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A B S T R A C T   

Solid oxide electrochemical reactors (SOERs) may be operated in fuel cell (SOFC) or electrolyser (SOE) modes, at 
temperatures > 800 K, depending on electrolyte and electrode materials. In electrolyser mode, current densities 
of ≥ ca. 104 A m− 2 are achievable at potential differences ideally at the thermoneutral values of 1.285 V for 
steam splitting or 1.46 V for CO2 splitting at 750 ◦C. As for large scale chemical processes in general, such re
actors are required to be energy efficient, economic, of scalable design and fabrication, and durable ideally over 
≥ ca. 10 years. 

Increasing densities of electrode | electrolyte interfacial areas (and electrode | electrolyte | pore triple phase 
boundaries) of solid oxide fuel cells or electrolysers offers one means of increasing performance, reproducibility, 
durability and potentially decreasing cost. Three-dimensional structuring of those interfaces can be achieved by 
3D printing, but modelling is required to optimise geometries. Using kinetic parameter values from the literature, 
COMSOL Multiphysics® finite element software was used to predict effects of 3D geometries, increasing inter
facial to geometric area ratios, on SOER performances for YSZ ((ZrO2)0.92(Y2O3)0.08) oxide ion conducting 
electrolyte and Ni-YSZ electrode based cells, relative to corresponding planar structures with < 10 μm thick 
planar YSZ electrolyte. For the negative electrode, electrolyte and electrode layers were inkjet printed on Ni(O)- 
YSZ substrate precursors, then sintered. For the positive electrode, porous lanthanum strontium manganite (LSM: 
La0.8Sr0.2MnO3-δ) was brush-coated over the (gas-tight) YSZ, then sintered to produce complete SOERs: H2O-H2 | 
Ni(O)-YSZ | YSZ-YSZ pillars | YSZ-LSM | LSM | O2. 

Results are reported showing that, in the case of solid YSZ pillars, despite interfacial electrode | electrolyte 
areas being up scaled by factors of 10–150 depending on height (10–150 μm), current densities were predicted to 
increase by only ca. 1.14 in electrolysis mode and peak power densities were predicted to increase by ca. 1.93 in 
fuel cell mode. This was due to increased ionic current path length along the pillars, increasing ohmic potential 
losses relative to faradaic impedances; as expected, such predictions depend strongly on electrode kinetic 
parameter values. After sintering the porous Ni(O)-YSZ pillars and their subsequent reduction with H2 to nickel, 
they were assumed to constitute equipotential surfaces, depending on current collector design. Predicted current 
densities were up to 1011 mA cm− 2, far greater than in solid YSZ pillars, ultimately limited by reactant or 
product mass transport through porous pillars of increasing height.   

Nomenclature  
Symbol Definition Units 
av Active surface area per unit volume m− 1 

Ai Cross-sectional area of current path m2 

D Distance m 
dk Diffusional driving force  
Di Diffusion coefficient of species i m2s− 1 

e− Electronic charge, 1.60219 ×10− 19 C 
Standard equilibrium electrode potential V 

(continued on next column)  

(continued ) 

Eθ
eq 

Eeq Equilibrium electrode potential vs. reference electrode V 
F Faraday constant, 96,485.34 C mol− 1 

I Current A 
J Current density A m− 2 

JL Mass transport limited current density A m− 2 

jloc Local current density A m− 2 

(continued on next page) 
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(continued ) 

jo Exchange current density A m− 2 

jv Volumetric current density = jloc × av A m− 3 

Ji Mass flux density rate of species i g m− 2s− 1 

kB Boltzmann Constant 1.3806504 × 10− 23 J K− 1 

Mi Molar mass of substance i g mol− 1 

Nav Avogadro’s constant, 6.022051023 mol− 1 

N Normal vector 1 
pi Partial pressure of gas i Pa 
pA Pressure Pa 
p0

i Partial pressure of gas under standard conditions Pa 
R Gas constant, 8.31441 J mol− 1K− 1 

