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Conventionally, components of solid oxide fuel cells and electrolysers are fabricated by die pressing, tape/
gel casting, injection moulding, etc., using metal oxide particulate dispersions with binders and other
additives, followed by sintering at high temperatures. Such processes require cycle times of hours to days,
and are materially wasteful and energetically inefficient, making them costly and less environmentally
benign. Their limited ability to fabricate more complex geometries than conventional planar and tubular
structures constrains reactor designs. Hence, herein we review 3D inkjet printing the functional layers of
solid oxide electrochemical reactors, as it can achieve reproducible geometries and microscopic resolution
feature sizes, thereby minimising material waste, but compatible with manufacturing processes. The
principles of inkjet printing and formulation of suitable precursor colloidal dispersions (‘inks’) are
overviewed, followed by a summary of the literature on inkjet-printed solid oxide electrochemical reactors,
covering ink formulation, reactor fabrication and their electrochemical performances in fuel cell and
electrolyser modes. Whereas electrodes have been 2D printed with composite inks of two particulate
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phases, their performance was limited significantly by low porosities. Fabrication of 3D electrodes with
reproducible, pre-designed architectures has been reported for less than a decade, so the full potential of
3D inkjet printing has yet to be realised. Finally, we discuss how the challenges limiting this technique:
increasing spatial resolution, controlling porosity, and 3D structure resolution and fabrication, are expected
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1. Introduction

Global concerns over climate change and energy security have
driven research, development and deployment of renewable,
decarbonised electrical power sources, but the inherent
intermittency of wind and solar energy sources requires
energy storage technologies' to manage those dynamics and
of supply and demand.” Electrochemical reactors can convert
electrical to chemical energy during times of surplus electrical
power availability, and the reverse at times of high power
demand. Electrochemical energy storage devices include
batteries® supercapacitors and coupled fuel cell/electrolyser
systems,™” the last of which generally have higher energy and
power densities than Dbatteries. For example, such
electrolysers can split water (or steam) into H,,®’ usually
termed ‘power-to-gas’ storage, which can be used in both
cyclic electrolyser - fuel cell operation, and in fuel cell-
powered vehicles.®’

Fuel cells and electrolysers are classified generally by their
operating temperatures, with low-temperature devices

Department of Chemical Engineering, Imperial College London, London SW7 2AZ,
UK. E-mail: i.jang@imperial.ac.uk
+ Now at: Utility Global, 19416 Park Row, Suite 120, Houston, TX 77084, USA.

1692 | React. Chem. Eng., 2022, 7,1692-1712

including polymer electrolyte membrane (PEM) and alkaline
aqueous cells,’® and high temperature counterparts including
molten electrolyte and solid oxide electrochemical reactors
(SOERs)."" Presently, the former are more technologically
advanced, but suffer from several drawbacks; they require
precious metal catalysts, operate with very few chemical
species (i.e. only H,), are less efficient than their high
temperature counterparts, so have a greater electrical energy
requirement in electrolyser mode, and unlike SOERs, a single
reactor cannot function reliably in both fuel cell and
electrolyser modes.”>™ Hence, reversible SOERs are
preferred for grid-scale energy storage applications, operating
with round-trip energy conversion efficiencies, of ca. 70%, i.e.
competitive with pumped hydroelectric storage, presently the
dominant means of energy storage globally.
Commercialisation of SOERs has been restricted primarily
to the US, UK, and Japan for relatively low power residential
and industrial applications. Increasing reactor durability and
decreasing capital costs are the main challenges to achieving
market penetration, so extensive research has aimed to
develop innovative ceramic materials and composites,
whereas comparatively limited efforts have focused on the
design of electrode architectures. Progress of commercial
additive manufacturing (AM) technologies over the last two
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decades potentially has enabled new approaches to
fabrication and improving SOERs performances.

Following a brief overview of SOER materials,
conventional fabrication methods and AM techniques are
summarised, focusing on the types of inkjet printing, ink
properties and possible effects on fabrication of advanced
functional layers of materials. The literature on SOERSs
fabricated by inkjet printing and their subsequent
electrochemical performance is reviewed, concluding with
the challenges of advancing inkjet printing as a fabrication
technique.

1.1. Materials for solid oxide electrochemical reactors

SOERs comprise ionically conducting metal oxide electrolytes,
sandwiched by electronically conducting positive and negative
electrodes, with pores by which reactants/products are
supplied/removed, respectively. In addition, there is often an
‘inter-layer’ due to chemical incompatibilities between certain
electrolyte and electrode phases. The most common materials
used for SOERs functional layers are:

e Jonic conducting ceramic electrolytes (e.g. scandia-
stabilized (ScSZ), yttria-stabilised zirconia (YSZ), gadolinium-
doped ceria (CGO) or lanthanum strontium gadolinium
manganite (LSGM))."

e Positive (cathode in fuel cell and anode in electrolyser
modes) and negative (anode in fuel cell and cathode in
electrolyser modes) electrodes comprising either a mixed
electronically- and ionically-conducting material, such as
lanthanum strontium cobaltite ferrite (LSCF), or a composite
electrode combining an ionically-conducting material (i.e. the
electrolyte layer material) and an electronically-conducting
material (e.g. lanthanum strontium manganite (LSM), Ni or
Cu).*®

e Depending on the electrode and electrolyte materials, an
interlayer may be required to prevent reaction between the
two at high temperatures (>1000 °C during sintering), or to
bridge a difference in their thermal expansion coefficients.
Examples include a CGO interlayer between YSZ and LSCF,
and a samarium-doped ceria (SDC) interlayer between YSZ
and barium strontium cobalt ferrite (BSCF), to prevent
unfavourable solid-state reactions."’

1.2. Conventional fabrication techniques

Tape casting or screen printing of precursor pastes containing
powders of the desired materials, and their subsequent
sintering, is employed conventionally to fabricate the
functional layers of SOERs."® Both techniques rely on random
particle mixing within the electrode pastes to produce high
triple phase boundary (TPB) densities (the interface between
connected pores, electronically and ionically conducting
materials) or dual phase boundary (the interface between
connected pores and mixed conductors) for mixed-conducting
materials, at which reactions occur, within the electrode.

A consequence of random powder mixing within the
pastes is that a high fraction of TPBs are non-percolating,
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limiting reactor performance.'® Furthermore, tape casting
and screen printing suffer from significantly larger
‘minimum electrolyte layer thicknesses’ than can be achieved
by more complex and expensive technologies, such as
chemical vapour deposition (CVD) or pulsed laser deposition
(PLD).*° Consequently, the ohmic resistance of the reactors
remains relatively high for conventionally fabricated devices,
so affordable techniques to fabricate thin electrolyte layers
are required.”!

Electrodes fabricated with tailored micro-structures could
increase electrochemical performance, decrease raw material
requirements and enhance the longevity of the devices by
decreasing degradation rates. Such electrodes, with higher

reproducibility and well defined electrode|electrolyte
geometries, aid the wunderstanding of SOER reaction
mechanisms. Hitherto, ‘model’ electrodes (segregated

phases, pre-defined and localised reaction sites) have been
constrained to 2D, i.e. patterned electrodes;** however, model
3D electrodes could validate the kinetic models and
concentration profiles established from 2D electrodes, aiding
the design of 3D electrodes with superior performance. 3D
printing offers the potential of fabricating complex
geometries, rapid prototyping, and lower material and energy
consumptions than in conventional fabrication processes,
thereby prospectively decreasing production costs.

Inkjet printing offers additional prospective benefits for
SOERs, of reproducible, geometrically defined TPBs, thereby
enabling model-predictable performances. Technologically
more importantly, increased electrode|electrolyte interfacial
areas per geometric area would enable up-scaling and
decrease specific costs. However, as described in section 1.4,
simple geometric calculations greatly over-predict scale-up
factors, which require model predictions of electrical
potential, current density and gas compositions, as functions
of geometries.

1.3. Additive manufacturing (AM) of ceramics

AM technologies began to be developed in the 1980s,>*** and

are highly versatile, rapid prototyping techniques that have
been applied to plastic electronics,” biomaterials®® and
ceramic component manufacturing.”’” Thanks to the
versatility and customizability of AM, many technologies have
been invented and introduced to the market mainly
depending on their applications, though the underlying
principle of adding layer onto layer to build structures/devices
remains constant. Fig. 1 shows the classification of AM
techniques®® based on the starting materials being used, but
this review focuses only on inkjet-based techniques.

These technologies have been reviewed previously for their
feasibility to fabricate ceramic components,>**° but without
mention of the relationship of specific fabrication time and
achievable feature size/resolution, as given in Fig. 2. From
this plot, it is clear that, although the resolution range (10°-
10° nm) of indirect laser lithography is best suited to the
scale of SOERs electrode microstructures, the present state of
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Fig. 1 Additive manufacturing (AM) technologies classified by starting materials: liquid, powders or sheets.

the technology precludes its use for SOERs fabrication. By
contrast, inkjet printing can achieve 10-50 um resolution
with ca. 30 pL droplet volumes at acceptable printing
speeds.® More advanced printheads eject droplets with 1 pL
volume, so resolutions of <10 pum should be achievable.*?
The other technologies may have utility within SOER
manufacturing processes to fabricate e.g. supports, as it is
envisaged that only the electrolyte and functional electrode
layers will require fine microstructure or <10 pm thick layers.
Therefore, an integrated approach employing different
technologies may be required. However, this review focuses
on inkjet-based technologies and their successful use for
SOER microstructural fabrication.

