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Inkjet printing is an economical additive manufacturing technique with minimal material waste, which
offers a high degree of control over vertical resolution, so lending itself well to the fabrication of the
functional layers of solid oxide electrochemical reactors. We formulated a printable and stable colloidal
dispersion of La0.8Sr0.2MnO3 (LSM) - (Y2O3)0.08(ZrO2)0.92 (YSZ) ink to print sequentially onto an inkjet-
printed YSZ electrolyte sintered to a Ni-YSZ substrate to form the cell: Ni-YSZjYSZjYSZ-LSMjLSM. After
sintering, the electrolyte and YSZ-LSM electrode were 9 and 20 mm thick, respectively. The performances
of these reactors were determined as fuel cells, operating with dry H2, and as electrolysers, operating
with CO/CO2 in the ratio 1/9. At 788 �C, the peak fuel cell power density was 0.69W cm�2, and at a cell
potential difference of 1.5 V, the electrolysis current density was 3.3 A cm�2, indicating that the perfor-
mance of inkjet-printed YSZ-LSM electrodes can exceed those fabricated by conventional powder mixing
processes.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Reversible solid oxide electrochemical reactors (SOERs) are
attractive devices for grid-scale energy storage due to their high
energy conversion efficiencies (85e90%) [1], fuel flexibility, non-
requirement for precious metal catalysts, and decreased specific
electrical energy requirement due to high-temperature operation
(550e850 �C) [2]. Furthermore, when operating with CO, CO2, and
CH4, they may be cost-competitive with pumped hydroelectric
storage [3]. Over the last decade, much of the increase in perfor-
mance of SOERs has been due to optimisation of the fabrication
process and materials [4].

Inkjet printing is a low-cost, rapid, and a non-destructive
manufacturing technology [5] that has been deployed to produce
a variety of devices including electronic circuit components, solar
cells, and sensors [6]. A key characteristic of inkjet printing is that
material waste during production is comparatively low [6], and that
the deposited layers can be as thin as ca. 1 mm, enabling a high
degree of control over the thickness of printed films. Therefore,
inkjet printing is well suited to the fabrication of the functional
layers of SOERs.

In Part I [7] of this series, we demonstrated that inkjet-printed
all).
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yttria-stabilised zirconia ((Y2O3)0.08(ZrO2)0.92), YSZ) electrolytes
for the cell Ni-YSZjYSZjYSZ-La0.8Sr0.2MnO3 (LSM)jLSM, resulted in
solid oxide electrolysers with performance comparable to that of
conventionally-fabricated reactors operating with CO/CO2 gas
mixtures. However, the electrolyte was thick (23 mm) compared
with other inkjet-printed YSZ electrolytes [8e11], so offering po-
tential for performance enhancement, especially at lower temper-
atures. Furthermore, printing additional functional layers, i.e. the
electrodes, can maximise utilisation of materials, minimising waste
during fabrication, and increasing consistency of electrochemical
performance between cells due to the high reproducibility of inkjet
printing and long-term ink homogeneity.

Hitherto, a single study on the electrochemical performance of
an inkjet-printed YSZ-LSM composite O2 electrode has been re-
ported [12]. The cell performance was limited by dense film for-
mation at the outer surface of the electrode (‘skin’), which
decreased the rates of diffusion of O2 to active triple phase
boundaries (TPBs). If this cell was adapted to operate in electrolysis
mode, the dense film could become particularly problematic by
preventing O2 gas evolved at the anode from escaping, resulting in
an increase in O2 partial pressure within the electrode, diminishing
kinetics and possibly causing catastrophic failure throughout the
electrode over operational times required for seasonal energy
storage [13].

Herein, we report the formulation of a composite YSZ-LSM ink
and the fabrication and electrochemical characterisation of: Ni-
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Effect of Dispex A40 concentration on zeta potentials of YSZ particles in 10�2M
aqueous KCl.

Fig. 2. Effect of pH on zeta potential of LSM particles dispersed in aqueous 10�2M KCl.
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YSZjYSZ(printed)jYSZ-LSM(printed)jLSM, in which the YSZ-LSM
electrode does not have a dense outer skin. The objective was to
determine whether or not, by optimising the ink formulation, solid
oxide electrochemical reactors fabricated by inkjet printing could
achieve performances, in H2 fuel cell mode and when fed with CO/
CO2 in electrolyser mode, which exceed those produced by con-
ventional powder mixing.