Ri Consumption of production rate of species i g m− 3s− 1 

T Absolute temperature K 
U Gas velocity m s− 1 

U Cell potential difference V 
Xk Mole fraction of species k 1 
zi Number of elementary charges on species i 1 
αa Transfer coefficient for anodic reaction 1 
αc Transfer coefficient for cathodic reaction 1 
ε Voidage 1 
ϕ Electrical potential V 
ϕe Electrical potential of electronically-conducting phase  
ϕi Electrical potential of ionically-conducting phase  
η Overpotential = ϕe − ϕi − Eeq V 
kg Permeability m2 

μ Dynamic viscosity N m− 2s 
vi Stoichiometric factor for species i 1 
ve Electron stoichiometric factor 1 
ρ Density g m− 3 

σi,T Conductivity of phase i at temperature T S m− 1 

wi Mass fraction of species i 1 
wk Mass fraction of species k 1 
Δp Pressure differential Pa m− 1 

Subscripts   
N Negative electrode  
P Positive electrode   

1. Introduction 

As countries decarbonise their electrical power, steel, cement and 
other industries, demands are increasing for carbon-free fuels such as 
hydrogen [1]. Solid oxide electrochemical reactors (SOERs) are amongst 
the most promising gas conversion systems, enabling clean hydrogen 
production from steam, without CO2 emissions when powered by 
renewable energy, with the highest conversion efficiencies due to their 
high operating temperatures [2,3]. 

For the development of higher performance SOERs to generate 
hydrogen more efficiently and economically, it is crucial to increase 
specific rates of electrode reactions, which occur at triple-phase 
boundaries (TPBs) between the electronic conductors of positive (p) 
and negative (n) electrodes | ionic conductors (i) | pores in the porous 
electrodes for transport of gaseous (g) reactants and products [4,5]. 

Hence, increasing TPB densities increases specific reaction rates [6], so 
enhancing SOER performances for the reactions (1) and (2) at positive 
(p) and negative (n) electrodes: 

O2(g) + 4e−(p) ↔ 2O2−
(i) (1)  

2H2O(g) + 4e−(n) ↔ 2H2(g) + 2O2−
(i) (2) 

Increased TPB densities have been reported [7–10] to be achievable 
by various techniques, including fabrication of micrometre scale 
three-dimensional (3D) ceramic structures by inkjet printing, which is 
also able to produce structures reproducibly, unlike conventional 
fabrication methods [11–13]. The method can also increase 
cost-effectiveness, by enabling mass production in an assembly line 
process [14,15]. 

Figs. 1 and 2 show schematics of cells with 3D structural layer 
components, which can be printed by inkjet printing. Fig. 1 shows a cell 
with a 3D structured YSZ electrolyte layer, and Fig. 2 shows porous 3D 
structured Ni(O)-YSZ negative electrode functional layers with 2 types 
of shapes. As reported in Section 4.4, the structure in Fig. 2 was pre
dicted to increase reactor performance even more than that in Fig. 1. 

However, fabricating increasingly taller YSZ pillars will not lead 
directly to further enhancement of SOER performance. Due to YSZ’s 
relatively low, temperature-dependent oxygen ion conductivity and 
increasing ion conduction path lengths causing ohmic potential drops 
through such pillars, there is a saturation of performance enhancement. 
Hence, it is important to determine the optimal pillar geometry that 
produces the greatest performance, which could be normalised with 
respect to pillar height to optimise material utilization in fabricating 
such 3D structures. 

In the case of Ni(O)-YSZ pillars, electrode | electrolyte interfacial 
areas increase with pillar height and decrease with pillar radius, so 
reactor performance might be expected to do likewise, subject to 
possible gas phase mass transport limitations. Hence, prediction of 
optimal pillar geometries for the whole range of kinetic to transport 
control would enable focusing of printing and subsequent experiments 
on those geometries. 

Herein, we report predictions of the effects of electrode | electrolyte 
geometric structures on the electrochemical performance of the cell 
predicted by finite element modelling with COMSOL Multiphysics® 
software, using kinetic parameter values from the literature. The first 
model of cells designed with a solid YSZ pillar(s) (Fig. 1), was modelled 
with pillar heights of 10–150 μm and pillar diameters of 5–50 μm; the 
second model cell, designed with a porous Ni(O)-YSZ pillar(s) (Fig. 2), 
was modelled with heights of 10–190 μm and diameters of 5–30 μm. 
Preliminary experimental validation of the model predictions used 
inkjet printing of YSZ pillar structures and electrochemical analysis of 
their effects on reactor performances. The objective of the modelling 
was to estimate up-scaling factors predicted to be achievable by 

Fig. 1. Schematic of solid oxide electrolyser reactors with pillared electrolyte structures.  
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structuring electrode | electrolyte interfaces over the range of practically 
possible geometries, relative to their planar counterparts. Subsequent 
experiments provided preliminary validations of those predictions. 