Inkjet printing is a material deposition technique used
for liquid phase materials or inks, consisting of solutions
or particles dispersed in a solvent, ejected through a nozzle
at precise positions and rates, either continuously or, as
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Fig. 2 Effect of lateral feature size resolution on fabrication time of
ceramic components for different additive manufacturing (AM)
technologies.
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shown in Fig. 3, it can be triggered by a drop-on-demand
(DOD) system, using thermal or piezoelectric mechanisms,
the latter being preferred in industrial inkjet printing
technologies.””

1.3.1. Continuous ink jet (CIJ) printing. As shown in
Fig. 3a, CIJ systems work by expelling electrically charged ink
droplets from a printhead nozzle and passing them through
an electric field. Such droplets are produced by Rayleigh-
Plateau instability of a liquid jet at a particular wavelength,
resulting in a stream of droplets with consistent geometries.
The droplets are charged and deflected towards a substrate by
an electric field; many miss the target and may be recycled or
wasted.

1.3.2. Drop-on-demand (DOD) printing. Discrete droplets
with precise volumes, typically of the order of pL, are
deposited at pre-determined locations with a DOD printer
(Fig. 3b and c), unlike in continuous printing. DOD inkjet
systems can be divided into different types depending on
the mechanism used for ejection of droplets: thermal,
piezoelectric and electrostatic. In thermal DOD inkjet
printing, the ejection pressure is caused by either the
thermal expansion or vaporising a fraction of the ink by
application of a current to a heating coil within the
nozzle, which causes a pressure increase, ejecting the ink.
Piezoelectric ~ DOD  inkjet systems use expensive
piezoelectric  crystals to effect droplet ejection.*
Electrostatic DOD systems generate droplets by electrostatic
repulsion at charged liquid surfaces, which at sufficiently
high potentials and when constrained mechanically,
deform and eventually form highly curved apical surfaces
called Taylor cones. The large electric field gradient close
to tips of the cones results in ejection of liquid droplets
in an electrospray process.

In inkjet printing, droplets are formed by generating
pressure waves in an ink-filled channel behind an orifice
(printhead nozzle), as shown in Fig. 4a. A droplet is ejected
when the kinetic energy transferred to the droplet exceeds

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Schematic representation of (a) continuous inkjet (CIJ) and drop on demand (DOD) inkjet printing systems using (b) thermal and (c)

piezoelectric technology (reproduced with permission®).

the surface energy required to form the droplet and upon
ejection, a ‘finger’ of fluid is released. Above a critical
pressure, dependent on the rheological properties of the
ink and the nozzle geometry, finger detach forming
droplets.*

After the droplets impact and settle on the surface of a
substrate, the droplets dry by evaporation, leaving a layer of
solid deposit (Fig. 4b) with a customisable droplet deposition
pattern (e.g. square or hexagonal lattice). Hence, deposited
droplets coalesce to form 1D ‘line’ structures, which in turn
can coalesce to form 2D planar sheets; printing multiple
layers of these sheets on top of each other forms 3D
structures.

By optimising the ink properties and droplet behaviour, it
is possible to manipulate the droplet coalescence process
and print 2D or 3D structures. The resolution of these
structures is determined by the droplet impact, settling, and
coalescence processes, which depend on the droplet
dimensions, ink rheology, substrate, and printer settings
such as ejection pressure and pulse duration.

R
(a) (b)
Printhead Y
nozzle
Deposited
droplets, X
Ejected droplets, - = & diameterD,,
diameter D; \%0% @
Dispersed
ceramic particle )

Substrate

Fig. 4 (a) Schematic of a 3D, multi-nozzle, DOD printer, and (b)
appearance of a monolayer of dried, deposited droplets with no inter-
droplet overlap.
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1.4. Practical benefits of 3D inkjet printing for solid oxide
electrochemical reactors (SOERS)

Electrode reactions in SOERs occur at interfaces between
electronic conductors|ionic conductors|(percolated) pores,
through which reactants are transported in and products out.
Hence, densities of such triple-phase boundaries (TPBs)
determine rates at which gas species can be oxidized or
reduced, reacting with the electrons and ions flowing in or out
through electronically conducting electrodes and ionically
conducting electrolyte phases (Fig. 5). Up-scaling densities of
TPBs facilitate gas rates, increasing SOER
performances.

conversion

. Electrode material (LSM)
O Electrolyte material (YSZ)
Triple phase boundaries

<= (0% jon transport

<« Electron transport

At triple phase boundary:
Oz(g) + 4e_(LSM) = 202'(\/32)
207 (ysz) = Ogg) *+ 4e7sm)

Porous
electrode
layer

Electrolyte layer

Fig. 5 Schematic illustration of the triple phase boundaries (TPBs) in
solid oxide electrochemical reactors (SOERs).
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Fig. 6 Effect on pillar area/substrate area of pillar diameter and height
of hexagonally close packed pillar array on planar substrate.

Amongst the various reports about TPBs, fabricating
three-dimensional (3D) structural components predictably
has been reported as an effective means of increasing
interfacial areas between electrode and electrolyte layers,
especially when downsizing to the nanoscale. Inkjet printing
is the sole technology that can print ceramic structures down
to the micrometre scale with high reproducibility.

However, simply constructing 3D structured ceramic layers
may not necessarily increase electrochemical performance, as
extending ionic conduction path lengths in electrolyte phases
result in ohmic potential losses, which may limit increases in
current densities due to increased electrode|electrolyte
interfacial areas (Fig. 6). Hence, optimal design of such 3D
nanostructures needs to balance geometrical benefits with
potential losses, requiring computational simulation of
spatial distributions of electrical potential and local current
densities.

Masciandaro et al?® reported the fabrication of
honeycomb-like YSZ electrolyte by 3D inkjet-printing; the
benefit of greater interfacial electrode|electrolyte area
resulted in solid oxide fuel cells (SOFCs) with greater energy
densities. A finite element model of the potential and current
distribution in the 3D structure was developed using

12
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COMSOL software, to predict the SOFCs experimentally
measured higher energy densities. (Fig. 7a-c) Such numerical
simulations enable prediction of optimal geometrical
structures for fabrication by inkjet printing, to focus
experimental validations, decrease material requirements
and decrease costs. Even present inkjet printing technology
is capable®” of providing the bases of continuous conveyer
belt-like, mass manufacturing processes, so potentially
decreasing SOER fabrication costs and thereby energy costs,
not only by increasing energy conversion efficiencies of
SOERs, but also by increasing productivities. This could
facilitate applications of SOERs, which could develop as the
main systems globally for benign, stationary electrical or
chemical energy sources.

2. Inkjet printing of ceramics

High-resolution fabrication of ceramics by 3D printers
involves three steps: i) formulation of suitable inks, ii)
optimisation of the printing technique to achieve the
required resolution, and iii) sintering of printed structures.

The inks used for printing ceramics are colloidal ceramic
particles dispersed in a continuous phase (solvent) with
additives that: a) ensure the physical properties of the ink are
compatible with the printer and result in high-quality printed
deposits, b) the dispersed particles are stable to aggregation,
and c) the properties of the ink are optimised to provide a
feature resolution suitable with the application of the
finished product. This section covers the principles of each
of these factors for piezoelectric DOD inkjet printing.

2.1. Ink physical properties

Inkjet printing requires ink dispersions to be stable to
aggregation over long times. The formation and behaviour
of ink droplets is controlled by surface tension, inertia, and
viscosity. Printability of an ink can be characterised by four
dimensionless numbers: Reynolds (Re) and Weber (We),
defined in eqn (1) and (2), and Ohnesorge (Oh) and
Capillary (Ca) numbers defined in eqn (3) and (4),
respectively.*”

07 (v)

(a) Predicted effect of inkjet-printed 3D honeycomb structure on the power generation performance calculated through a simulation

(dashed lines); (b) current and (c) voltage distributions throughout the 3D printed structure calculated by the numerical simulation (reproduced

with permission®®).
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Table 1 Dimensionless number constraints for printability

Physical properties range  Constraint Reference
2 < Ca Printability 40
1<Z<10 Printability 41
4<zZ<14 Printability 42
We>1 Minimum flow for ejection 43
We*Re”* < 50 Avoid splashing 44
Re <5 Avoid satellite formation 45
We > 9 Avoid satellite formation 46
Uol
Re = 210 (1)
n
2
uo“pr
14
vVWe
Oh = =1 3)
Re \/ypr
We U
Ca— ¢ _Mh (4)
Re y

where p represents ink density, u, droplet ejection velocity
(typically 1-5 m s™'), r the characteristic length, typically
the diameter of printer nozzles (20-70 um), » the ink
viscosity, and y the ink/air surface tension.*®

The predicted printability of a given ink and printer
parameters, defined as the consistent ejection of droplets
with reproducible geometry, differs between sources
(Table 1). The Oh number, which according to eqn (3) is
independent of ejection velocity, includes the relevant ink
properties, so is an appropriate parameter for DOD printing
conditions.®® When Oh™ (often denoted ‘Z’) is too low,
viscous forces dominate, opposing droplet ejection. When Z
is too high, satellite drops form (Fig. 8a and b), another
problematic phenomenon, for which several dimensionless
relationships are given in Table 1 (Fig. 8).*°

These constraints define a set of possible Re and We
numbers for stable and practical droplet formation. Notably,
the droplet formation process is not related directly to the
particle radius (R), on which the stability of the ink depends
critically,. However, the viscosity of the dispersion is
correlated strongly to the volume fraction of particles (¢), for
which many relationships exist; several frequently used
relationships are given in Table 2.

