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A B S T R A C T   

Inkjet printing is a scalable technique that can fabricate customised three-dimensional microstructures, repro-
ducibly, accurately, and with high material utilisation, by printing multiple layers sequentially onto previously 
printed layers, to produce architectures tailored in this case to electrochemical reactors. 

Printable yttria-stabilised zirconia (YSZ) and lanthanum strontium manganite (LSM) inks were formulated to 
enable fabrication of solid oxide electrochemical reactors (SOERs): H2O-H2 | Ni(O)-YSZ | YSZ | YSZ pillars | LSM | 
O2. Of the geometries studied, equi-sized, hexagonally-arranged cylindrical pillars were predicted to produce the 
largest ratio of interfacial to geometric (cross-sectional) areas. However, this neglects effects of potential and 
current density distributions that constrain up-scaling to more modest factors. Hence, using kinetic parameter 
values from the literature, finite element computational simulations of the pillared SOER in (H2 - O2) fuel cell 
mode predicted peak power densities of 0.11 W cm− 2 at 800 ◦C, whereas its counterpart with only a planar 
electrolyte layer produced only 0.05 W cm− 2; i.e. the pillars were predicted to enhance peak power densities by 
ca. 2.3. 

Arrays of several thousand YSZ cylindrical pillars were printed, with post-sintering diameter, height, and 
spacing of 25, 95 and 63 μm, respectively. LSM was inkjet-printed onto the pillars, and sintered subsequently, to 
produce contiguous films ca. 4 μm thick. In (H2 - O2) fuel cell mode at 725, 770, and 795 ◦C, these reactors 
produced peak power densities of 0.09, 0.21, 0.30 W cm− 2, respectively, 3–6 times greater than the performance 
of ‘benchmark’ Ni(O)-YSZ | YSZ | LSM reactors inkjet-printed with planar cathodes operating under the same 
conditions, thereby demonstrating the benefit of inkjet printing as a fabrication technique for SOERs.   

1. Introduction 

Solid oxide fuel cells (SOFCs) are an attractive chemical-to-electrical 
energy conversion technology, operating at 550-850◦C [1–3] with high 
energy efficiencies (ca. 90%) [4] depending on current density, and not 
requiring precious metal catalysts, unlike alkaline and polymer elec-
trolyte fuel cells. SOFC electrodes are fabricated conventionally by 
powder mixing methods, resulting in unpredictable microstructures and 
hence unpredictable densities of triple phase boundaries (TPBs) [5–8], i. 
e. the intersections of ionically (io) and electronically (el) conducting 
phases with pores (p). All three phases must be percolating to sustain 
electrochemical reactions, exemplified by reactions (1) and (2), 
respectively, for the anode and cathode of a hydrogen-oxygen fuel cell: 

H2(p) + O2−
(io)→H2O(p) + 2e−(el) (1)  

O2(p) + 4e−(el)→2O2−
(io) (2) 

Typically, yttria-stabilised zirconia (YSZ) is used for the ionically- 
conducting phase, nickel and lanthanum strontium manganite (LSM) 
for the electronically-conducting phase for the negative and positive 
electrodes, respectively, with pores enabling supply / removal of 
gaseous reagents / products (i.e. H2, H2O, O2). Focused Ion Beam (FIB) – 
SEM experiments have found that within conventionally-fabricated 
electrodes, the TPB density, fraction of TPBs that are percolated, and 
microstructure for identical composition vary significantly, as shown in 
Table 1. Therefore, by increasing the fraction of percolating TPBs, it 
should be possible to increase electrode performance. 

Inkjet printing is a scalable fabrication technique that has been used 
previously to fabricate reproducibly the electrolyte [14–17] and con-
ventional composite electrodes for solid oxide fuel cells and electrolysers 
(Solid oxide electrochemical reactors, SOERs) [18–23]. However, the 
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fraction of percolating TPBs within these electrodes is not expected to 
differ significantly from conventionally-fabricated electrodes, because 
they also were derived from composite powder-mixing methods. Rather 
than printing particle composite electrodes, inkjet printing can be uti-
lised for defining TPBs by depositing the ionically and 
electronically-conducting phases sequentially. Moreover, when the 3D 
electrolyte microstructures were inkjet printed, not only is conformal 
coating of porous electrode layers on the structure enabled, but also 
larger electrolyte | electrode interfacial areas are achieved for a given 
geometric area, allowing synergistic effects of 3D structures and porous 

microstructures of electrodes in SOERs. Hence, the fraction of percolated 
TPBs can be increased, by ensuring each phase is contiguous, and by 
tailoring the electrode microstructure; the enhanced interfacial area 
between each phase can be predicted precisely as explained in Section 2 
below. 

