging was conducted to
avoid the nozzle clogging during printing. After completion of the printing,
printed pillars were heat-treated at 600 °C for 1 h, with 450 °C intermediate
heat-treatment for 1 h to remove the organic materials remaining in the
ink and provide a slight interconnection between the printed Ni(O)-YSZ
pillars and the negative electrode support substrate.

The YSZ layer was dip-coated on the Ni(O)-YSZ structures to cover the
entire pillar structure homogeneously, and then it was heat-treated at 600
°C again for the same purpose. The one-side dip-coating process has been
reported previously.[®] After the 600 °C heat treatment, the cell was sin-
tered at 1450 °C for 5 h to obtain a fully dense YSZ layer.

After the YSZ sintering step, the LSM-YSZ layer was applied to the YSZ
electrolyte surface also using the dip-coating method for the homoge-
neous distribution of the positive electrode layer on the electrolyte layer.
Subsequently, the LSM-YSZ layer was dried at 70 °C for 1 h and then heat
treated at 1000 °C for 2 h.

All particle size information for the materials used, as well as details
about the sintering and heat-treatment conditions, are organized in a table
in the Tables S3 and S4 (Supporting Information).

Additionally, for a comprehensive understanding of the entire experi-
mental process, an overview is provided through a schematic illustration
in Figure S26 (Supporting Information).

Electrochemical Performance Analysis: The fabricated cells were at-
tached using ceramic adhesive (Ceramabond 668, Aremco, USA) to an alu-
mina tube which had a 25 mm outer diameter and 20 mm inner diameter,
and inserted into a vertical tube furnace (TS1 12/60/300, Carbolite-Gero,
UK). A potentiostat/galvanostat (PGSTAT302N, Ecochemie, Metrohm,
The Netherlands) was used in two electrode mode, connected to cells
using Ag and Pt wires, with separate wires for measurement of potential
differences and currents, This enabled their current density-potential dif-
ference performance to be measured at 700, 750, and 800 °C, as well as
characterized by electrochemical impedance spectroscopy (EIS) in the fre-
quency range of 105-0.1 Hz.

Fuel cell performance was measured with the air gas flow of 200 stan-
dard cubic centimetres per minute (sccm) on the positive electrode side
and hydrogen (+ 3% H,0) gas flow of 100 sccm on the negative elec-
trode side. Electrolysis performance was tested with the same air gas flow,
but on the negative electrode side, 24% steam was fed with a carrier gas
flow rate of 50 sccm for each H, and Ar gas. Steam was generated using
vapour generator (CEM, W-101A, Bronkhorst, Netherland) with a steam
generation temperature at 100 °C.

For CO, electrolysis, mixtures of CO and CO, gas were fed to the Ni-
YSZ electrode side with CO, to CO ratios: CO,. CO = 30: 70, 50: 50, 70:
30, and a total gas flow of 100 sccm. Dry H, was fed with 10 sccm flow
rate to prevent oxidation of Ni in the negative electrode support layer side.

The schematic illustration, which outlines the experimental setup for
electrochemical performance testing, is included in Figure S27 (Support-
ing Information).

Microstructure Analysis and 3D Reconstruction:  The structure of printed
pillars was observed first by an optical microscope (OM, GXM-L3230,
GT vision, UK) to confirm the ink properties for printing and printed mi-
crostructures immediately after printing. The microstructure of fabricated
pillars after sintering and their cross-section images were analyzed using a
scanning electron microscope (SEM, Zeiss Leo Gemini 1525, Germany).

© 2024 The Authors. Small published by Wiley-VCH GmbH
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The tortuosity and porosity of the reduced Ni-YSZ pillar structures were
obtained by 3D reconstruction of the images obtained using focused ion
beam-SEM (FIB-SEM, Auriga, Zeiss, Germany), followed by an analysis
with a MATLAB plug-in application.[?’] For cutting into cell microstruc-
tures, first 16 nA current was used for rough cutting and then gradually
decreased from 4 nA (30 kV) to 1 nA (30 kV) to produce smoother cut end
surfaces. For slicing the volume 13.3 um X 8.0 pm x 12.6 um, a current of
240 nA (30 kV) was used, and the image of each sliced section was stored
after each slicing step. Avizo software was utilized for 3D reconstruction
of microstructures using the acquired images.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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