2.2. Particle charge and stability of dispersions to aggregation

2.2.1. Physical and chemical properties of continuous
phases/solvents. Continuous phases/solvents may be

(@ ® !
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aqueous, organic, or a mixture of both. Aqueous phases are
to be preferred for environmental reasons and because metal
ion solubilities are then predictable. In addition, a more
extensive theoretical framework is available to relate particle
surface charge to solution properties, so enabling prediction
of aggregation kinetics using DLVO (Derjaguin-Landau-
Verwey-Overbeek) theory.>® Solution pH controls both the
solubility of metal oxides (Fig. 9), as well as surface charges
on such particles (Fig. 10a) and hence their stability to
aggregation (Fig. 10b). Critically assessed thermodynamic
data®® were used for calculation by spreadsheets of the
diagrams in Fig. 9.

Fig. 9a shows the predicted pH-dependent solubility for
NiO, which has a reported iso-electric point of ca. pH 8.>
The high Ni" solubility at pH < 6 precludes such conditions
for NiO inks. By contrast, Fig. 9b shows the predicted of
Zr0,/Zr(OH), which is essentially insoluble at 2 < pH < 13.
However, 8 mol% yttria-stabilised zirconia ((Y203)o.0s-
(Zr0O,)0.00: 8YSZ) is a common electrolyte phase in SOERs;
yttria (Y,03/Y(OH)3) is predicted to dissolve at pH < ca. 9
(Fig. 9¢). Hence, selective dissolution of Y™ species from YSZ
occurs in the pH window 2 < pH < 9, changing particle
(surface) compositions of the positively charged surfaces®
and constraining the pH range practically available for YSZ
inks. The electrolyte gadolinia-doped ceria (Cey.oGdy105-x),
used in so-called intermediate temperature SOFCs, is also
predicted to exhibit selective dissolution of Gd™ species at
pH < ca. 10, as unlike Ce,0;, Ce™O, is essentially insoluble,
according to Fig. 9d, again potentially constraining the pH
range in CGO inks if Gd™ dissolution kinetics are favourable.
As Ce,0; is so much more soluble than CeO,, Fig. 9d also
predicts thermodynamically facile dissolution of Ce™ species
by reductive dissolution of CeO,, caused by the presence of
oxidisable species in solution, e.g. by charged adsorbate
species added to stabilise inks against aggregation. Similar
behaviour is also predicted for positive electrode materials,
such as lanthanum strontium manganite (La;—,Sr,MnO;) and
lanthanum strontium cobaltite ferrite (La,Sr;_.Co,Fe; ,03),
the surface charge on particles of which is dependent on
both pH and sensitive to electrode potential/redox
conditions.””

For aqueous-based dispersions, the solution ionic strength
is a critically important parameter as it determines the Debye
length, x ', the effective thickness of the diffuse double layer,
which decreases with increasing electrolyte concentration
(e.g., for z=1 and ¢, = 107, 1 and 10> mol m>, ¥ ~ 100, 10
and 1 nm, respectively). Double layer interactions between
particles can occur at separations <10/« nm, as discussed

S

(c) d o

Fig. 8 Images of droplet ejection and flight for Z > 10 (a and b), and 1 < Z < 10 (c and d). Reproduced with permission.*’

This journal is © The Royal Society of Chemistry 2022
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Table 2 Correlations between the relative viscosity of a dispersion 7,
with intrinsic viscosity [5]; (the first term from a Taylor expansion of 7, of
which the Einstein relation represents the dilute limit), ¢ for 0 < ¢ < ¢r, ¢r
is a fitting parameter for the volume fraction upon which viscosity
becomes infinite

Model Equation Reference
Einstein ne=1+2.5¢ 48
Krieger Dougherty ( P [l ¢ 49
ne=|1- 7)
' dr
e
Mooney = eV 50
Eilers 2 51
_ 4
ne=|1+1/2[]; 3
1- —
r
Quemada ( ¢ >*2 52
= |1-—
' dr
Robinson 53

n=1+0 | 25
1-—
>

below. Continuous phase viscosity is also important in
determining shelf-lives of inks, as higher viscosities can

1E+0
1E-1 {
1E-2 o
>
5 £2+
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decrease particle diffusion coefficients and hence aggregation
kinetics.

2.2.2. Inter-particle repulsion. Generally, colloidal
particles dispersed in a continuous liquid phase have a
surface charge and corresponding zeta potential (¢), often
derived from electrophoretic measurements.”® Greater
magnitude (>|+25] mV) of ¢ results in greater repulsion
between the double layers of adjacent particles, producing a
higher energy barrier aggregation, increasing
dispersion stability.”®

Several strategies may be employed to induce inter-
particle repulsion that are classified as electrostatic, stearic,
or electro-stearic. The most common methods of inducing
surface charges for electrostatic repulsion are varying the pH
for aqueous solutions, and/or adding dispersants that adsorb
on, and so further charge particle surfaces. Typically, the
additive adsorbs on particle surfaces, imparting charge
(electrostatic), or is sufficiently large to prevent dispersed
particles becoming sufficiently close together that
aggregation occurs (stearic), or a combination of both
(electro-stearic). Therefore, the dispersant should be soluble
in the selected solvent, and have an affinity for surfaces of
the dispersed particles to ensure sufficient surface coverage

to SO
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Fig. 9 (a) Predicted pH dependence of solubility of crystalline NiO in equilibrium with Ni" species at 298 K. (b) Predicted pH dependence of
solubility of crystalline Zr(OH), in equilibrium with Zr'V species at 298 K. (c) Predicted pH dependences of solubilities of crystalline Y(OH)z and Y,05
in equilibrium with Y" species at 298 K. (d) Superimposed potential-pH diagrams for Ce-H,O and Gd-H,O systems at 298 K, 0.1 MPa, and dissolved

cerium and gadolinium activities of 10 and 107%, respectively.
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(a) Schematic pH effect on surface charge and hence zeta potential on metal oxide particles. (b) Schematic effect of inter-particle

separation on electrostatic repulsion (wg), van der Waals attraction (w,), and total (wt = wg + w,) interaction potentials.

for stabilisation. Additional dispersant properties that
increase dispersion stabilities are polymeric chain lengths
>10 nm and the presence of double bonds in the chain
structure, facilitating polarisation and decreasing the
Hamaker constant AH,°° which decreases inter-particle
attractive potentials.

2.3. Stability to aggregation

The stability of an ink depends on limiting the rate of
aggregation and sedimentation of the dispersed particles,
due to repulsive inter-particle forces. Several inter-particle
interactions are responsible for these processes, the most
significant of which can be categorised into two groups: i)
attractive van der Waals (wyqw) and depletion potentials
(we), and ii) repulsive electrostatic potentials (w.).>**"
Repulsive electrostatic potentials arise from the charged
surface sites on particles, with counter charge thermalised
(effects of kgT energy dispersing ions to bulk solution) on the
solution side of particle|solution interfaces. The properties
and behaviour of such systems have been
extensively.>

The interaction energy between a pair of YSZ particles
with different diameters, dispersed in water, was plotted and

reviewed
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Fig. 11 Effect on interaction energy of particle diameter and
separation of YSZ particles in aqueous 10 mol m™ KCl, stabilised by
0.2 mg m 2 Dispex A40 dispersant.
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shown in Fig. 11. This shows that the stability (energy barrier
to aggregation) of a dispersion with particles of 200 nm
diameter is approximately 8 times greater than for particles
of 50 nm diameter. As the attractive and repulsive
contributions have different dependences on the separation,
the total interaction potential-distance plot exhibits a
maximum for zeta potentials, { > 30 mV. Such maxima
constitute kinetic barriers to particle aggregation in
dispersions used as inks.

2.3.1. Particle size and concentration. For a given
continuous phase, the energy barrier to aggregation of
smaller particles is significantly less than for larger particles
at constant ¢, and for particles of constant R, the energy
barrier is decreased as ¢ is decreased. Consequently, multiple
combinations of R and ¢ exist that result in stable
dispersions.