2. Experimental Methods 

2.1. Solid oxide electrochemical reactor fabrication 

2.1.1. Ni(O)-YSZ electrode support preparation 
Ni(O)-YSZ negative electrode support layer was fabricated by pel

letisation. NiO (NiO-S, Fuelcellmaterials, USA) and YSZ particles (YSZ8- 
U5, Fuelcellmaterials, USA) were prepared with 55 to 45 wt ratio and 10 
wt% graphite was added as a pore former. The three particulate phases 
were ball-milled in ethanol using zirconia balls for 24 h, the dispersion 
was dried at 70 ◦C overnight and the dried powder was ground lightly, 
prior to being pressed at 10 MPa pressure in a 25 mm diameter pellet die. 
The pellet was then heat-treated firstly at 450 ◦C for 1 h, then at 900 ◦C 
for 5 h. 

2.1.2. YSZ ink formulation 
With several trivial changes, YSZ inks were prepared as published 

previously [12]. Firstly, YSZ particles (8YSZ-U5, Fuelcellmaterials, USA) 
were dispersed in de-ionized water, then dispersant (Dispex A40, 
Ciba-BASF, UK) was added at a concentration corresponding to 0.2 mg 
m− 2 of surface area of YSZ particles. The dispersion was ball-milled with 
zirconia balls to break particulate agglomerates over 48 h; then the 
dispersion was treated witha sonication probe for 3 min, thrice, with 3 
min rest intervals, then treated by bath ultrasonication for 10 min. 

The sonicated dispersion was centrifuged at 1450 rpm for 2 min and 
1000 rpm for 5 min to remove the particle agglomerates and to obtain a 
narrower particle size distribution. YSZ sediments formed after centri
fuging were removed, and the YSZ ink was filtered using a 800 nm sy
ringe filter, to remove particles larger than 800 nm, which otherwise 
would have caused blockage of nozzles during inkjet printing. Binder 
(PEG-35,000) was added at a concentration of 25 mg cm− 3 of the total 
ink volume; the dispersion was stirred for another 24 h and then Natsurf 
265 (Croda Chemicals, UK) was added at a concentration of 0.2 mg cm− 3 

of the total ink volume as a final step, just before printing. 

2.1.3. YSZ pillar fabrication 
YSZ pillars were printed on top of the YSZ electrolyte layer, coated on 

the surface of NiO-YSZ electrode support layer by dip-coating [16]. A 40 
× 40 array of YSZ pillars with 100 μm diameter (& 80 μm) and 200 μm 

spacing was printed at a print speed of 42 mm s− 1 (equivalent to 2500 
Hz pulse rate) using a 3D inkjet printer (CeraDrop X-Serie piezoelectric 
drop-on-demand inkjet printer, Ceradrop, France) with a Samba print
head (Samba G3L, Fujifilm, Japan). The pillar arrays were printed with 
100 layers to obtain the required pillar heights, with pausing and 
purging steps added every 10 layers to prevent nozzle blockage. 

Firstly, printed pillars were heat treated at 450 ◦C for 1 h, then with a 
5 ◦C min− 1 ramp rate, at 600 ◦C for 2 h, to remove organic adsorbates 
remaining in the printed pillar structures. The printed YSZ pillared half- 
cells were sintered at 1400 ◦C for 5 h with the same ramp rate and in
termediate heating step as in the pre-heat treatment. After sintering, a 
LSM layer was brush coated on the surface of the YSZ pillar structured 
electrolyte and dried on a hot plate at 80 ◦C, followed by sintering at 
1000 ◦C for 2 h using a tube furnace (EHA 12/450B, Carbolite-Gero, 
UK), with the same ramp rate and intermediate heating step as for the 
pre-heat treatment procedure. For performance comparison, the same 
fabrication process as that for the pillared cell, though without YSZ pillar 
printing, was used to produce a cell with planar YSZ geometry (Fig. 1). 