2. Calculations of total and ‘Active’ electrolyte | electrode areas 

2.1. Electrolyte | electrode interfacial areas for electrolytes with pillars 
and cones 

The up-scaled three-dimensional electrolyte | electrode areas are 
shown in Fig. 1, for cylindrical pillar arrays that could be inkjet-printed 
with a demonstrated inkjet printer lateral resolution (droplet spread 
diameter) of 25 μm [14], at which the pillar diameter in the calculation 
was also fixed. As inkjet printing is a layer-by-layer deposition tech-
nique, the smallest feature possible is a droplet, which ultimately results 
in circular deposition; hence, many droplets deposited sequentially on 
top of each other necessarily produce a cylinder. Evidently, as shown in 
Fig. 1b, hexagonal arrays of cylindrical pillars are predicted to increase 
the electrode | electrolyte interfacial area most effectively, and hence 
their electrode TPB density should be greatest. 

Nomenclature 

Symbol Definition Units 
W(T) work done on the electrode during sintering at temperature 

(T), J 
γLSM surface energy of LSM, J m− 2 

ΔALSM average change in surface area, m2 

δr circular annulus thickness, m 
N(r) number of particles within the annulus, 1 
ΔV total volume of annulus, m3 

VLSM volume of individual LSM particle, m3 

φ particle volume fraction in the dried film, 1 
H film depth, m 
rp.0 particle radius at pre-sintering conditions, m 

r radius of pillar from outer diameter, m 
π pi, 3.14159, 1 
U cell potential difference, V 
ϕ electrode potential, V 
E electrode potential vs. reference electrode, V 
η overpotential, V 
j current density, A m− 2 

d current path length, m 
σ conductivity, S m− 1 

C capacitance, F 
R resistance, Ohm 
p power density, W m− 2 

∇ ∂
∂x+

∂
∂y+

∂
∂z,

∇2 ∂2

∂x2 +
∂

∂y2 +
∂

∂2z,

Table 1 
Porosity and fraction of non-percolating TPBs for different electrodes.  

Electrode 
Material 

TPB density / 
μm μm− 3 

Non-percolating 
fraction of TPBs / % 

Porosity / 
% 

Refs. 

YSZ-LSM 7.35 28 – 43 52 [7] 
YSZ-LSM Not provided Not provided 43 [9] 
YSZ-LSM 4.35 Not provided 36 [10] 
YSZ-LSM 6.6 - 8.3 9 – 13* 34 [11] 
Ni-YSZ 4.28 37 19.5 [8] 
Ni-YSZ 2.56 35 – 58 48.8 [12] 
Ni-YSZ 3.06 6 23 [13] 
YSZ-LSM 10.24 34 50.6 [13]  

* Depending on characterisation method. 

Fig. 1. Interfacial area enhancement for different three-dimensional structures, constrained by a minimum lateral feature resolution of 25 μm for: (a) cylindrical 
pillars in a square array; and (b) cylindrical pillars in a hexagonal array. 
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2.2. Primary potential and current distribution in pillars 

Pillared electrolytes on top of planar electrolyte imply increasing 
current path lengths and hence decreasing current densities with 
increasing pillar height. Fig. 2 shows the primary (2D) potential distri-
bution in the planar and pillared electrolyte, with the potential gradient 
just below the (single) pillar being less than that in the rest of the planar 
electrolyte, in which greater current densities are predicted. Hence, for 
the case of infinitely fast interfacial kinetics, zero overpotential, current 
densities into or out of the pillar are predicted to be less than in the rest 
of the planar electrolyte, so the pillar would then have a negative effect 
on the global reactor performance. 