2. Materials and methods

Yttria-stabilised zirconia ((Y2O3)0.08(ZrO2)0.92, YSZ, Sigma
Aldrich, USA) and lanthanum strontium manganite
(La0.8Sr0.2MnO3, LSM, Fuel Cell Materials, USA) were dispersed us-
ing an ultrasonication probe (Q55, 20 kHz, 6mm Ti alloy tip,
QSonica, USA) by 3� 3min bursts, with a 3min cooling interval.
Particle size and zeta-potential were measured by dynamic light
scattering and electrophoresis, respectively, using a Zetasizer mV
instrument (Malvern, UK) with aqueous-based dispersions. Mass-
specific surface area, was measured by BET using a Micrometrics
3Flex machine (Canada), respectively. Centrifugation (Eppendorf
5810 R, Germany) was used to narrow the particle size distributions
in the dispersions by removing large aggregates. Viscosity and
surface tension of the final formulations were measured with a DV-
E Viscometer (Brookhaven, USA) and tensiometer (Model 250-U1,
Ram�e-hart, USA), respectively. Thermogravimetric analysis (TGA)
was conducted using a Netzsch TG 209F1 Libra (USA), temperature
ramp rate 4 �C min�1 in air with a 50 cm3min�1 flow rate.

YSZ specific surface area and particle size distribution (PSD) of
the same particle source have been reported previously [7]. The
dispersant used for the YSZ particles in water was Dispex A40
(BASF, Germany). The specific surface area andmean particle size of
the LSM particles were measured respectively as 6.32m2 g�1 and
230 nm, as shown in Fig. S1. The polydispersity index (PDI) and
particle size standard deviation of the LSM particles were 0.226 and
46 nm, respectively.

2.1. Aqueous YSZ ink formulation

It is preferable to fabricate cells with thin electrolytes, to
decrease ohmic potential losses, but also to maintain � 4 printed
layers (1 in each of the ‘positive’ and ‘negative’ x and y printing
directions) to ensure that defects resulting from missed droplet
ejections may be covered by droplets in subsequently printed
layers. Therefore, the YSZ ink was formulated as reported previ-
ously [7], but its mass fraction was decreased to 19wt%. The zeta
potential variation of the YSZ particles with Dispex A40 concen-
tration (10�2M KCl) is shown in Fig. 1. At the optimum concen-
tration of 0.2mgm�2, the zeta potential was ca.�47mV. Therefore,
for the composite YSZ-LSM aqueous-based ink, it was necessary to
negatively charge the LSM particles to prevent heterocoagulation.

2.2. Aqueous LSM ink formulation

As stability to aggregation for particulate dispersions of a metal
oxide depends on pH, adsorbate concentration and ionic strength
[14], the effects were investigated of varying pH (with nitric acid
and ammonium hydroxide for acidic and basic conditions, respec-
tively) and concentrations of a variety of dispersants on the zeta
potential/surface charge of dispersed LSM particles in de-ionized
water with 10�2M KCl.

Fig. 2 shows the effect of pH on zeta potentials of LSM particles
dispersed in aqueous 10�2M KCl, suggesting an isoelectric point of
ca. pH 3e6, poorly defined because of dissolution and colloidal
instability at low zeta potentials, causing particle aggregation and
sedimentation duringmeasurements. Similar results were reported
previously [15], but significant dissolution of all components was
measured at pH< 7, confirming LSM's instability under such
conditions.

As the zeta potential of the Dispex-stabilised YSZ was negative
(Fig. 1), greater values of pH were predicted to produce negatively-
charged surfaces on both YSZ and LSM particles, thereby prevent-
ing their mutual hetero-coagulation within composite LSM-YSZ
dispersions. Whereas Fig. 2 shows the maximum magnitude of
zeta potential, and so predicted colloid stability, was achieved at pH
10 for LSM, that condition led to rapid aggregation and sedimen-
tation at practical solid concentrations for an ink (> 5wt%). Hence,
to further increase particle surface charge and to inhibit dissolution
processes, electrostatic dispersants listed in Table 1 were trialled to
stabilise LSM dispersions against aggregation. According to elec-
trophoretic mobility measurements, aluminon (tri-ammonium
aurintricarboxylate; chemical structure shown in Fig. 3) was the
only dispersant listed in Table 1 to adsorb on LSM, decreasing
particle sedimentation rates; the other dispersants had no effect on
particle colloidal stability. Lanthanum(III) andmanganese(III,IV) are
known to form carboxylates, providing a mechanism by which
aluminon may adsorb on LSM particles.

Fig. 3 shows the effect of aluminon concentration on zeta po-
tential of LSM particles dispersed in water at pH 10, exhibiting a



Table 1
Electrostatic dispersants trialled for stabilising colloidal LSM dispersions in water.

Dispersant Description Manufacturer

Duramax D-3005 ammonium salt of an acrylic polymer Rohm and Haas, USA
Dispex A40 ammonium salt of a polyacrylic acid BASF, Germany
Ammonium citrate ammonium salt of citric acid Sigma Aldrich, USA
Darvan C polymethyl methacrylate Vanderbilt Minerals, USA
Tiron sodium salt of a sulfonic acid Sigma Aldrich, USA
Aluminon aurintricarboxylic acid ammonium salt Sigma Aldrich, USA

Fig. 3. Effect of concentration of aluminon dispersant on zeta-potentials of LSM par-
ticles dispersed in aqueous 10�2M KCl at pH 10.

Fig. 4. Potential-pH diagram for La-(Sr-)-Mn-H2O system at 298 K, 0.1MPa and dis-
solved manganese, lanthanum and strontium activities of 10�5, 10�5 and 10�4,
respectively. Data source: [17].