2.2. Analysis 

2.2.1. Electrochemical Analysis 
Ceramic sealant (Adhesive 668, Aremco, USA) was used to seal the 

Ni(O)-YSZ negative electrode side of fabricated cells on the end of a 25 
mm diameter alumina tube, in which hydrogen gas or steam was flow
ing. Details of the current collection, sealing and reactor assembly were 
as reported previously [12]. NiO was reduced to Ni using a hydrogen 
and argon gas mixture with a ratio of 1 to 9, for 12 h at 650 ◦C. 

Electrochemical experiments were conducted at 700 ◦C, 750 ◦C and 
800 ◦C in a vertical tube furnace (TS1 12/60/300, Carbolite-gero, UK) 
with the cell at its centre. A combination of silver mesh (Alfa-Aesar, 
USA) and silver paste was used as current collector for the ca. 19 μm 
thick LSM electrode, and NiO paste for the Ni-YSZ electrode, attached to 
Pt wires (Goodfellow, UK) connecting the cell to an Autolab potentiostat 
(PGSTAT302N, Ecochemie, Metrohm, The Netherlands), used to mea
sure its impedance and current-potential difference performance in 
(steam) electrolyser and (H2-O2) fuel cell modes. Electrochemical 
impedance spectroscopy (EIS) was conducted under open circuit po
tential conditions with 10 mV RMS amplitude and frequency range of 
105–0.1 Hz. 

2.2.2. Microstructural characterisation 
An optical microscope (GXM-L3230, GT vision, UK) and camera 

Fig. 2. Schematic solid oxide electrolyser with pillared electrolyte | negative electrode interfaces.  
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(GXCAM-U3PRO, GT vision, UK) were used to image the YSZ pillar 
structures after printing. A scanning electron microscope (SEM, 
JSM6400, JEOL, Japan) with 15–20 kV accelerating voltage and 15 mm 
working distance, was used to obtain cross-sectional images of cells and 
for characterisation of printed YSZ pillar structures, the surfaces of 
which previously had been rendered electronically conducting by gold 
sputtering for 40 seconds. 

3. Model development 

3.1. Designing models in COMSOL multiphysics® 

A finite element model was built in COMSOL Multiphysics® software 
to represent a typical single pillar under average conditions of 50 H2: 50 
H2O(g), the simplification enabling prediction of the effects of multiple 
physical and material parameters, of cell potential differences on current 
densities, and on power densities for fuel cell mode. Having defined 
ranges of near optimal geometries for single pillared structures, a future 
publication [17] will extend these results to those of models for 
micro-structured cells with a rectangular array of either solid electrolyte 
or porous electrode pillars. 

Using a 3D design module in COMSOL Multiphysics® version 5.6 
finite element software, two types of pillar structures were designed, 
firstly with YSZ pillars, as shown schematically in Fig. 1, and secondly 
with Ni(O)-YSZ pillars as in Fig. 2. The cylinder shape geometry tool was 
used to construct model YSZ pillars with diameters from 5 to 50 μm, and 
heights from 10 to 150 μm, with a constant 5 μm thick LSM layer 
structure. The cone shape geometry tool was used to construct model 
right circular Ni(O)-YSZ cones of diameters from 5 to 30 μm, and heights 
from 10 to 190 μm, with a constant 5 μm thick LSM layer, then a YSZ 
layer 7 μm thick with a top radius of the cone of 0.5 μm. Spacing be
tween the centres of pillars or cones was 63 μm in both models. The 
COMSOL Fuel Cell and Electrolyser module was used to simulate gas 
transport through the model cell structures, and for calculation of their 
tertiary potential, current and gas compositional distributions, as func
tions of cell potential differences. 

3.2. Values of kinetic and other parameters 

Electrochemical and physical parameter values used in the designed 
models are listed below in Table 1. 