For the case of planar electrolyte with a single pillar of electrolyte on 
top, Fig. 3a shows a schematic equivalent electronic circuit, for an 
operating potential difference U, between the potentials of positive (ϕp) 
and negative electrodes (ϕn) due to ohmic potential losses at current 
density ji over path length di and conductivity σi in phase or domain i. As 
the current path length di is larger for the pillar than the planar elec-
trolyte, but the ohmic potential component (jidi/σi) of the potential 
difference U and the thermodynamic potential difference (Ep - En) are 
constant, the local current density ji for the pillar must scale inversely 
with path length, so must be less than that in the planar electrolyte. 

When finite overpotentials / reaction impedances are considered at 
electrolyte | electrode interfaces, as shown schematically in Fig. 3b, their 
effect is to partially homogenise (‘secondary’) current distributions, but 
at the expense of increased potential differences at fixed overall current, 
due to additional potential losses in reaction impedances. Hence, unlike 
for the primary current distribution, depending on current densities, 
electrode kinetic parameters, and electrolyte ohmic resistance, and so on 
pillar geometries, reaction impedances may become the most significant 
contribution to the overall reactor resistance. The slower the kinetics, 
the more current flows in the pillared electrolyte, increasing ‘active’ 
areas, so the more effective the pillars will be in enhancing a reactor’s 
global performance. However, increased reaction impedances increase 
reactor potential differences at constant current (or decrease global 
currents at constant potential difference), decreasing energy conversion 
efficiencies and increasing operating costs (OPEX). Hence, optimisation 
is required to minimise (CAPEX + OPEX) costs, as the greater the active 
area per geometric area by judicious selection of printed geometries, the 

lower the capital costs (CAPEX). 
Non-linear reaction kinetics require computational solutions of the 

resulting spatial current density distributions, as described in Section 
2.3; experimental results reported in Section 4.2 demonstrate the 
beneficial effects of pillars in enhancing reactor performances. 

2.3. Computational simulations of secondary / tertiary potential and 
current distributions 

Comsol FEM software was used to solve Laplace’s equation (∇2ϕ =
0) in 3D, with the non-linear boundary conditions imposed by the 
interfacial kinetics. 

Fig. 4a shows simulated potential difference-current-power density 
(U-j-p) data for the planar and the pillar structure model (a single cy-
lindrical pillar in square symmetry boundaries) SOFCs at 800◦C, with 
peak power densities of 0.05 and 0.11 W cm− 2

, respectively. These 
values correspond to a performance increase by a factor of ca. 2.3 for the 
model (square array) pillar structure compared to the corresponding 
planar structure. Unlike the case of the primary potential and current 
density distributions (Fig. 2), the finite faradaic impedance relative to 
the electrolyte resistance causes current to penetrate the pillar, so part of 
its area is utilised, though local current densities decay with increasing 
height, as shown in Fig. 4c. 

Hence, when fabricating pillar structures, it is crucial to determine 
optimal pillar heights, with respect to both electrochemical performance 
and material costs. As shown in Fig. 4c, the active area in the pillar 
structure was concentrated mostly at the bottom of the pillar due to the 
increasing ohmic potential loss in the YSZ electrolyte pillar with 
increasing height. Results of computational simulations of the optimal 
electrode geometries and microstructures, will be reported in a future 
publication. 

2.4. Project objectives 

The project’s two objectives were: (i) to determine whether or not, 
by depositing the conducting phases sequentially to fabricate hexagonal 
arrays of cylindrical pillars, three-dimensional SOFC cathodes with 
localised TPBs could be fabricated by inkjet printing, and with a greater 
fraction of percolating TPBs compared to conventional composite 

0

Fig. 2. Finite difference solution of Laplace’s equation for the spatial distribution of the normalised ‘primary’ potential (ϕ) in the (planar + single pillar) electrolyte 
domain, with boundary conditions: ϕ(negative electrode) = 0, ϕ(positive electrode) = 1. 
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electrodes; and (ii) to demonstrate that the electrochemical performance 
of those electrodes is superior to that of planar YSZ | LSM electrodes, as 
predicted by the results shown in Fig. 4. 