Fig. 5. Predicted dissolved La3þ activities in equilibrium with LaMnO3 (c), La(OH)3 (c)
and La2O3 (c) at 298 K.
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maximum value at a concentration of ca. 50mgm�2 LSM particle
surface area. Hence, LSM was dispersed by ultrasonication in water
at pH 10 with an aluminon concentration of 20mgm�2 and sub-
sequently centrifuged at a relative centrifugal force (RCF) 870 for
4min, filtered, and concentrated, resulting in a final aluminon
concentration of 50mgm�2. Polyethylene glycol with molecular
weight 35000 (PEG 35000, Sigma Aldrich, USA) at a concentration
of 25mg cm�3 and Natsurf 265 (Croda Chemicals, UK) at a con-
centration of 0.2mg cm�3 were added to adjust the viscosity and
surface tension of the stabilised dispersion, respectively.

In the absence of reliable Gibbs energies of formation of LSM at
298 K (c.f. enthalpies of formation), the Gibbs energy of formation
of lanthanum manganite (�1 354 620 Jmol�1) [16], together with
thermodynamic data from Ref. [17], were used to calculate the
potential-pH diagram, shown in Fig. 4, for the lanthanum e man-
ganese e (strontium) e water system. Density functional theory
(DFT) has been used [18] to calculate the phase stabilities of
LaMnO3 and related oxides, together with their standard Gibbs
energies of formation;DfG0 (LaMnO3)¼�1340 181 Jmol�1. Despite
the title referring to alkaline conditions, no aqueous species or
component were included in the calculations.

The high solubility of SrO in aqueous solutions, as calculated
from its pH-dependent dissolved activity: log (Sr2þ)¼ 41.12e2 pH,
suggests surfaces of LSM in aqueous solutions transform into
lanthanum manganite. Gibbs energies of formation data [17] pre-
dict (erroneously) that Mn(OH)2 is more stable by 14.9 kJmol�1

than (MnO þ H2O); however, the former phase was retained in
Fig. 4 for consistency.
Fig. 5 predicts that, at pHs< ca. 9, the resulting LaMnO3 alsomay
dissolve by the reaction:

LaMnO3 þ 3Hþ4La3þ þMnOOHðc;gÞ þ H2O (1)

log
�
La3þ

�
¼ 23:43� 3pH (2)

However, the data used to calculate these equilibria predicts
erroneously that lanthanum hydroxide is more stable than the
corresponding oxide phases, as implied in Fig. 5. Iso-electric points
for manganite (g-MnOOH) have been reported as ranging from pH
5.4 [19], pH 6.3 [20] to pH 8.2 [21].

At pHs� ca. 10, Fig. 4 predicts LaMnO3 could be decomposed
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oxidatively by the reaction:

MnO2ðcÞ þ La3þ þH2Oþ e�4LaMnO3 þ 2Hþ (3)

EMnO2=LaMnO3
ðSHEÞ=V ¼ �0:370þ 0:1183pH

þ 0:0592log
�
La3þ

�
(4)

driven by oxygen reduction in aerated solutions. Despite Fig. 4
predicting the instability of MnO2 at pH< ca.3, due to it being
reduced bywater oxidation, the iso-electric point of MnO2 has been
reported to be at pH 2.25 [22], pH 1.5 [23], pH 3.3 for the amor-
phous d form ofMnO2 [24], pH 7.3 for b-MnO2 [23] and pH 5.9 for g-
MnO2 [24]. Hence, aqueous lanthanum (strontium) manganite inks
ideally should have pHs controlled in the range ca. 10e11, to
minimise decomposition rates and ionic strength, and to increase
the Debye length and zeta potentials (Fig. 2), so increasing particle
stability to aggregation. Unlike oxalate, organics such as aluminon
and Dispex will not function as reductants, capable of decomposing
(LaMnO3 or) manganite (g-MnOOH) reductively [25], as predicted
by Fig. 4. However, concentrations of such organics need to be
minimised to preclude them reducing La(Sr)MnO3 during their
combustion and subsequent sintering.
2.3. YSZ-LSM organic ink formulation

As explained in Section 2.2, despite aqueous inks being
preferred to minimise subsequent reduction, as well as for envi-
ronmental and economic reasons, two separate inks were formu-
lated using butanol (BtOH) as the solvent. In the first, LSM particles
were dispersed at 30wt% in BtOHwith a 25mg cm�3 concentration
of polyvinyl butyral resin (PVB, Butvar-98, Sigma Aldrich, USA),
which was the dispersant and plasticiser. In the second, YSZ was
dispersed at a mass fraction of 25wt% in BtOHwith a concentration
of 9mg cm�3 PVB. Each dispersion was centrifuged for 4min, the
LSM ink at a RCF of 1200, and the YSZ ink at 1300. Final mass
fractions of LSM and YSZ were 19 and 13wt%, respectively. To make
the composite ink, 4.95 parts (by volume) of the LSM ink was added
to 5.05 parts of the YSZ ink, and homogenised with the ultrasonic
probe. The resulting solids loading was 16wt% (60:40 LSM:YSZ),
and PVB concentration was 14mg cm�3.
2.4. Substrate fabrication

YSZ and NiO (particle size 0.5e1.5 mm, surface area 2e5m2 g�1,
Fuel Cell Materials, USA) were used as supplied. Polyethersulfone
(PESf) (Radal A300, Ameco Performance, USA), 30-
dipolyhydroxystearate (Arlacel P135, Uniqema), and dimethyl
sulfoxide (DMSO, HPLC grade, VWR) were used as the polymer
binder, dispersant and solvent, respectively.