2.4. Resolution

Two factors affect the resolution of printed structures: i) the
maximum splat (spreading) diameters of droplets after
impact with substrates (Dy,); ii) the diameter of in-flight
droplets (D;), corresponding to the minimum possible splat
diameters after impact.

2.4.1. Splat diameter, D,,,. During inkjet printing, droplets
impact substrate surfaces at 1-10 m s'; their kinetic energy
dissipates on impact, causing droplets to spread over us
timescales to greater (splat) diameters than equilibrium
diameters determined by surface tension alone.®>®
Spreading is followed by surface tension-driven retraction,
and of oscillation over several ms before droplets stabilise to
their equilibrium shape under capillary forces.®*®° Several
models for this process have been developed by considering
the kinetic energy dissipation, increase in surface energy,
and viscous dissipation during spreading for different
surfaces and impact properties, as described in
references®®’®° Constraints for uniform, stable and
practical droplet formation is shown in Fig. 12. Such
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Fig. 12 Weber (We) and Reynolds (Re) number range constraints on
printability.

constraints are derived from a set of possible Re and We
numbers defined in eqn (1) and (2) and Table 1.

2.4.2. Coffee stain effect. To achieve highly homogeneous
films, the rheology of inkjet printing inks must be well
controlled, as discussed in section 2.1, to enable formation of
small droplets. Hence, low volume fraction dispersions
generally are used, but this leads to a common drying
problem: the coffee stain effect.

The coffee stain effect occurs generally in ceramic inkjet
printing, due to rates of solvent evaporation at droplet edges
being greater than at droplet centres, causing
inhomogeneous solidification and deposition of rings of
particles, as shown schematically in Fig. 13 for low contact
angles. These deposited particles pin the droplet contact line,
resulting in a receding contact angle and increased mass
transport of particles toward the edge of droplets, leading to
formation of ring-like structures: the coffee stain effect, first
reported”" in 1997.

The phenomenon occurs if: i) contact angles are
‘pinned’, although this has been disputed,”” ii)
solidification or drying occurs primarily by evaporation,
and iii) the solvent meets the substrate at a non-zero
contact angle. These conditions are usually fulfilled while
inkjet printing ceramic dispersions.

The consequence of this effect is that D,, defines the
diameter of the solid deposit after drying. There are several
approaches to mitigate this effect, other than non-evaporative
solidification, such as counteracting it with a Marangoni
flow’® manipulating the solvent partial pressure, droplet
spacing,”* droplet impact velocity,””> together with substrate
and air temperatures.”®

coffee stain effect

View Article Online

Reaction Chemistry & Engineering

2.4.3. In-flight droplet diameter, D;. The ratio of D,,/D; is
defined by the physical properties of the ink and the
substrate; however, the ejection process can be manipulated
to maximise resolution by minimising D; through altering
printer settings, which for a piezoelectric inkjet printer are
typically pulse duration (P;), potential difference amplitude
(V), and frequency (f). Operating at the velocity maximum
(defined as the optimal ejection velocity), resonance of the
acoustic waves occurs in the printhead, shown in Fig. 14a,
with respect to P, reduces variation in unpredictable
changes in the driving parameters, so is favourable.”” In
addition, resonance maximises the amplitude of the
acoustic wave, allowing for lower V settings and hence a
lower volume ejected, as the piezoelectric is deformed less.
The potential difference V should also be optimised for
droplet ejection. For a given fluid, increasing V above the
critical minimum, below which ejection does not occur,
increases droplet volume and velocity linearly, as shown in
Fig. 14b. The printing frequency is defined as the frequency
of applied voltage pulses, which determines the printing
duration; this decreases with increasing frequency, but then
the droplet ejection process becomes more chaotic, as the
acoustic waves in the cavity from previous pulses are not
yet fully damped (Fig. 14c). The damping of the pressure
waves is dependent on the ink viscosity and particle
loading, which should be considered for frequency
optimisation.

3. Inkjet printing of solid oxide
electrochemical reactor components

Inkjet printing has been applied to produce functional layers
of SOFCs and solid oxide electrolysers (SOEs) using a range
of materials and conditions, reviewed below, for both green
and sintered structures. The sintering conditions for optimal
densification of successfully printed functional layers are
given in Table 3.

3.1. YSZ electrolyte system

3.1.1. Single material printing. Various publications have
reported printing of dense YSZ electrolyte layers on porous
NiO-YSZ composite electrode substrates. A YSZ ink was
prepared by first dispersing ball-milled and filtered 400 nm
YSZ particles in o-terpineol, which is an effective continuous
phase and dispersant;’® the ink viscosity was adjusted by
adding MeOH. To increase dispersion stability to aggregation

mmm suspension
« particles

Aé——*———%

evaporation and
contact line

]
starting point #

article movement
fo e edge E’ ring-like structure

Fig. 13 Schematic of formation of ring-like structure at the boundary of droplets in the coffee stain effect (reproduced with permission”®).
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Fig. 14 (a) Effect of pulse duration on droplet velocity; (b) effect of voltage amplitude on droplet volume and velocity; (c) droplet volume
relationship with time/inverse of frequency, t, = 1, for a study with paraffin suspensions, normalised by 7, the optimal pulse time, P,. Data for
paraffin wax jetted at a frequency of 10 kHz and a pulse duration of 30 ps. Reproduced with permission.*®

and sedimentation, the plasticiser bis(2-ethylhexyl) phthalate
and binder ethyl cellulose were added in equal parts by
weight, but the quantities were unspecified. The modified

Domino MacroJet (Domino UK Ltd, UK) single-nozzle printer
was used to produce a 5 um thick YSZ electrolyte layer on the
NiO-YSZ substrate.

Table 3 Summary of inkjet-printed SOER layers

Electrochemical
Printed Printed Substrate Sintering temperature performance
layer Solvent material  material profile (hold time) Dp,/pm established Ref.
Electrolyte  o-Terpineol YSZ Dense NiO-YSZ 1400 °C 360 (pre-sintered) YES 78
and
79
Electrolyte ~ Propionic acid CGO Dense NiO-YSZ 1100 + 50 °C (2 h) 500 (pre-sintered) NO 79
and propan-1-ol
Electrolyte  o-Terpineol-MeOH CGO Dense NiO-YSZ 1400 °C (4 h) 1000 (pre-sintered) NO 92
Electrolyte ~ H,O-EtOH YSZ Green NiO-YSZ 1. Firing at <700 °C for 48 h 170 (post-sintered) YES 93
to remove organics
2. 1300 °C (6 h)
Electrolyte  H,O YSZ-SDC  Dense NiO-YSZ 1400 °C (5 h) at 5°C min™"  Reported as 600 dpi but YES 94
not measured
Electrolyte  Unspecified CGO Dense LSM 1300 °C (2 h) Unreported, but > 200 NO 88
pum
Electrolyte  H,O YSZ Green NiO-YSZ 1. Firing at 600 °C (6 h) at 4 35 (post-sintered) YES 31
°C min™"
2. Heating to 1500 °C (10 h)
at 15 °C min™"
3. Cooling to room
temperature at 4 °C min"
Electrolyte  a-Terpineol YSZ Dense NiO-YSZ 1375 °C (2 h) Unreported YES 86
Anode o-Terpineol NiO-YSZ  Green NiO-YSZ Co-fired at 950 °C
Anode o-Terpineol + NiO-CGO Stainless steel ~ Co-sintered at 1000 and 1500 YES 95
MeOH 430 L powders 1300 °C
Electrolyte CGO Green
NiO-CGO
Cathode H,0 and LSCF Dense CGO 950 °C (2 h) in air Reported as 600 x 300  YES 96
1,5-pentanediol dpi but not measured
Cathode o-Terpineol LSCF Glass N/A 80 (for ten overlapped =~ NO 97
splats)
Cathode H,0 LSCF-CGO Dense CGO 1000 °C (2 h) 150 (pre-sintered) YES 98
Cathode o-Terpineol LSM-YSZ  Dense YSZ Co-sintered at 1200 °C (1 h)  Unreported YES 83
Current a-Terpineol LSM Green LSM-YSZ
collection
Electrolyte  a-Terpineol YSZ Green 3 mol%  Co-sintered at 1450 °C with ~ Unreported NO 91
YSZ a burnout stage at 300 °C and
99
Anode NiO
Interconnect SLT 99
Anode NiO-YSZ 1450 °C for 1 h Unreported N/A 100

This journal is © The Royal Society of Chemistry 2022

React. Chem. Eng., 2022, 7,1692-1712 | 1701


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1re00454a

Open Access Article. Published on 14 aprile 2022. Downloaded on 16/10/2025 22:48:57.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

The same group’® also reported the use of an
electromagnetically driven print head with 100 pum ruby
nozzle orifice and X-Y planar positioning system, to print YSZ
ink onto 50 x 50 mm? pre-sintered tape-cast NiO-8YSZ-CGO
composite anodes of SOFCs. Ejection pressure and nozzle
opening times were shown to affect droplet volume, velocity
and hence deposit geometries.