Herein, we report the modelling and fabrication of pillared YSZ-LSM 
cathodes for SOFCs with the structure Ni-YSZ | YSZ | YSZ pillars | LSM 
and the corresponding planar structured SOFCs by inkjet printing, as 
shown in Fig. 5, to compare their structural effects on the electro-
chemical performance in fuel cell mode. 

3. Experimental 

3.1. Fabrication of pillar and planar electrolyte structured cells 

A NiO-YSZ electrode support layer was fabricated as outlined pre-
viously [18]. To fabricate the electrolyte, a Ceradrop X-Serie (Limoges, 
France) drop-on-demand piezoelectric inkjet printer with a Dimatix 
Sapphire printhead (30 pL nominal droplet volume, Fujifilm, USA) was 

used to deposit 10 layers of the aqueous YSZ ink formulation reported 
previously [18] at a droplet ejection frequency of 1100 Hz and overlap 
of 30% onto the NiO-YSZ support. Immediately after depositing the 
planar YSZ electrolyte, a hexagonal array of YSZ pillars 100 layers tall 
were deposited on top; the ejection frequency was reduced to 180 Hz to 
minimise unpredictable droplet drift after ejection (Fig. S1) which 
would cause defects in printed structures. This step was omitted for the 
planar YSZ|LSM ‘benchmarking’ SOFCs. The droplet ejection piezo-
electric potential difference profile for the YSZ ink was a rise to 40 V 
over 1.5 µs, remaining at 40 V for 5 µs, and a decrease back to 0 V over 
2.5 µs. The NiO-YSZ | YSZ | YSZ (pillars) structure was co-sintered at 
1450◦C for 5 h (Elite Thermal Systems, UK), with a dwelling step at 
600◦C to ensure all organic species were combusted completely. 

A lanthanum strontium manganite (La0.8Sr0.2MnO3, LSM, Fuel Cell 
Materials, USA) ink was formulated by dispersing LSM particles in 
butanol, stabilised colloidally by polyvinyl butyral (PVB, Butvar 98, 
Sigma Aldrich, USA), then centrifuged at a relative centrifugal force of 

Fig. 3. Schematic equivalent electronic circuits for: (a) primary potential distribution, with infinitely fast kinetics and transport rates (zero overpotential); (b) 
secondary potential distribution, with finite electrolyte | electrode interfacial impedance. For positive and negative electrode reactions, potential source symbols (||) 
represent equilibrium potentials and RC symbols represent reaction impedances. Positive signs in square brackets of equations for electrolyser mode (U negative, so 
ΔG positive by convention) and negative signs for fuel cell mode (U positive, so ΔG negative by convention). 

Fig. 4. (a) Predicted U-j-p global performances of solid oxide fuel cells with planar and pillar structures (in square symmetry boundaries) at 800 ◦C, and predicted 
current density distributions through YSZ electrolyte in (b) planar structure and (c) pillar structure, at 0.5 V potential difference. 
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1200 for 8 min to narrow the particle size distribution, then filtered with 
a syringe filter (800 nm aperture, Cole Parmer, UK) and concentrated to 
12 wt% LSM. The final PVB mass fraction was 1.7 wt%. The LSM particle 
size and specific area have been reported previously [18]. The LSM ink 
was printed with a splat diameter of 80 µm and droplet overlap of 30% 
onto the sintered YSZ pillar array using a Fujifilm DMC (USA) 10 pL 
nominal droplet volume printhead with the droplet ejection profile: 0 to 
50 V over 1 µs, remaining at 50 V for 7 µs, a decrease to – 50 V over 2 µs, 
remaining at – 50 V for 7 µs, and finally an increase back to 0 V over 1 µs. 