The NiO-YSZ substrate was fabricated via a phase inversion-
assisted casting process, as reported previously [7]. Firstly, the
ceramic powders were mixed with DMSO and dispersant, then
milled for 48 h with a planetary roll miller (SFM-1 Desk-top Miller,
MTI Corporation, USA). The mixing continued for another 48 h after
adding the polymer binder to ensure homogeneity of the disper-
sion, which had a composition of 24.4wt% YSZ, 36.7wt% NiO,
30.6wt% DMSO, 7.6wt% PESf, and 0.6wt% Arlancel P135. Finally,
the suspension was degassed under vacuum, with stirring. The
NiO-YSZ substrate was then prepared by casting the suspension
onto a glass plate at ca. 20 �C, before being immersed in a coagu-
lation bath of de-ionized water. The casting knife height was set at
1mm.
2.5. Cell fabrication

2.5.1. Inkjet printing
A Ceradrop X-Serie piezoelectric inkjet printer (Ceradrop,

France) was used to fabricate the electrolyte and O2 electrode. A
Dimatix QS-256/30 AAA printhead (Fujifilm, USA) with 256 nozzles
of diameter 52 mm was used to print the electrolyte (YSZ) and a
Dimatix DMC 10 pL printhead (Fujifilm, USA) with 16 nozzles of
diameter 21 mmwas used to print the YSZ-LSM electrode. Different
printheads were used for the YSZ and composite YSZ-LSM inks to
mitigate contamination. Printhead selection was a consequence of
availability, historical use, and printer compatibility. Prior to cell
fabrication, isolated, well-spaced droplets were printed onto the
substrate and an in-built optical microscope was used to measure
droplet equilibrium spread (splat) diameter on the appropriate
substrate. The splat diameters of the YSZ, aqueous-based YSZ-LSM
and BtOH-based YSZ-LSM inks were 60, 60, and 100 mm, respec-
tively. The droplet deposition pattern was square (each droplet
coordinated with 4 adjacent droplets), with overlaps between
deposited aqueous and BtOH-based ink droplets of 20 and 50 mm,
respectively.

The ejection pulse for the aqueous YSZ ink had an amplitude of
75 V, with a total duration of 11.5 ms, including a rise and fall time of
1.5 and 5 ms, respectively. The ejection pulse for the aqueous-based
YSZ-LSM ink had both positive and negative amplitudes (i.e.
contraction and expansion of the piezoelectric crystal), of 0e40 V
over 1 ms, dwell time of 7 ms, then 40 to �30 V over 2 ms, dwell time
of 7 ms, and �30 to 0 V over 1 ms.

The BtOH-based ink had an ejection profile of 0e50 V over 1 ms,
dwell time of 7 ms, then 50 to �50 V over 2 ms, dwell time of 7 ms,
and -50 - 0 V over 1 ms. The ejection frequencies and printhead
speeds of the YSZ and YSZ-LSM inkswere 5000Hz/200mm s�1, and
1500 Hz/80mm s�1, respectively. Printing frequency, and hence
printhead velocity, for the Dimatix QS-256/30 AAA printhead were
higher than the Dimatix DMC printhead due to the former's more
robust construction and design.

Four layers of the aqueous YSZ ink were printed onto the sub-
strate. The NiO-YSZjYSZ structure was then heated (Elite Thermal
Systems furnace, UK) to 600 �C at 2 �C min�1 for 2 h to combust
organics, and then ramped at 15 �C min�1 to 1450 �C to co-sinter
the YSZ particles with the substrate for 5 h, followed by cooling
to room temperature at a rate of 2 �Cmin�1. To prevent bending due
to thermal expansion differences between the substrate and prin-
ted layer, each sample was constrained above and below by dense,
sintered YSZ pellets.