Being more environmentally benign, aqueous-based inks
are preferable to primarily organic-based inks. For example,
50 nm YSZ particles were dispersed in 20 EtOH: 80 H,O,
and a HP Deskjet 1000 printer with 20 um radius nozzles
used to fabricate gas-tight, 1.2 pm thick YSZ electrolyte
layers.®” As shown in Fig. 15a, YSZ inks exhibited
remarkable stability to aggregation over 100 days, evidenced
by Rioodaysy = 50 nm. Electrolyte layers were printed from
both concentrations of YSZ ink at a resolution of 600 x 300
dpi onto green NiO-YSZ substrates with volume ratios of
2:3, having established their Weber-Reynolds numbers
diagram, as shown in Fig. 15b, defining the conditions for
printability.

Two printing procedures: single droplet printing, and
continuous printing were used with a waiting time of around
15 s between each print, to allow the solvent in the inks to
evaporate and deposits to dry; the coffee stain effect was not
evident after printing single, isolated droplets. Printing of
multiple layers was necessary to cover defects formed during
single-layer printing; 5 printed layers followed by sintering
resulted in a gas tight electrolyte.

The effect of changing solids loading between 3-24 wt%
and particle diameters of 194 and 115 nm (specific surface
areas of 9.2 and 10.8 m* g™, respectively) was investigated
for aqueous inks used to print YSZ electrolyte layers.®! Firstly,
Dispex A40 (Ciba-BASF, UK) dispersant was dissolved at an
equivalent concentration of 0.2 mg m™> of particles; then YSZ
particles were added and dispersed with an ultrasonic probe,
subsequently centrifuged and syringe filtering to remove
particles with diameters >800 nm. Polyethylene glycol 35000
was added to increase viscosity, then Natsurf 265 (Croda

(a)

4.0 : Tl —a—ink_3.7 vol% - 10 days
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Fig. 15
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Chemicals, UK) to adjust surface tension at a concentration
of 0.2 mg m ™2, for all formulations.

A Ceradrop X-Serie piezoelectric DOD printer (Ceradrop,
Limoges, France) with a DIMATIX Sapphire QS-256/30 AAA
printhead (Fujifilm, USA), with nozzle diameters 52 um, was
used to deposit YSZ layers onto an un-sintered NiO-YSZ
substrate. Initially, printed films cracked due to capillary
forces arising in the films during drying. Avoiding
aggregation of particles within the deposited droplets during
drying was essential to mitigate cracking; that was achieved
by avoiding (attractive) depletion potentials. The added
polymer content significantly influences crack formation by
inducing attractive depletion potentials between adjacent
particles through drying. Hence, decreasing particle packing
densities and allowing sufficient drying time between
sequential printed layers, would increase their resistance to
cracking. Sufficient drying times between sequentially
printed films also ensured layer heights not to exceed critical
cracking thicknesses of films.**

The most suitable ink composition was 24 wt% YSZ, 25
mg cm™ PEG-35000, R = 97 nm, stabilised by 0.2 mg m™
Dispex A40, and 0.2 mg m™> Natsurf 265. This was used to
print 12 layers with a square lattice droplet deposition
pattern and a diameter overlap of 40%; Dy, = 60 pm, D,,/D; =
1.6; the ejection velocity was 4.5 m s* (Oh™ = 8.5). The
printer settings were a voltage amplitude of 80 V, total P, = 13
ps including an increase and decrease time of 2 and 5 us,
respectively, and a frequency of 2.8-5 kHz. Four minutes
drying time were allowed between each layer, and the
resulting layers were co-sintered at 1500 °C for 10 h. A LSM-
YSZ composite was brush-coated onto the sintered YSZ layer
and allowed to dry, followed by a pure LSM coating, then co-
sintered; Fig. 16 shows the final densified structure.

3.1.2. Particle composite printing. Dual functional layers
of composite NiO-YSZ electrodes with YSZ electrolytes have
been co-printed. The two inks were formulated separately
using a-terpineol containing polyvinyl butyral (PVB), butyl
benzyl phthalate (BBP), and polyalkylene glycol (PAG) at 0.1

10* —— . —
—vYszaTvol| ---Nse ofs,.
10* [ =-=Y5Z_0.9 vol% “- Plashjpg
. -
2 high viscosity region N
£ 10° §
=]
E \ low viscosity
g 10 F We= A region 3
g ST
10°F . L 4 .
insufficient energy for drop formation
10° ey :
10" 10° 10' 10° 10°

Reynolds number

(a) Particle size distributions for 3.7 vol% and 0.9 vol% YSZ ink after milling for 10 days and after 100 days of storage (b) Weber-Reynolds
numbers diagram defining the printability conditions for those YSZ inks.5°
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wt%. Two NiO-YSZ inks were developed containing YSZ
particles (R = 200 nm) and NiO particles (R = 15 nm and R =
150 nm) at 3 wt% each. The electrolyte ink contained YSZ (R
=200 nm) at 6 wt%. Ink viscosities were measured as 73 mPa
s and 6.5 mPa s at room temperature and 47 °C, respectively;
inks were stable to aggregation and for jetting over > 25
days.®

A Dimatix DMP 2831 (FujiFilm, USA) printer with
DIMATIX 11610 cartridges was used to print the structures,
with a nominal 10 pL droplet setting, and printhead nozzle
diameter of 21 um.** Ten layers of NiO-YSZ were printed
onto a supporting, green, NiO-YSZ tape (60:40 wt% ratio,
respectively) at a stable droplet ejection rate of 3 kHz with
pulses of 32 V and 2.94 ps. A 15 um droplet overlap in a
square deposition lattice was used, with a substrate heated to
80 °C to increase drying rates; a square pattern with 15 um
droplet separation was used for complete coverage. Twenty
layers of the electrolyte layer were printed on top of the
composite anode layer with the same printer settings. After
sintering, the printed layers could be distinguished by SEM,
and differed depending on the particle size of NiO in the ink
as shown by Fig. 17. Furthermore, the layers fabricated using
the 150 nm particles had a non-uniform porosity, attributed
to aggregate formation.®>

Further development aimed to print complete SOFCs by
printing four functional layers on top of a tape-casted NiO-
YSZ support layer (55/45 wt% respectively): a NiO-YSZ anode
interlayer, a YSZ electrolyte, a LSM-YSZ composite cathode,
and a LSM current collection layer.** The same Dimatix DMP
2831 printer was used to print each layer with a jetting
amplitude of 32 V, 2.944 us pulse, a slew rate of 0.93 V pus™,
and at a frequency of 3 kHz. Ten layers of the composite
anode ink were printed onto the substrate at 80 °C, followed
by bisque firing at 950 °C. Twelve layers of the electrolyte ink
were then printed onto the composite NiO-YSZ layer, with
the reservoir temperature set at 48 °C. After sintering at 1400
°C for 2 hours, twenty layers of the LSM-YSZ layer were
printed onto the electrolyte, with the ink reservoir

Ni-YSZ
(300 pm)

YSZ
(23 pm)

LSM-YSZ
(18 pm)

LSM
(23 pm)

H D64 x1.0k 100 pm

Fig. 16 SEM image of cross-sectional structure of LSM|LSM-YSZ|YSZ|
Ni-YSZ SOFC with electrolyte fabricated by inkjet printing.5

This journal is © The Royal Society of Chemistry 2022
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SEM
electrolyte and NiO-YSZ composite layers. (a) Layers produced using

Fig. 17 Cross sectional images of sintered, printed YSZ

NiO particles of R = 15 nm; 12 um thick electrolyte (top) and
composite NiO-YSZ interlayer (bottom). (b) Layers produced using NiO
particles of R = 150 nm; 6 um thick YSZ electrolyte layer and
composite NiO-YSZ interlayer. Reproduced with permission.®2

temperature at 58 °C. The electrolyte ‘substrate’ structure
was set at 100 °C to dry the LSM-YSZ deposits. Thirty layers
of the LSM ink were then printed at an ink temperature of 48
°C to complete the SOFC, prior to its sintering.

The substrate temperature for this step was critical for
drying behaviour. When the temperature was too low (40-70
°C), the ink spread beyond the SOFC area, whereas when the
temperature was too high, coffee staining resulted; the
optimum temperature was 100 °C. After sintering, the inkjet
printed SOFC's performance and specifically that of the
printed cathode, was determined to be lower than that
fabricated by pasting. The inkjet-printed cathode showed
tighter pore structure, which was attributed to non-optimised
cathode layer ink formulation. This comparative study
highlighted the need for optimised ink formulation, printing
parameters, and sintering processes to fully exploit 3D
printing for SOER applications.