For the YSZ ink formulation, YSZ particles (YSZ8-U1, Fuel Cell Ma-
terials, USA) were dispersed in de-ionised water, adding PMMA 
ammonium salt (Dispex A40, Ciba-BASF, UK;) as dispersant with a ratio 
of 0.2 mg m− 2 to YSZ particle surface area value. Sonication and 24 h of 
stirring followed, then the ink was centrifuged to obtain a narrow par-
ticle size distribution, and filtered using a 800 nm size filter. After 
adding polyethylene glycol 35,000 (PEG 35000, Sigma Aldrich, USA) at 
250 mg per 10 cm− 3 to adjust the viscosity, the ink was stirred again for 
24 h. Then alcohol ethoxylate (Natsurf 265, Croda Chemicals, UK) was 
added to adjust the surface tension as a final step to adjust the surface 
tension. More detailed conditions for formulating YSZ ink were pub-
lished previously [14]; characterisations and optimisation of YSZ and 
LSM inks also were reported previously [18]. All printed layers were 
dried in air at 25◦C; the structure was subsequently sintered at 1100◦C 
for 3 h, with an intermediate dwelling step at 600◦C to ensure all or-
ganics were combusted. LSM layers were printed with 15 layers on both 
planar and pillar structured cells prior to determination of their elec-
trochemical performances. Additionally, 60 layers were printed on the 
pillar structure to compare the effect of LSM thickness on the layer 
properties after sintering. The 15 and 60 layers of printed LSM on the 
pillar array corresponded to ca. 4 μm and ca. 10 μm thicknesses, 
respectively, and 15 layers of printed LSM on the planar structure were 
ca. 6 μm thick. In the fabrication of both planar and pillar structures, the 
same amount of ink was used for coating planar YSZ electrolytes and 
LSM layers, the same number of layers being printed in the same defined 
area, in both geometries. 

3.2. Electrochemical / material characterisation 

Current collection was facilitated by Ag wires | Ag mesh | Ag wool 
(Alfa Aesar, UK), cemented to the cell using Ceramabond 552 (Pi-kem, 
UK). The cell was mounted on the open end of an alumina tube (Almath 
Crucibles, UK) to separate the gas mixtures at the anode and cathode, 
using the same ceramic adhesive, and cured at 94◦C for 2 h, then at 
260◦C for 2 h. Prior to electrochemical measurements, the NiO electrode 
was reduced to Ni in hydrogen (flow rate 30 cm3 min− 1 throughout) for 
24 h at 670◦C. At sequentially increasing temperatures of 725, 770, and 
795◦C, electrochemical impedance spectroscopic measurements in 4 
probe mode were made at the open circuit potential difference (OCPD) 
with a p-p amplitude of 10 mV between 105 and 10− 1 Hz with ten points 
per frequency decade, and then while cycling the cell potential differ-
ence from the OCPD to 0.4 V at 5 mV s− 1. The cathode was exposed to air 
throughout. 

All SEM photomicrographs were taken with a Hitachi TM3030 
(Japan) with 15 kV beam energy, to verify the thicknesses of printed 
layer components and the microstructure of pillar arrays. 

3.3. Computational simulations 

COMSOL Multiphysics® version 5.6 software was used for finite 
element simulations of the electrochemical performance of both the cell 
with planar geometry, as shown in Fig. 5a: Planar structure, and the cell 
with cylindrical YSZ electrolyte pillars on a flat 7.5 μm YSZ electrolyte 
layer and covered with a 5 μm LSM electrode layer, as shown in Fig. 5b: 
Pillar structure. The pillar structure model was designed as a computa-
tional prediction of a single cylindrical pillar with square symmetry 
boundaries, which is the simplest design to validate the effect of pillar 
structure. The pillars were designed with 25 μm diameter, 95 μm height 
and 63 μm inter-pillar spacing, as for the printed and sintered pillared 
structure. The geometrical data for the models is listed in Table S1; the 
material information and electrochemical kinetic parameter values used 
in the models are reported in Table S2. Most of the kinetic data were 
taken from results reported in the literature, for which reference 
numbers [24–27] are listed in Table S2. However, as described in the 

Fig. 5. Schematic illustration of the two SOFC geometries fabricated: (a) planar structure without pillars, and (b) pillared structure with enhanced electrode | 
electrolyte interfacial area. 
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supplementary information (Figs. S4 and S5), exchange current densities 
and charge transfer coefficient values for oxygen electrode reactions 
were derived from experiments with a symmetric cell. Conditions such 
as working temperature, gas species ratio, and gas pressures used for the 
computational simulations are listed in Table S3 in the supplementary 
information. 