After sintering, 100 layers of the YSZ-LSM ink were printed onto
the NiO-YSZjYSZ structure to fabricate the oxygen electrode, 6mm
in diameter (5 samples in total). The resulting electrode was heated
(unconstrained) to 600 �C at 2 �C min�1 for 2 h, then to 1100 or
1200 �C at 4 �C min�1 and held for 3 h, and finally cooled to room
temperature at 4 �C min�1, in the same furnace.
2.5.2. Current collection
On top of the inkjet-printed and sintered LSM-YSZ layer, a

porous LSM layer was brush coated on using an a-terpineol-based
paste (Fuel Cell Materials, USA). This was left to evaporate in
stagnant air at 20 �C, which took approximately 4 h, then heated at
a ramp rate of 4 �C min�1 to 1100 �C for 3 h. On top of this, silver
paste (Alfa Aesar, UK) was used to connect silver wool (Alfa Aesar,
UK) to each electrode. On top of the silver wool, a silver mesh (80
mesh, woven from 0.115 diameter wire, Alfa Aesar, UK), connected
to two silver wires (0.25mm diameter, 99.9% purity, VWR Inter-
national, UK) completed the current collection, with 2 probes for
each electrode.



N.M. Farandos et al. / Electrochimica Acta 270 (2018) 264e273268
2.5.3. Cell mounting
The cell was cemented to an alumina tube (26mm outer

diameter, 20mm inner diameter, 99.7% purity, Multi-lab, UK) using
a ceramic sealant (Aremco Ceramic Sealant 552, USA) which was
cured at 94 and 260 �C, for 2 h at each temperature (ramp rates 2 �C
min�1) in situ, prior to electrochemical characterisation. Gas supply
and removal, and ensuring gas tightness for the setup, were
completed as reported previously [7].

2.6. Electrochemical characterisation

The experimental equipment reported previously was used to
test these cells in 4-probe mode [7]. The NiO was reduced to Ni for
2 h in a binary He and H2 mixture at 707 �C (4 �C min�1 tempera-
ture gradient), at flow rates 30 and 7.5mlmin�1, respectively. Af-
terwards, the He supply was switched off, and the H2 flow rate was
increased to 20mlmin�1 for an additional hour. The O2 electrode
was exposed to static air throughout. Electrochemical characteri-
sation was conducted under both fuel cell (pure, dry H2 at
20mlmin�1), and subsequently electrolyser (COeCO2mixturewith
4e36mlmin�1 flow rates, respectively (10% CO)) modes at oper-
ating temperatures of 707, 752, and 788 �C. Electrochemical
impedance spectroscopy (30mV p-p amplitude) at open circuit
potential between 105 e 10�1 Hz, and experiments varying cell
potential (20 and 60mV s�1) were carried out using a PGSTAT302 N
potentiostat with frequency analysis module and Nova 1.10.2 soft-
ware (Metrohm Autolab B.V., Netherlands). After the time to reach
the temperature for NiO reduction, the duration for a single SOER
electrochemical characterisation was ca. 12 h, including 3 h for NiO
reduction and 4.5 h each for fuel cell and electrolyser experiments.

2.7. Structural characterisation

After electrochemical characterisation, the Ni-YSZ electrode was
exposed to pure He to mitigate re-oxidation of the Ni during
cooling. Scanning electron microscopy (SEM, Hitachi TM3030,
Japan) was used to image the cells post-testing at 15 kV, with a
15mm working distance.

3. Results and discussion

3.1. Ink formulation

The dimensionless Ohnesorge number (Oh) is a measure of ink
Fig. 6. Photographs of the ejected (a) aqueous-based YSZ ink, and (b) BtOH-based YSZ-LSM i
number (‘3’) of the printhead in (b) is shown.
printability, i.e. the reproducible ejection of droplets with consis-
tent geometry, and is given in equation (5) [26].

Oh ¼ m

ðrgLÞ0:5
(5)

L represents the printhead nozzle diameter, m, g, r are the ink
viscosity, surface tension, and density, respectively. The Oh�1

numbers for all of the formulated YSZ and YSZ-LSM inks were
within the range of printability: i.e. 1 < Oh�1 < 10 [26], as detailed
below.

3.1.1. Aqueous-based inks
The m, g, r and Oh�1 number for the aqueous YSZ ink used to

print the electrolyte were 4.7mPa s (with Newtonian behaviour
between 2500 and 12500 s�1 shear rate), 23mNm�1, 1.23 g cm�3,
and 8.2, respectively.

LSM was dispersed stably in water at a solid loading of 5wt%. A
composite ink with the ratio YSZ:LSM of 4:6 was produced by
mixing appropriate quantities of the LSM dispersion with the YSZ
ink used to print the electrolyte. Values of m, g, and r were
measured as 4.1mPa s (essentially Newtonian behaviour, as shown
in Fig. S2), 23mNm�1, and 1.1 g cm�3, respectively. The resulting
Oh�1 number was 5.6.

3.1.2. BtOH-based ink
The m, g, r and Oh�1 numbers for the BtOH composite LSM-YSZ

ink were 8.34mPa s (essentially Newtonian behaviour, as shown in
Fig. S2), 19.6mNm�1, 0.91 g cm�3, and 2.3, respectively.

3.2. Inkjet printing

3.2.1. Aqueous-based inks
Fig. 6a shows optical time-lapse images of the ejected droplets

for the YSZ ink, with 10 ms intervals between each. For the YSZ ink,
initially large satellite droplets formed, and coalesced at ca. 570 mm
from the nozzle plate to form single droplets 25 pL in volume;
droplet velocity was measured as 4.75m s�1. The working height,
i.e. the distance from the substrate to the nozzle plate during
printing, should be greater than the length at which a single
spherical droplet forms, so the working height for printing the
electrolyte was 0.6mm.