3.3. Model overview 

Fig. 3 shows the models of the solid and porous pillars, with the 
width of the domain equal to the 63 μm spacing between centres of 
pillars on a rectangular array in the x-y plane. The four vertical 
boundaries (located in the x-z and y-z planes) are symmetry boundaries, 
across which no mass or charge transport was allowed, unlike flow 
parallel to the boundaries. This ensured that the model was represen
tative of a typical pillar that was performing identically to its neigh
bours. The vertical dimension was sufficient for the cell thickness, 
including the pillar height, plus a margin to allow gas flow to and around 
the pillar. The gas flow was constrained to enter and leave the model via 
the square boundaries (in the x-y plane) at the top and bottom of the 
model. 

The gas inlet/outlet boundary was implemented as a pressure 
boundary set to atmospheric pressure. This posed no constraint on the 
gas flow rate and avoided inadvertently fixing mass transport rates and 
hence cell current densities. The mole fractions of H2 and H2O were fixed 
at this boundary as a 50:50 ratio, representing a pillar at which half the 
inlet gas had been converted in either fuel cell or electrolyser modes, as 
discussed in Section 3.2. The vertical flow of gas from the boundary 
(from the bulk gas) to the surface of the electrode represents the flow 
driven by the partial pressure differences due to the consumption of 
reactants in the porous electrode. 

The outer surface of the negative electrode (Ni-YSZ) was set to be 
electrical ground (0 V) and the outer surface of the positive electrode 
(LSM-YSZ) is set to an applied potential difference of Ucell relative to 
electrical ground. Current density and power density responses were 
obtained by sweeping through a range of positive electrode potentials, 
Ucell. 

At the negative electrode in fuel cell mode, hydrogen gas entering the 
porous electrode was oxidised, decreasing the hydrogen partial pressure 
and producing steam that flowed out of the porous electrode to the inlet/ 
outlet boundary. Local reaction rates depend on local overpotentials and 
the active surface area (triple phase boundary area in each mesh cell 
volume, as in Table 1). 

COMSOL Multiphysics® solved coupled differential equations for: 
mass transport (Brinkman Equations and Diffusion), electrode kinetics 
(pressure independent Butler-Volmer Equation), and charge transport 
(Ohm’s Law) to determine the secondary current distribution, allowing 
for the effects of overpotential. The relevant equations below were 
extracted from the Fuel Cell & Electrolyzer Module User’s Guide [www. 
comsol.com]. The default solvers for the Fuel Cell and Electrolyser 
module were used, with the following analysis options selected:  

• Include gas phase diffusion at both electrodes;  
• Use Darcy’s Law for momentum transport at both electrodes;  
• Include N2 in the O2 gas mixture (as per Table 1);  
• Reference pressure, 0.1 MPa;  
• Mixtures treated as ideal gases. 

3.4. Electrode kinetics and current distribution 

A pressure independent Butler-Volmer equation was used to calcu
late the local current density jloc, with a user defined exchange current 
density and anodic and cathodic transfer coefficients taken from liter
ature for the Ni-YSZ negative electrode and from the authors’ own 
measurements [18] for the LSM-YSZ positive electrode. 

jloc = j0

[

exp
(

αaFη
RT

)

− exp
(

−
αcFη
RT

)]

(3) 

Table 1 
Values of parameters input to models.  

Parameter Values Units Refs. 

Spacing between pillars 63 μm  
LSM layer thickness 5 μm  
YSZ electrolyte layer thickness 7 μm  
YSZ-Ni negative electrode functional layer 10 μm  
YSZ-Ni negative electrode support thickness 100 μm  
Thickness of hydrogen gas diffusion area 150 μm  
Thickness of air gas diffusion area 200 μm  
ΔEeq_potential difference 1.1065 V  
Anodic exchange current density 0.01 A 

cm− 2  

Cathodic exchange current density 0.00148 A 
cm− 2 

[18] 

YSZ conductivity (800 ◦C) 4.478 S m− 1 [19] 
Ni(O) conductivity (800 ◦C) 2 × 106 S m− 1 [13] 
LSM conductivity (800 ◦C) 18 060 S m− 1 [20] 
Cathodic transfer coefficient for hydrogen electrode 0.5 - [21] 
Anodic transfer coefficient for hydrogen electrode 0.5 - [21] 
Cathodic transfer coefficient for oxygen electrode 0.906 - [18] 
Anodic transfer coefficient for oxygen electrode 1.247 - [18] 
Working temperature 1 073.2 K  
YSZ-Ni negative electrode functional layer 

permeability 
5 × 10− 15 m2 [22] 

YSZ-Ni negative electrode support permeability 5 × 10− 14 m2 [22] 
Positive electrode specific surface area value 3.9 × 107 m− 1 [23] 
YSZ-Ni negative electrode functional layer specific 

surface area value 
4.12 ×
106 

m− 1 [23]  
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where αa and αc are the anodic and cathodic transfer coefficients and are 
user defined independently for the positive (LSM-YSZ) and negative (Ni 
(O)-YSZ) electrodes. 