4. Results and discussion 

4.1. Structural characterisation 

Fig. 6 shows SEM photomicrographs of the YSZ pillar array before 
and after sintering. The pre-sintering pillar diameter, height, and 
spacing were ca. 34, 105, and 72 µm, respectively; the height of a single 
printed layer of YSZ within the pillars was ca. 1 µm. Evidently, there 
were no missing pillars in the printed array, demonstrating the high 
reproducibility of inkjet printing (Fig. 6b). After sintering, the diameter, 
height, and spacing had decreased to ca. 25, 95, and 63 µm, respectively, 
as shown by Fig. 6c. At the top of each pillar, there was a small inden-
tation, presumably caused by a mild coffee staining effect that occurred 
during droplet drying. This was not expected to have a detrimental effect 
on electrochemical performance. Internally, the pillars were highly 
dense, as shown by Fig. 6d, which should facilitate O2− ionic conduc-
tivity through the pillars. Additional microstructural characterization of 
printed YSZ pillar structures and YSZ electrolyte is shown in Fig. S6. 

Fig. 7a shows a SEM photomicrograph of the Ni(O)-YSZ | YSZ | LSM 
structure immediately outside of the pillar array, after sintering and 
electrochemical characterisation. Evidently, the electrolyte was highly 
dense, ca. 7.5 µm thick, and well adherent to both electrodes. The 
printed LSM layer was porous and ca. 4 µm thick, corresponding to an 
individual printed layer thickness of ca. 115 nm, smaller than the LSM 
mean particle size because the surface coverage of a single printed layer 
was less than a monolayer of particles. The thickness of the LSM layer in 
the ‘benchmark’ SOFC was ca. 6 μm (Fig. S2). This was thicker than the 
LSM coating over the pillars, as the surface area was decreased over 
which the LSM layer was spread; however, the difference was not large 
enough to have an effect on ohmic losses through the LSM, or signifi-
cantly inhibit oxygen diffusion to YSZ | LSM interfaces, where the TPBs 
are located. 

Fig. 7b shows a top-down view of the pillar array, after breaking the 
cell for structural characterisation. Relatively large fissures can be seen 
in the LSM layer between the pillars, equidistant from adjacent pillars. 
These features were not observed in the printed and dried LSM films 
prior to sintering. Therefore, they are believed to have formed during 
the LSM sintering process as a result of the compressive force generated 
during sintering, which may be derived from the work (W) done on the 
electrode during sintering at temperature (T), given by Eq. (3). 

W(T) = γLSM(T)
∑

ΔALSM (3)  

Fig. 6. Images showing the pillar array: (a) pre-sintering (SEM photomicrograph); (b) pillar array photograph; (c) post-sintering pillar array; (d) inside a 
broken pillar. 
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where γLSM represents the surface energy of LSM, and ΔALSM the average 
change in surface area of a LSM particle in the printed layer. Considering 
a circular annulus of thickness δr within the printed LSM film around a 
pillar positioned at radius r from the outer diameter of the pillar, Eq. (3) 
can be rewritten in terms of the work done within the annulus, as shown 
in Eq. (4). 

δW(r,T) = γLSM(T) × N(r) × ΔALSM (4) 

Where N(r) represents the number of LSM particles within the 
annulus and is equal to the total volume of particles divided by the 
volume of an individual LSM particle (VLSM), as shown by Eq. (5), 
assuming no variation in θ, i.e. the film varies only radially. 

N(r) =
φ0ΔV
VLSM

=
2πrδrH0φ0

4/3πr3
p,0

(5)  

where φ, H, and rp,0 represent the particle volume fraction in the dried 
film, film depth, and particle radius at pre-sintering conditions (‘0’), 
respectively. ΔV represents the volume of the annulus. Substituting Eqs. 
(5) into (4), the work done in the annulus can be derived, and is shown 
in Eq. (6): 

δW(r,T) = γLSM(T).φ0.ΔALSM.
3
2

H0

r3
p,0

rδr (6) 

Taking the limit δr→0, results in Eq. (7) for the (compressive) force 
during sintering, F(r,T). 