After printing 100 layers of the aqueous-based YSZ-LSM ink
onto the printed and sintered YSZ electrolyte, heat treatment
nk droplets from a single nozzle, with time intervals of 10 and 5 ms, respectively. Nozzle
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resulted in the catastrophic failure of the deposited film, which
occurred during combustion of the organics at temperatures <
550 �C, as shown in Fig. S4 of the ESI. Mitigating this effect by
decreasing the temperature ramp rate to 1 �C min�1 was ineffec-
tive; the failure was not due to the rate of loss of mass during
heating, as PVB had the greatest rate of loss of mass, as shown in
Fig. S3, but did not destroy the film in the heat treatment step. The
most significant difference between aluminon and the other dis-
persants in this study is that it is a much smaller molecule, with a
much higher density of C]C double bonds.
3.2.2. BtOH-based ink
Fig. 6b shows optical time-lapse images of the ejected droplets

for the BtOH-based YSZ-LSM ink, with intervals of 5 ms between
each droplet. A large filament was observed for ca. 55 ms after
ejection, after which it combined with the main droplet, 10 pL in
volume, at ca. 350 mm from the nozzle plate. The droplet velocity
was measured as 5.9m s�1 and the working height was 0.4mm.
3.3. Structural characterisation

Fig. 7 shows SEM photomicrographs of the side view and top
surface of an untested sample sintered at 1200 �C. Fig. 7a shows
that the electrolyte was ca. 9 mm thick and dense, indicating that
the thickness of a single printed YSZ layer was ca. 2.25 mm, i.e. 10
particle diameters in depth. In addition, the YSZ-LSM layer was ca.
20 mm thick, indicating that the thickness of a single printed layer
was ca. 200 nm, i.e. amonolayer particle depth, prior to sintering. In
addition, the NiO-YSZ and the YSZ-LSM layers appeared to be
strongly adherent to the YSZ electrolyte, without large defects.

Fig. 7b shows the surface of the YSZ-LSM printed layer, before
application of the LSM current collecting layer. It appeared to be
highly porous, indicating that the formation of a dense skin was
avoided, which may be attributed to the difference in composition
of the ink described here, compared to that reported elsewhere
[12]. The 6mm diameter of the printed YSZ-LSM electrode was
significantly larger than the diameter of a single splat (100 mm), so
may be considered a large expanse of film. Consequently, lateral
flow through the filmmay be neglected, i.e. evaporation is a vertical
advection of the solvent, and hence there is a vertical particle flux
towards the solvent e air interface, with the flow. Therefore, the
diffusivity of particles within the film determines whether a skin
will occur; slow diffusion will result in a skin as advection » diffu-
sion [27]. This may be predicted by considering the dimensionless
Fig. 7. SEM photomicrographs (a) side view of the printed NiO-YSZjYSZjYSZ-LSM and (b) top
layer and electrochemical measurements.
Peclet Number (Pe), which is the ratio of particle advective to
diffusion transport, given in equation (6). When Pe » 1, a skin is
predicted to form, as particle advection dominates; the opposite is
true for Pe ≪ 1.

Pe ¼ 6pmR0Hr
kBT

(6)

where R0 represents the particle radius, H the initial film depth, r
the rate of evaporation, kB the Boltzmann constant, and T the
temperature of the system. In the previously published study on
YSZ-LSM inkjet-printed electrodes [12], a-terpineol was the sol-
vent, with a measured viscosity of 12mPa s, compared to 8.3mPa s
for the YSZ-LSM ink in this study. Furthermore, although the rate of
evaporation was not given, by calculating the equilibrium vapour
pressure (Peq) of each solvent at the relevant drying temperature
(100 �C and 25 �C, for a-terpineol and BtOH, respectively) it may be
inferred that Peq was greater than in this study. At 298 K, Peq for
BtOH is 884 Pa [28], and at 373 K, Peq for a-terpineol is 1679 Pa [29],
i.e. a-terpineol is more volatile and expected to have a higher rate of
evaporation at the reported temperature. Particle radius and film
height were not given in the previous study, but it is probable that
the combination of these effects mitigated film formation in this
study by decreasing rates of advection of particles within the drying
film, highlighting, as with the first publication in this series [7], the
importance of ink formulation to the final printed deposit.

Fig. 8 shows SEM photomicrographs of two cells, one in which
the YSZ-LSM electrode was sintered at 1100 �C (a, c), and another
sintered at 1200 �C (b, d). Large, finger-like pores penetrated
through most of the Ni-YSZ supporting layer, facilitating gas
transport. The distance between the top of the pore and the elec-
trolytewas ca.150 mm. It is important to prevent this thickness from
being too small as the differential in shrinkage rates between the
pores and the rest of the support layer can result in localised
bending, resulting in bumps in the electrolyte over the fingers.