3.1.3. 3D structure printing. YSZ microstructures for
composite electrodes were fabricated using the same ink and
printer parameters as in reference.*® 50 and 180 layers of
single and double splats with a drying time of 2 minutes
between each successive layer were printed to fabricate pillar
structures (Fig. 18a and b) and a square lattice pattern
(Fig. 18c), and co-sintered with the substrate. The minimum
resolution achieved was 35 pm, and the aspect ratio of the
printed pillars was 7. There is additional scope to reduce the
minimum feature size further by using a printhead that
ejects droplets with a smaller volume; e.g. the DMC 1 pL
printhead (Fujifilm, USA) ejects droplets nominally 1 pL in
volume, compared to the printhead with 30 pL droplet
nominal volume used to form structures in Fig. 18.%"

3.2. Ceria electrolyte systems

3.2.1. Single material printing. Wang et al reported
printing a gadolinium-doped ceria electrolyte layer
Cey.0Gdy 10105 (CGO) onto a dense NiO-YSZ substrate using a
modified Domino MacroJet printer with an electromagnetic
single nozzle print-head.*® The ink was prepared by
dissolving precursors in propionic acid, and before loading
the ink in the printer, its viscosity was adjusted by diluting
the solution with propan-1-ol solvent. The printer head was
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Fig. 18
Reproduced with permission.>*

mounted 10 mm above the substrate, and the jetting pressure
was set to 0.6 bar with an opening time of 350 ps, resulting
in a drop on the substrate approximately 500 um in diameter.
The spacing of droplets was 0.4 mm to provide complete
coverage. A total of 10 layers were deposited with an
intermediate heat treatment between every layer. The
substrate temperature was maintained at 100 °C while
printing to reduce the extent of drying stress during solvent
evaporation. The effect of sintering temperature on
densification of the CGO layer was also investigated; 1100 °C
was found to be a suitable condition. After repeating one
more cycle of the CGO deposition (total of 20 layers), the
electrolyte layer showed a highly dense layer structure with
less than 2% porosity.

A Lag ¢S1(.4C0g 2Fe 505 (LSCF) electrode layer was inkjet-
printed onto a 200 nm thick dense CGO barrier layer
deposited by pulsed laser deposition (PLD) on a sintered
NiO-YSZ|YSZ substrate using a HP Deskjet 1010 DOD inkjet
printer with a resolution of 600 x 300 dpi.*> However, the
nozzle diameter and mass fraction of particles, and hence
ink density, were not reported, so Oh™" of the inks was
unknown. The ink was prepared by dry ball milling
commercial LSCF powder (Kceracell Co. Ltd) for 36 h, then
filtered to remove larger particles with an unspecified sieve.
The resulting particles were dispersed in water with
DISPERBYK-2012 (BYK-Chemie GmbH) and to check the
effect of 1,5-pentanediol, three different types of LSCF inks
containing 0, 11, and 20 wt% of 1,5-pentanediol were
prepared. When the concentration of 1,5-pentanediol was less
than 20 wt%, ‘fault lines’ were observed in the printed layers,
suggesting that the physical properties of the inks lay outside
the Oh™" printable range. Dynamic light scattering (DLS)
measurements showed little change in sizes of ca. 200 nm
LSCF particles over 34 days, indicating the near absence of
aggregation in the dispersions.

The (Newtonian) viscosity of the ink was 2.93 mPa s,
suggesting that the particle loading was low; unfortunately,
the surface tension and printer ejection duration, pulse
magnitude and frequency were not reported. To tailor the
porosity of the LSCF layer, by leaving gaps between splats,
the ‘greyscale’ setting for printed layers was adjusted from a
luminosity of 50-200, in increments of 50, where 0 represents
black and 255 white. The number of printed layers for each
was 40, 80, 160, and 200, with corresponding porosities of

1704 | React. Chem. Eng., 2022, 7, 1692-1712

(a) 50 and (b) 180 layers of YSZ printed to fabricate micro-pillar arrays; (c) a YSZ square lattice printed onto a NiO-YSZ substrate.

10.2%, 12.7%, 13.6% and 16.2%, respectively; the drying time
between each layer was unreported. The printed structures
were dried for 24 h, then sintered at 950 °C for 2 h. Cracking
was evident for luminosities 50, 100, and 150, attributed to
relatively slow rates of evaporation of the solvent at higher
particle concentrations, though evaporation rates were
unreported (Fig. 19). Lower evaporation rates increase the
ability of a printed film to resist capillary stresses that arise
during drying of printed films, decreasing the extent of
cracking. Furthermore, the thicknesses of printed layers
decreased from 110 and 20 nm for luminosity values from
50-200, so cracking may have been mitigated at high
luminosities because film thicknesses were less than the
critical cracking thickness. The printed LSCF layers were
about 5 um thick, within which porosity was controlled by
varying the luminosity, so the reproducibility of the
‘microstructures’ is questionable.

The printability of 3.5-12 wt% LSCF particles (R < 1.6 pm)
dispersed in a-terpineol with 0.03-0.4 wt% polymeric ethyl
cellulose dispersant was studied using a Dimatix DMP 2831
DOD piezoelectric printer (Fujifilm, USA) with 21.5 pm
nozzles printer.*® The dispersant was added to both stabilize
the dispersion and to provide strength to the green printed
films. After dispersing the LSCF by ball milling for 1 week,
the different compositions resulted in a surface tension of y =
34 mN m™" and a temperature-dependent viscosity of 2 < 7 <
10 mPa s at 40 < T < 60 °C (3 < Z < 24). At T < 40 °C, the
viscosity was too high for ejection and at 7' > 60 °C, drying
occurred at the nozzle tip causing blockage. Layers were
printed onto dense 50 pum thick YSZ pellets; the pulse
amplitude (10-50 V) and duration (2.64-30 us) at a frequency
of 2 kHz were varied to alter the ejection velocity up to a
maximum of 9 m s™'. As shown in Fig. 20a, the Weber
number (We) was varied in the range 0 < We < 57; at We >
35, satellite droplets and splashing were observed. At We <
35 and Z < 24, reproducible droplets were observed,
indicating a different printability constraint to what is
typically assumed. These setting resulted in a droplet volume
of 7 pL and a resolution of 400 dpi with a feature resolution
of 60-90 pum.

Fig. 20b shows the micropatterns obtained using
o-terpineol with 12 wt% LSCF on glass substrates: one-layer
dot array, ten-pass printed layer dot array, and ten-pass
printed layer line array, printed below or above the Weber

This journal is © The Royal Society of Chemistry 2022
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(a) L-50 (b) L-100
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(c) L-150

Fig. 19 Cracking in the sintered LSCF layers at a luminosity setting of 50 (a), 100 (b), and 150 (c). Reproduced with permission.®®

number threshold; similar results were obtained on YSZ
substrates. Apparently, at the optimal rheological and
kinematic jetting conditions, e.g. Weber number below the
threshold and for Z = 3-24, defect-free dot arrays and 1D line
arrays were achieved. Multiple layers were printed,
supposedly each with a thickness of 100 nm, which appears
to be too small as particle sizes were up to an order of
magnitude larger. Three or more printed layers were required
for a defect-free surface, as one layer produced a surface
coverage of 90%, though information on droplet overlap and
lattice spacing were omitted. A porous structure suitable for
gas diffusion resulted, suitable for SOFC and SOE
applications.

3.2.2. Particle composite printing. An aqueous-based CGO/
LSCF ink has also been formulated for printing positive
electrode layers.®” The stability to aggregation of CGO/LSCF
in water was measured by quantifying the zeta potentials ({)
of the separate particle phases over a pH range using
ammonia to adjust the pH with 1 wt% (relative to the solids
content) of copolymer A-6114 dispersant (Toa Gosei Co.,
Japan). At pH 10 ({cgo = —45 mV, (scp = —20 mV), a
dispersion with CGO:LSCF ratios of 50:50 to 40:60 did not
heterocoagulate and was printable. The particle size
distribution of the composite ink was bimodal, with
diameters of 80 and 230 nm. Sedimentation of agglomerated

50 -
45 7 Droplets with Splash
0d o & Satellite Defects
E| =
- 35; g Threshold We Number
8342
E 18
S 25 s
2
e = .
= i 3 § Uniform, Defect
| o Free Droplets
104 &
5 3
O S U W
0 3 6 9 12 15 18 21 24
Z-Number
a)

CGO particles was detected after 48 hours, presumably due to
the low zeta potential of the LSCF particles. To prevent
sedimentation, the dispersing process was optimised by
staged addition of the CGO after the LSCF had been
dispersed. The ink at pH 10, 40:60 (vol%) CGO:LSCF and 5
wt% solids had # = 1 mPa s and particles with a bimodal size
distribution normally distributed about R = 40 and 115 nm.

The ink was printed onto a dense NiO-CGO|CGO
substrate with 50 and 600 um thick layers, respectively, using
a Pico Jet-1000 printer (Microjet Co. Ltd., Taiwan) with nozzle
diameters of 50 um, producing droplet volumes of 50 pL.
Solid deposits had diameters of 150 pm and exhibited the
coffee staining effect on a dense CGO substrate, the
preparation of which is outlined elsewhere.®” The thickness
of the printed LSCF: CGO layer was 2 pm (Fig. 21); due to the
small particles, the cathode porosity was low, so gas
permeation to reaction sites was hindered significantly,
resulting in poor SOFC performance.