δW(r,T)
δr

= F(r,T) = γLSM(T).φ0.ΔALSM.
3
2

H0

r3
p,0

r (7) 

Therefore, with both increasing radial position and (initial) film 

height, the compressive force that occurs in the LSM film due to particle 
sintering increases linearly, which could explain the fissure formation 
during sintering, equidistant between adjacent pillars (axis of symme-
try). Therefore, by decreasing the initial LSM film thickness and inter- 
pillar distance, the maximum compressive force should be decreased 
for identical printed particles. Evidence to support this hypothesis is in 
Fig. 7c and d, which show that when LSM thickness was decreased to 15 
layers (Fig. 7c) fissures were not formed, and when LSM thickness was 
increased to 60 printed layers (Fig. 7d), fissures increased in size, ulti-
mately causing delamination of the LSM film. 

4.2. Electrochemical performance characterisation 

After NiO reduction with hydrogen, the open circuit potential dif-
ferences (OCPDs) at 725, 770, and 795◦C were 1.147, 1.149, and 1.135 
V, respectively, which are close to theoretically predicted values [4], 
indicating that the electrolyte and sealant were essentially gas-tight. 
Fig. 8a shows a Nyquist plot for the pillar structured SOFC charac-
terised in hydrogen, at OCPD. Fig. 8c shows the variation in cell po-
tential difference U with current density j, and corresponding power 
densities (p); peak power densities at 725, 770, and 795 ◦C were 0.09, 
0.21, 0.30 W cm− 2 respectively. These were ca. 3 (at 725 ◦C) – 6 (at 795 
◦C) times greater than the power densities of the benchmark cells, as 
shown in Fig. 8d, demonstrating that the pillars enhanced the electro-
chemical performance due to the greater number of TPBs, as implied by 
the significantly smaller cell polarisation shown in Fig. 8a compared to 
Fig. 8b. Compared to the j-U-p measurements of the planar SOFC 
(benchmark cell) with LSM electrode layer in other publications 
[28–30], the performance of the SOFC with a pillared structure in this 
study demonstrated explicitly an enhanced performance. This measured 

Fig. 7. SEM photomicrographs of: (a) cell structure away from the pillar array; (b) top-down view of the pillar array, after electrochemical characterisation; (c) 15 
layers; and (d) 60 printed layers of LSM on the pillar array. 
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electrochemical performance increase was additionally supported by the 
computational simulations, which predicted ca. 2.3 times greater power 
densities at 800 ◦C, a similar performance enhancement factor. 
Considering that calculation was designed with a single cylindrical pillar 
with square symmetry boundaries, the enhancement factor could be 
even closer to the value obtained from the experimental performance. At 
lower temperatures, the effect of additional area of the pillars was 
decreased more than at higher temperatures. This was a consequence of 
spatial potential distributions within electrodes, which result from the 
temperature-dependent YSZ conductivity that is decreased at low tem-
peratures, explaining why the performance enhancement was lowest at 
725 ◦C. Evidently, electrochemical performance enhancement was 
non-linear with increasing pillar height, as implied by Fig. 4c. Therefore, 
to predict how electrochemical performance varies with electrode ge-
ometry, and hence to predict the optimal electrode geometry, requires 
numerical simulation of electrochemical kinetics, coupled with mass 
transport models. 

As shown by Fig. 8a and b, unsurprisingly, the high frequency 
intercept decreased with increasing temperature, due to the increased 
YSZ conductivity. In the Nyquist plots for the pillar structured SOFC, the 
measured ohmic resistances were 0.29 Ω cm− 2, 0.21 Ω cm− 2, and 0.17 Ω 
cm− 2 at 725◦C, 770◦C, and 795◦C, respectively, and the polarisation 
resistances were 3.19 Ω cm− 2, 2.74 Ω cm− 2 and 3.35 Ω cm− 2 at 725◦C, 
770◦C, and 795◦C, respectively. The Nyquist plots of the planar SOFC 
exhibited ohmic resistances of 1.91 Ω cm− 2, 1.49 Ω cm− 2, and 1.44 Ω 
cm− 2, at 725◦C, 770◦C, and 795◦C, respectively, and its polarisation 
resistances were 10.93 Ω cm− 2, 5.25 Ω cm− 2 and 4.43 Ω cm− 2 at 725◦C, 
770◦C, and 795◦C, respectively. At 795◦C, at frequencies < 50 Hz, the 
cell impedance was greater than at 770◦C, contrary to expectations, as 
mass transport impedances, which dominate at those characteristic 
times, are expected to diminish at higher temperatures [31–33]. Addi-
tional structural investigation of the post-characterised cells indicated 
that after exposure to high temperatures, the silver present in the current 

collector sintered to the top of the pillars (where the current collector 
was located), blocking reaction sites, and hence increasing mass trans-
port impedances, as shown by the SEM photomicrographs in Fig. 9. 