The LSM current collection layer appeared to be well-adherent
to the YSZ-LSM layer, so providing high lateral electronic
conductivity.

3.4. Electrochemical characterisation

3.4.1. Hydrogen-air fuel cell operation
Dry H2 was fed to the reactors in fuel cell mode at 707, 752, and

788 �C, with the O2 electrode exposed to static air. Fig. 9 shows the
effects of current density and temperature on power densities, and
-down (surface) view of the YSZ-LSM layers, before deposition of the current collection



Fig. 8. Side view SEM photomicrographs of cells, post-testing; YSZ-LSM electrodes were sintered at 1100 �C (a,c) and 1200 �C (b,d).

Fig. 9. Effects of current density and temperature on power densities for cells operating with H2 at 707, 752, and 788 �C and with the YSZ-LSM electrodes sintered at 1100 �C (a) and
1200 �C (b); cell potential difference scan rate¼ 20mV s�1.
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Fig. 10 shows Nyquist plots for cells with YSZ-LSM electrodes sin-
tered at 1100 and 1200 �C.

Maximum power densities for cells with the YSZ-LSM electrode
sintered at 1100 �C were greater than those for the cells sintered at
1200 �C. Over the range of cell potential differences used, no effects
of concentration polarisationwere evident under any conditions on
increasing flow rates. YSZ-LSM electrode sintering temperature had
a significant effect on the electrode microstructure, with finer
particles and pores being expected at lower sintering temperatures,
increasing triple phase boundary (TPB) densities [30]. For all cells
tested (results from other cells shown in Supplementary Informa-
tion, Figs. S7eS9), power densities were greater for the 1100 �C
cells, probably due to greater TPB densities. The formation of sec-
ondary insulating phases, due to reaction between YSZ and LSM
was not expected to occur at the sintering temperatures and times
used [31]. Peak power densities of the cells with YSZ-LSM elec-
trodes sintered at 1100 �C and 1200 �C were 0.25, 0.45,
0.69W cm�2, and 0.16, 0.27, 0.46W cm�2, at 707, 752, and 788 �C,
respectively. Hence, the performance was competitive with planar
solid oxide fuel cells fabricated with identical materials, and
exceeded the electrochemical performance of micro-tubular solid
oxide fuel cells operating with similar fuel compositions [32,33].

Fig. 10 shows Nyquist plots for the cells with the YSZ-LSM
electrode sintered at 1100 �C and 1200 �C, the former having
lower polarisation resistances at all temperatures tested compared
to those for the latter, implying higher TPB densities in the former,
than the latter case, as the thickness and composition of both
electrodes was identical. Two dominant arcs were present in the
Nyquist plots: a high-frequency (1e10 kHz) arc, due to charge
transfer processes, and a low-frequency (1e10Hz) arc, due to mass
transport processes. The anode and electrolyte were identical for
both SOERs, so differences in impedance were attributed to
differing cathode microstructures. Differences in the high-
frequency arc were caused by differing transport of O2�/O in-
termediates across the LSMjYSZ interface, and (dis-)association
processes that are highly-dependent on microstructure. The



Fig. 10. Nyquist plots for cells at open circuit potential and operating with H2 at 707, 752, and 788 �C; YSZ-LSM electrode sintered at 1100 �C (a) and 1200 �C (b). Filled markers
indicate decade intervals in frequency.
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decrease in the summit of the high-frequency arc observed with
increasing sintering temperature (see Table S1) was consistent with
results from the literature [34]. The low-frequency arc was smaller
for cathodes sintered at 1100 �C compared to 1200 �C, presumably
due to a higher porosity within the cathode sintered at the lower
temperature. Consequently, the impedance of the cell with cathode
sintered at 1200 �C had a greater contribution resulting from mass
transport rate limitations compared to the cell with cathode sin-
tered at 1100 �C, which had approximately equal contributions
from high- and low-frequency processes.
3.4.2. Electrolysis with CO/CO2

After fuel cell mode experiments with H2, the gas atmosphere at
the Ni-YSZ electrode was changed, and two cells, one sintered at
1100 �C and the other at 1200 �C, were tested as electrolysers
operating with a 1:9 CO:CO2 mixture. The reactions at each elec-
trode and overall reaction were:

Negative electrodeðNi� YSZÞ : CO2 þ 2e� ��������������!electrolyser

fuel cell
CO

þ O2�ðYSZÞ (7)
Fig. 11. Effects of current density and temperature on cell potential differences for cells wit
ratio of 1/9, at 707, 752, and 788 �C.
Oxygen electrodeðLSM� YSZÞ : 2O2�ðYSZÞ ��������������!electrolyser

fuel cell
O2 þ 4e�

(8)

Overall : CO2 ��������������!electrolyser

fuel cell
COþ 1=2O2 (9)

Fig. 11 shows the effects of current density on cell potential
differences, scanned at 60mV s�1, and for (increasing) tempera-
tures of 707, 752, and 788 �C. Current densities corresponding to CO
oxidation were also recorded (low overpotentials) for insights into
the reversibility and degradation of the SOERs. Current densities at
the thermo-neutral potential difference (ca. 1.5 V) for the cell with
the YSZ-LSM electrode sintered at 1100 �C were 0.82, 1.4, and
3.3 A cm�2 at 707, 752 and 788 �C, respectively, were greater than
those for the cell with the YSZ-LSM electrode sintered at 1200 �C.