3.2.3. 3D structure printing. Basic, tailored solid oxide
microstructures have been fabricated by printing CGO
electrolyte films onto a LSM substrate with an appropriate
microstructure. The CGO ink was prepared by Afit Corp.,
Japan, with CGO particles of R = 150 nm at 4 wt%. The
viscosity and surface tension of the ink were 7-8 mPa s and
28 mN m™', respectively. A piezoelectric DOD printer (KE-

We=57, Z=24 We=25, Z=24
One-pass printed F Ao
p—— 9 9o © e ) 8

layer: dot array

Ten-pass printed

layer: dot array

Ten-pass printed

layer: line array

b)

Fig. 20 a) Schematic illustration of three printing zones: unjettable, stable defect-free droplets, and droplets with splashes and satellites defects,
determined by the values of Weber and Z numbers. b) Optical images of the printed micropatterns, e.g. one-layer dot array, multi-layer dot array,
and multilayer line arrange, obtained at below (We = 25) and above (We = 57) the threshold values. The images presented are obtained using

a-terpineol + 12 wt% LSCF on glass substrate.8®

This journal is © The Royal Society of Chemistry 2022

React. Chem. Eng., 2022, 7, 1692-1712 | 1705


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1re00454a

Open Access Article. Published on 14 aprile 2022. Downloaded on 16/10/2025 22:48:57.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

GON-M3, Afit Corp., Japan, with unspecified nozzle diameter)
was used to print the CGO layer using 42 pL droplets. A
porous, dense LSM honeycomb-structure substrate was used
as a potential positive electrode layer, and square and
hexagonal patterns of CGO were printed, with a post-
sintering depth of 12 pum. Twenty printed layers were
required for complete densification, as shown in Fig. 22.%

3.3. Bi-layer electrolyte system

Green structures of Sm, ;Co0; (SSC) and Sm, ,Ce, 0.9 (SDC)
have been inkjet-printed using aqueous-based inks to
fabricate a pre-sintered porous cathode layer.** The 0.5-0.7
pm SSC/SDC particles were mixed in a mass ratio of 70:30
and dispersed in water at a concentration of 5 wt% by
ultrasonicating for 30 minutes. 2.5 wt% PEG-4000 was added
as a pore former; polyacrylic acid and glycerine were added at
0.75 wt% and 1.25 wt%, respectively, to modify viscosity and
increase stability, resulting in no visible sedimentation over 3
days. The physical properties of the ink were p = 1.05 g cm >,
y =71.50 mN m ', and n = 8.74 mPa s giving a Z = 4.54. A
modified HP Deskjet 2668 printer with nominal resolution
600 dpi was used to print 45 porous cathode layers, 15 um
thick onto a prefabricated half-cell with a NiO/YSZ anode and
YSZ electrolyte and SDC barrier layer. Such inkjet printed
layers containing pore formers produced electrochemical
performances comparable to that of a cell fabricated using
conventional wet powder spraying.

Another aqueous-based YSZ ink formulation was used to
print electrolyte layers by thermal inkjet printing with a
modified HP Deskjet 2668 printer with estimated nozzle
diameters of 21 pm.”® 20 wt% YSZ particles with R = 37 nm
were dispersed by ultrasonication for 30 minutes in distilled
water, to which was added polyethylene glycol-4000 (PEG-
4000) at 25 wt% relative to the YSZ particles, corresponding
to values of 7, y, p, and Z at 25 °C of 5.13 mPa s, 56.5 mN
m™, 1.2 g em™, and 7.4, respectively. The ink was printed
onto a porous, pre-sintered NiO-YSZ substrate tape with
sufficient porosity to avoid the coffee stain effect. Layers of
1.5 um thickness were printed with 30 s intervals to allow for
drying; due to some contamination of Ni from the anode
substrate, the electrolyte had residual electronic conductivity,
which was more significant with fewer printed layers, as

Inkjet printed
LSCF-GDC
Cathode

GDC
Electrolyte

Fig. 21 SEM image of the cross section of the printed cathode layer.
Reproduced with permission.8”
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expected. Consequently, the anode substrate was printed with
four YSZ layers, as shown in Fig. 23a, onto which LSM was
wet sprayed subsequently.

A Sm,,Ce 3010 (SDC) interlayer was inkjet printed from
an aqueous ink with composition 10 wt% SDC, 50 wt% PEG-
4000, and 10 wt% triethanolamine (TEOA), both relative to
the SDC, corresponding to values of #, y, p, and Z of 6.7 mPa
s, 70 mN m™', 1.1 g em™> and 5.9, respectively, producing
stability to aggregation over 5 days. However, D;, and u, were
unreported, so the predictions of resolution, satellite
formation and/or splashing were omitted. As evidenced by
the closed pores present in the structure shown in Fig. 23b,
before sintering, the SDC interlayer required a greater time
interval for drying than the printed YSZ electrolyte onto
which it was printed, due to the decreased solids and high
organic contents. Subsequently, a BaysSry5C0pgFer 2035
(BSCF) cathode was wet-sprayed on top of the SDC to
complete the SOFC structure.

Dense layers of NiO, YSZ, and lanthanum-doped
strontium titanate (SLT) have been deposited with a Dimatix
DMP 2831 (Fujifilm, USA) onto a green, 3 mol% partially
stabilised zirconia (3 mol% YSZ) substrate for a segmented-
in-series SOFC architecture. Particle sizes were <1 pm, but
particle size distributions were not reported. Particles were
dispersed in a-terpineol and stabilised with Solsperse 13 940
at 2 wt% relative to the weight of the particles for all phases,
by ball milling with zirconia beads for ca. 24 h. The
viscosities of the NiO and YSZ inks were ca. 27 and 46 mPa s,
respectively, at an unreported temperature, so the
temperature of the printhead was raised to 50 °C to decrease
the viscosities to the recommended range of 10-12 mPa s.
The inks were printed onto each other sequentially, heated to
300 °C to combust organics and then co-sintered at 1450 °C,
to form the arrangement 3 mol% YSZ|SLT|NiO|YSZ with an
approximate thickness of 15 pm for each layer. A patent
application was made for the above ink compositions.’*

3.4. Effect of inkjet printing technology on electrochemical
performances

Inkjet printing for SOFCs/SOEs has been successful in
achieving thin and gas-tight electrolyte layers to decrease
ohmic potential losses. Fig. 24 shows the effect of printed
electrolyte thickness on SOFC power densities, increasing the
performance by a factor of 4.5 by decreasing the electrolyte
thickness by an order of magnitude. YSZ electrolytes with
only 2 printed layers (equivalent to ca. 0.6 um), were tested
and found to be non-gas-tight using a 3.7 wt% ink.*® Thus, to
decrease electrolyte thicknesses further, lower weight-
percentage inks with smaller particles are required, as more
printed layers are preferable to lower the probability of
defects in the printed film. Dense printed functional layers
have also been employed successfully for a SOER operating
in electrolysis mode.

Printing a dense interlayer between electrolyte and
electrode phases allows a wider range of materials to be used

This journal is © The Royal Society of Chemistry 2022
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Fig. 22 (a) Hexagonal, and (b) square CGO microstructures of 12 pm depth each, comprising 20 printed layers. Reproduced with permission.®® (c)

photograph of the printed LSM deposited using aqueous-based ink.

by obviating chemical and/or thermal expansion
mismatches,”® thereby enabling enhanced electrochemical
performance. For example, 66% increase in peak power
density at 750 °C was reported for a BSCF cathode with SDC
interlayer, compared to that for a LSM cathode.

However, inkjet printing of electrodes still poses
challenges, mainly concerning achievable microstructures. A
40% decrease in power densities for printed LSM-YSZ|LSM
cathode and current collection layer (Fig. 25) was reported®’
and attributed to non-optimised microstructure of the
printed layers. Nevertheless, high reproducibility for inkjet
printed SOFCs was achieved.

SOFC performances can be increased by combining inkjet-
printed electrode layers, with smaller pores, and a painted
electrode on top with larger pores, creating a graded
structure. Printed electrode, painted electrode, and printed
and painted layers within the electrode had power densities
of 0.11, 0.54, and 0.71 W cm?, respectively; ie. higher TPBs
densities are achieved at electrode|electrolyte interfaces, and
the open porosities within painted layers impede mass
transport to a lesser extent (Fig. 26).°® The smaller sized
pores were achieved by using nanometre diameter particles
in the ink. However, smaller particles sinter to produce
higher densities; hence, dense skin layers can form at the top
of printed layers, decreasing mass transport rates of gaseous
reactants and products significantly. Varying the pore former
size/concentration in the inks would be required to print a
porosity-graded structure. In addition to the particle size and
sintering temperatures,'®® the substrate can also influence
porosity, because if the shrinkage properties of the electrode

Fig. 23 SEM micrographs showing (a) printed YSZ on Ni-YSZ, and (b)
printed SDC on Ni-SDC; post sintering. Reproduced with permission.®

This journal is © The Royal Society of Chemistry 2022

are not matched to the interlayer or electrolyte, delamination
or undesirable microstructure with low porosity can result.