Despite hindering oxygen transport to the TPBs at the top of the 
pillar, Fig. 8c shows that the electrochemical performance at 795◦C was 
greater than at 770◦C, at which the Ag sintering coverage was less 
extensive. This is another consequence of the comparatively low con-
ductivity of YSZ relative to LSM, causing significant spatial over-
potential distributions within the electrode. Consequently, the most 
electrochemically active TPBs are those closest to the planar electrolyte, 
i.e. those furthest from the current collector and so less covered by Ag 
sintered to the LSM. In this case, the electrochemical characterisation 
occurred over ca. 48 h., so over longer times, this problem would be 
exacerbated; hence, Ag should be replaced with a more thermally-stable 
current collecting material, such as gold or platinum. 

Fig. 8c shows that at current densities < ca. 0.1 A cm− 2, cell per-
formance was dominated by ohmic potential losses, but at ca. 0.6 V, the 
resistance increased due to the onset of mass transport control, which 
become dominant at lower potential differences. However, the effect 
was not evident with planar cells, especially at 725◦C and 770◦C and 
current densities were low fractions of those of cells with pillar struc-
tures, possibly due to the relatively low TPB density at the cathode part 
of the planar structure, limiting the oxygen reduction kinetics. LSM is 
known to have variable oxygen stoichiometry depending on operating 
conditions [25], which may activate a bulk oxygen conduction pathway 
[26], creating oxygen vacancies in the LSM [27], enhancing oxygen 
transport rates to TPBs. 

5. Conclusions 

Inkjet printing of a colloidal YSZ ink was used to fabricate 
hexagonally-arranged cylindrical pillar arrays of YSZ electrolyte on NiO- 
YSZ substrates. LSM was inkjet printed on top of the sintered pillars, to 

Fig. 8. Nyquist plots at OCPD of (a) H2 | Ni(O)-YSZ | YSZ | YSZ (pillars) | LSM | air, (b) H2 | Ni(O)-YSZ | YSZ (planar) | LSM | air, filled markers indicate frequency 
decades; effect of current density (j) on cell potential difference (U) (hollow markers) and power density (filled markers) of (c) the pillar structured SOFC, (d) 
‘benchmark’ planar SOFC. 
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produce solid oxide fuel cell (SOFCs) with structures: Ni(O)-YSZ | YSZ | 
YSZ pillars | LSM. Due to compressive forces that result from the 
decrease in particle surface area during sintering, decrease of the LSM 
film thickness was required to produce a film that adhered to the YSZ 
electrolyte and pillars without detaching. 

Electrochemical characterisation of the resulting SOFCs at 725, 770, 
and 795 ◦C indicated that the electrolyte was gas-tight; peak power 
densities operating with dry hydrogen were 0.09, 0.21, 0.30 W cm− 2, 
respectively, ca. 3 (at 725 ◦C) to 6 (at 795 ◦C) times greater than power 
densities from a ‘planar’ benchmark cell (Ni-YSZ|YSZ|LSM without 
pillars). This demonstrated that the additional interfacial area provided 
by the pillars did indeed enhance the SOFC performance, by a 
temperature-dependent factor, due to spatial distributions of potential 
and current density, resulting from a temperature-dependent conduc-
tivity ratio of ca. 104 between YSZ electrolyte and LSM electrode phases, 
the charge transfer kinetics between which is also temperature depen-
dent. Therefore, predicting the optimal electrode microstructure re-
quires complex multi-physics simulations, results of which will be 
reported in a future publication [34]. 

Computational simulations predicted peak power densities increased 
by a factor of about 3 as a result of extending electrolyte | electrode 
interfacial areas, exemplified by YSZ pillar arrays, compared with those 
of planar YSZ electrolytes. This was validated experimentally for the 
printed cells, implying that the pillared 3D structure effectively 
increased the number of reaction sites per geometric area, thereby 
increasing SOFC performance. 
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