Current densities in electrolysis mode exceeded those reported
in Part I of this series, and were competitive with measurements
from the literature with identical materials and similar gas com-
positions [35e37], indicating that inkjet-printed electrodes can
have a greater electrolysis performance than that with
conventionally-fabricated electrodes [7]. The open circuit potential
differences (OCPDs) were close to the theoretically expected values,
h a YSZ-LSM electrode sintered at 1100 �C (a) and 1200 �C (b) operating with a CO/CO2



Fig. 12. SEM photomicrographs of a cell after testing showing (a) ‘beaded’ droplets of Ag on the surface of the electrolyte, and (b) Ag present near both electrode e electrolyte
interfaces.

N.M. Farandos et al. / Electrochimica Acta 270 (2018) 264e273272
at 707 and 752 �C (0.896, and 0.870, respectively), but were lower
at 788 �C (0.77 V compared to the theoretical 0.849 V) [1], indi-
cating failure of the electrolyte and/or sealant at high temperature.

3.4.3. Electrode degradation
Fig. 12 shows Ag present in the electro-active region of both

electrodes, and large (ca. 1e5 mm diameter), solidified, hemi-
spherical droplet-like deposits on the electrolyte surface near to the
YSZ-LSM electrode, presumably due to mobilisation of Ag origi-
nating in the Ag paste, after experiments at high (788 �C) temper-
ature and high current densities. Agmobilisation has been detected
previously for YSZ-LSM electrodes at 800 �C (c.f. Tm¼ 961.8 �C)
during long-term experiments, in which electrochemical reactions
accelerated the deposition (presumed condensation) process, so
the concentration of Ag within the electrode was greatest at the
electrode-electrolyte interface [38].

Mobilisation of the Ag to the electrode-electrolyte interface,
blocking TPBs and decreasing porosity, would cause a decrease in
performance over the long operational times required for seasonal
energy storage, and may also cause electrical short circuits of the
cells if pin holes are present in the electrolyte. Therefore, at the high
current densities these electrolysers could achieve, it would be
necessary to change the current collecting conductive paste, and
ideally the wires, to a metal with a higher melting point, such as
platinum or gold, for long-term experiments.

4. Conclusions

A YSZ electrolyte and YSZ-LSM composite electrode for revers-
ible solid oxide electrochemical reactors (SOERs) were inkjet-
printed using a piezoelectric inkjet printer, and sintered to form
cells with structures: Ni-YSZjYSZjYSZ-LSMjLSM.

Inkjet printing required the formulation of an aqueous YSZ ink
and a composite YSZ-LSM ink, with physical properties adjusted to
ensure colloidal stability and ‘printability’. A stable and printable,
aqueous-based YSZ-LSM ink was formulated, but the printed de-
posits were destroyed during heat treatment, probably during
combustion of the organics at temperatures < 550 �C, rather than
during sintering. Hence, a butanol-based YSZ-LSM ink was
formulated to obviate that problem. The Oh�1 numbers for the
aqueous YSZ and BtOH-based YSZ-LSM inks were 8.2 and 2.3,
respectively. Printer settings were optimised to eject droplets with
a consistent spherical geometry, which was confirmed optically,
producing droplets of 25 pL and 10 pL for the YSZ and YSZ-LSM
inks, respectively. After sintering, the electrolyte and LSM-YSZ
electrode were ca. 9 mm (2.25 mm layer�1) and 20 mm thick
(200 nm layer�1), respectively. Notably, the formation of a dense
‘skin’ at the surface of the printed electrodewas avoided, which has
limited cell performance in previously reported studies. This
required optimisation of the ink composition, primarily by
decreasing viscosity and the rate of evaporation, which increased
particle diffusion against evaporative advection in the drying films.

YSZ-LSM electrodes were sintered at 1100 and 1200 �C, and
characterised electrochemically by cycling the cell potential dif-
ference and by measuring impedance spectra at open circuit.
Electrodes sintered at 1100 �C generated consistently greater cur-
rent densities and lower overall cell polarisations, due to a greater
density of triple phase boundaries than for electrodes sintered at
1200 �C. Experiments in fuel cell mode with dry H2 produced peak
power densities of 0.25, 0.45, and 0.69W cm-2 at 707, 752, and
788 �C, respectively. Electrolysis operating with CO/CO2 in the ratio
1/9 produced current densities of 0.82, 1.4, and 3.3 A cm�2 at the
same temperatures, at 1.5 V cell potential difference. Therefore, the
performances of inkjet-printed SOERs were demonstrated to
exceed those fabricated by conventional powder mixing methods.
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