This approach was taken to ensure the correct relationship between 
the current density and overpotential from the experimentally deter
mined behaviour of porous, micro-structured LSM-YSZ electrodes. 
Equilibrium potentials for positive and negative electrodes were calcu
lated from the relevant Nernst equations: 

Eeq = Eθ
eq −

RT
eF

ln
∏

i

(
pi

pθ
i

)

(4)  

using reference values built-in to the COMSOL Fuel Cell and Electrolyzer 
module and verified by independent calculation; subscript i denotes 
reacting species. 

The total volumetric current density jv in a mesh element is given by 
a local current density jloc multiplied by the active surface area per unit 
volume, av (m− 1). COMSOL integrates the current across the mesh ele
ments to obtain an overall current and current density for the model. 

jv = jlocav (5) 

Overpotentials for electrode reactions were calculated from: 

η = ϕe − ϕi − Eeq (6) 

Where ϕe and ϕi represent the potentials in electronically- and 
ionically-conducting phases, respectively. The fixed boundary condi
tions were ϕe,n = 0 at the surface of the negative electrode (treated as 
electrical ground) and ϕe,p = Ucell at the surface of the positive electrode. 

The 3-dimensional current density distribution j in the electrode 
(subscript e) and electrolyte (subscript i) and the corresponding poten
tial distributions ϕe and ϕi, were determined by applying Ohm’s law in 
their respective electronically- and ionically-conducting phases: 

j = − σ⋅∇ϕ (7) 

These equations were coupled to Butler-Volmer equations across 
electrode | electrolyte interfaces and the Brinkman equations for gas 
flow, and solved iteratively by the default COMSOL solvers. 

At the four symmetry boundaries in the x-z and y-z planes, an insu
lation condition was set so no current flowed across those boundaries: 

− n⋅j = 0 (8) 

Where n is the normal vector to the boundary. 
At higher cell potential differences, mass transport limitations due to 

electrode permeability(ies) also affect current densities, which ulti
mately become independent of local overpotentials for either electrode, 
resulting in transport limited current densities jL,i due to reaction of 

species i in either electrode. This was incorporated via the interaction of 
the gas flow models and the kinetics described by Butler-Volmer equa
tions. In the case of 3D micro-structured electrodes, the flow of each 
species was computed numerically based on solving coupled equations 
for flow due to partial pressure gradients, as detailed below. 

3.5. Mass transport 

In COMSOL’s Fuel Cells and Electrolyzer module, the flow of gas in 
the gas channel and porous electrode was described by the application of 
both the Brinkman Equations node and the Transport of Concentrated 
Species node (Maxwell-Stefan equations for inter-diffusion of H2 and 
H2O). In the open gas channel, the Brinkman Equations reduce to the 
Navier-Stokes equations, and in the porous electrodes they approach 
Darcy’s Law. For the computation of flow in the porous electrodes, a 
range of graded permeabilities were applied (Table 1). The negative 
electrode support was highly porous, so was given a large permeability, 
allowing relatively unrestricted gas flow to and from its functional layer. 
The functional layers close to the electrolyte were fabricated from pre
cursors with a smaller particle size, increasing active surface areas but 
decreasing permeabilities. Hence, as described in the Results section, a 
lower permeability value was used for the active layers of ca. 10 μm, 
enabling higher current densities before the onset of mass transport 
control. 