Changing the printing parameters, e.g. droplet overlap,
could also vary the porosity and thickness of the printed
layers. An increase of ca. 7% in porosity, facilitated by
decreasing the droplet overlap, resulted in approximately 8-
12% increase in peak power density at identical total
electrode thicknesses. Electrochemical impedance
spectroscopy suggested this was due to decreased electrode
polarization. However, with porosities in the range 10.2-
16.2%, there is scope for further improvement.'*®

Ink-jet printing can also be used to deposit co-catalysts
onto electrodes,”” whereby an impregnation of Co(NO;),
‘6H,0 at 40 °C resulted in the subsequent most uniform
deposition of Co;0, by thermal decomposition. The electrode
resistance was decreased by ca. 75% following the printing
infiltration technique.

Fig. 27 shows a photomicrograph of a micropillar YSZ
array coated with LSM, for which the performance was
determined as an oxygen electrode operating in electrolyser
mode.®” These types of tailorable and reproducible electrodes
open new routes for advanced electrodes, so-called
‘electrodes-by-design’. These could aid fabrication of graded
microstructures for improved reactor performance, in terms
of percolated TPBs, decreased degradation rates, and provide
3D model electrodes for validation of computational model
predictions. The spatial distributions of electrical potential
and current densities are wusually inhomogeneous in
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electrochemical ~ systems,''®>  dependent on system

geometries, electrolyte and electrode conductivities, and
kinetic and transport overpotentials. Hence, printed
structures shown in Fig. 27 with up-scaled electrode|
electrolyte interfacial areas will not exhibit a corresponding
increase in current density. Here, modelling is required to
predict spatial distributions of potential and current
densities to optimise geometries, in silico, prior to printing
and subsequent experimental validation.

4. Future challenges

Inkjet printing has been used successfully to fabricate SOERs
with competitive performances compared to reactors
fabricated by conventional methods. However, to maximise

C)

Electrolyte
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2017-12-18 13:53 N D9.5 x300 300 um

Fig. 27 SEM photomicrograph of pillar array of sintered YSZ over-
printed with sintered LSM.

the impact inkjet printing can have on such applications,
advancements are needed in: i) improving resolution, ii)
controlling porosity in printed structures, and iii) creating 3D
‘cavities’ to increase TPB densities.

In the first instance, resolution depends on D, and D;. To
decrease D;, hardware improvements of inkjet printers must
be made, such as decreasing nozzle diameters and improving
the sensitivity of the droplet ejection hardware. It is possible
to eject droplets <1 pL volume using piezoelectric droplet
generation (6.2 um radius);'®® using electrohydrodynamic
droplet generation, a resolution of 2 um has been achieved
for non-ceramic materials."”” This feature size could be
decreased by ca. 30% for fabrication of ceramic components,
due to shrinkage during densification when printed onto
green substrates. To print particulate dispersions successfully
at these resolutions, the diameter of dispersed ceramic
particles would need to be decreased to ca. 10 nm, requiring
the development of new processes to synthesise particles at
this scale. Alternatively, printing dissolved (metal nitrate)
precursors and producing ceramic phases in situ could be a
possibility to mitigate practical difficulties resulting from
instability of the colloidal dispersions and reduced droplet
volume. To decrease D,,, the interaction of the ink with the
substrate should be optimised. As the droplet spreading
process is essentially a dissipation of kinetic energy, the

Oxidant gas

Heat-
|_treatment

5 um

Fig. 26 Graded electrode micro-structure incorporating inkjet printing and conventional pasted electrodes with (a) scanning electron micrograph

and (b) schematic. Reproduced with permission.®®
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surface of the substrate could be e.g. roughened and the
viscosity increased within the printability constraints,
increasing frictional and viscous energy dissipation,
respectively. However, the decreased droplet volume for the
increase in resolution possibly will lead to increased
fabrication times, which is an additional future challenge for
inkjet printing.

Secondly, hitherto the porosity in printed electrodes has
been too low for adequate rates of mass transport of
reactants and products to and from reaction sites. There are
two routes to increase porosities, the simplest being
incorporation of a sacrificial pore-former such as poly(methyl
methacrylate) into the precursor inks that provides porosity
after its combustion.'”® The second
formulating multiple inks with varying composition (particle
sizes, relative particle proportions, pore-former
concentration) that may be printed sequentially on top of
each other, to fabricate a so-called ‘functionally graded
material’ with a continuous or step-changing composition."*’
Alternatively, the printing parameters, such as droplet
overlap, may be modified for sequentially printed layers of a
given ink formulation to increase porosities nearer the bulk
gas channels and so increase mass transport rates.

Thirdly, to create 3D cavities by inkjet printing, a
sacrificial phase should be deposited to provide structural
support to layers of ceramic printed subsequently.
Furthermore, that phase should not auto-ignite within the
temperature range at which sintering occurs sufficiently
between ceramic particles, so that they may stand alone
without support from the sacrificial phase. In addition, the
sacrificial phase should be removed by heat treatment,
ideally by complete combustion, so the resulting structure
is not contaminated by residues. Consequently, the
minimum temperature is ca. 1000 K, which precludes
hydrocarbons.’'® To-date, cavities ca. 200 pum tall and 400
um wide have been fabricated with a carbon particle
sacrificial phase; these dimensions are too large to affect
the electrochemical performance of SOER electrodes, so
research should be undertaken to decrease the dimensions
of cavities.

route involves

5. Conclusions

Reversible SOERs offer the potential for an efficient, grid-
scale, and inter-seasonal energy storage capability that can
balance the increasingly problematic intermittency of
renewable energy supply to electrical power grids. The
performance of these devices is limited by poor control over
electrode microstructure, due to conventional powder-mixing
fabrication techniques such as screen printing and tape
casting. Therefore, a number of AM techniques, including
laser lithography, micro-extrusion, and 3D inkjet printing
offer the potential to fabricate electrode architectures with
high reproducibility at the micro-scale. Of these technologies,
3D inkjet printing has been shown by evidence presented
above, to be the most applicable to SOER electrodes, as it

This journal is © The Royal Society of Chemistry 2022
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offers comparatively high-resolution, low material waste, and
could be incorporated in manufacturing processes.

The literature has been reviewed on the formulation of
inks for inkjet printing and on the fabrication of the
functional layers of SOERs by inkjet printing. Most of the
publications on the use of inkjet technology for the additive
manufacture of ceramics involves piezoelectric DOD systems.
Dense and porous, ionically- and electronically-conducting
phases have been inkjet-printed and utilised as SOER
electrodes and electrolytes. Inkjet-printed YSZ electrolytes
with thicknesses of <2 um have been fabricated with
comparable power densities to those fabricated by
conventional techniques. Furthermore, porous composite
electrodes have been inkjet printed, and their performances
in SOFCs have been determined. However, the porosity of
printed composite layers was sufficiently low to cause mass
transport limitations, and the microstructures within those
layers remained uncontrollable as the inks contained
multiple phases. To control microstructure, single-phase inks
should be formulated and printed to localise the phases to
pre-determined positions. The effects of inkjet printing on
long-term degradation processes and rates has yet to be
reported. Hence, the full potential of 3D inkjet-printed
electrodes has yet to be realised.

3D YSZ structures with lateral resolutions of ca. 35 um
and 1 um vertically have been reported and could provide
sufficient microstructural control over electrodes to enhance
electrochemical performance, but this has yet to be
established. In addition, to match the output current
density of conventionally fabricated reactors, the resolution
(smallest feature size) of inkjet printing should decrease by
an order of magnitude to achieve comparable TPB
densities. Hence, it is essential to decrease the volume of
ejected droplets and droplet spreading on the substrate. A
resolution of c¢a 2 pum has been realised by
electrohydrodynamic inkjet printing of transistors, so could
be applied to SOER fabrication in the future. Due to the
decrease in droplet volume required to increase resolution,
inevitably fabrication times would increase. Therefore, it
may be beneficial to combine multiple AM techniques to
fabricate the different functional layers and auxiliary
components of practical SOERs.

In conclusion, inkjet printing offers superior capabilities
of microstructural engineering that are critically important
to improve SOER electrochemical performances, notably in
minimising electrolyte layer thicknesses, which otherwise
make a significant contribution to ohmic potential losses.
As inkjet technology improves, better control over structural
parameters, porosity and enhanced percolating TPB
densities will become available. Compared to conventional
fabrication techniques, inkjet printing uses far less energy,
fabrication time and amounts of precursors, with negligible
waste, offering the prospect of environmentally benign
fabrication and manufacturing of more energy efficient
SOERs and other such devices requiring similar
resolutions.""
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