Gas velocities u in the porous electrode were related to the pressure 
differential, ∇p, by Darcy’ Law: 

u = −
κg

μ ∇p (9) 

Where κg is the permeability and μ is the dynamic viscosity. 
The following boundary condition at the symmetry boundaries pre

cludes gas flow across the boundaries: 

− n⋅ρu = 0 (10) 

In the porous electrode, a form of the continuity equation relates the 
velocity of species i to a mass flux rate Ji (relative to the mass averaged 
velocity) and a consumption or production rate per unit volume Ri: 

∇⋅Ji + ρ(∇⋅u)ωi = Ri (11) 

The reaction rate Ri couples the flow in the porous electrode to the 
kinetics via: 

Ri = −
Mivijv

eF
(12) 

Where jv is the volumetric current density (A cm− 3) in the mesh 
element (Eq. (5)), vi is the stoichiometric coefficient for reaction of 

Fig. 3. Overview of COMSOL model cell geometry for (a) solid YSZ electrolyte pillar, and (b) porous Ni(O)-YSZ electrode pillar.  
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species i and Mi is the molar mass (g mol− 1) of the species i. 
The mass flux vector Ji is given by the Maxwell-Stefan diffusion 

model for concentrated species, here for constant temperature: 

Ji = − ρωi

∑Q

k=1
D̃ikdk (13) 

Where Dik are multi-component Fick diffusion coefficients (COMSOL 
defaults used), dk is the diffusional driving force, and ωi is the mass 
fraction. 

The diffusional driving force dk is given by 

dk = ∇xk +
1
pA

[(xk − ωk)∇pA] (14) 

The absolute pressure is pA and xk and ωk are the molar and mass 
fractions of species k. 

At the symmetry boundaries, the following condition was applied to 
ensure no mass flux across the boundary: 

− n⋅Ji = 0 (15)  

4. Results of COMSOL Simulations 

4.1. YSZ pillar structures 

Performance predictions of fuel cells and electrolysers with pillared 
structures are presented in Fig. 4, together with corresponding data for 
planar structures. Fig. 4a shows predicted effects on model SOFCs with 
YSZ pillars of current density on potential difference and power den
sities, for pillar heights from 10 μm to 150 μm, with diameter of 25 μm 
and spacing between the pillars of 63 μm. Fig. 4b shows more clearly 
that peak power density values increased from 247 mW cm− 2 for the 
planar cell by 93% to a limiting value of 477 mW cm− 2 for pillared cells, 

with values increasing by only ca. 5% for pillar heights greater than 60 
μm. 

Fig. 4 c and d show model predictions of the effect of pillar height on 
electrolyser potential difference – current density data for pillars of 25 
μm diameter and 63 μm inter-pillar spacing, within the range of geom
etries printable with the Ceradrop X-serie 3D printer. At the thermo
neutral potential of ca. 1.29 V for steam splitting at 800 ◦C [24,25], 
predicted global current densities of 391 mA cm− 2 for a planar structure 
increased with pillar height for pillared structures to 446 mA cm− 2. In 
electrolyser mode, as for fuel cell mode, current densities reached a 
limiting value with increased pillar height, but in the former case, the 
upscaling factor was limited to 1.13 at heights of ca. 40 μm, above which 
current densities increased by only 1%. 

Fig. 5 shows model predictions of the effects of current density and 
YSZ pillar diameter (5–50 μm) on fuel cell and electrolyser potential 
difference, with pillar height and inter-pillar spacing fixed at 90 μm and 
63 μm, respectively; conventionally, current density is plotted on the x 
axis. Fig. 5a shows calculated SOFC peak power densities, which 
increased from 247 mW cm− 2 for planar YSZ electrolyte to 704 mW 
cm− 2 for 50 μm high YSZ pillars, an enhancement factor of 2.85. Cor
responding model predictions for electrolyser mode are shown in 
Fig. 5b; at the thermoneutral potential of 1.29 V, current densities 
increased from 391 mA cm− 2 for planar structures to 483 mA cm− 2 for 
50 μm diameter pillars of 90 μm height. 

Fig. 5 shows that up to at least 50 μm, peak power densities still 
increased almost linearly with pillar diameter. Further studies to iden
tify the optimum pillar diameter are required. This may in turn mean 
that a taller or shorter pillar than 90 μm becomes optimal, which also 
will depend on the kinetic parameter values and micro-structure of the 
porous electrode, so is unlikely to be optimal for different fabrication 
techniques, particle size etc. 

Fig. 4. Model-predicted effects of current density and YSZ pillar height on potential difference (a, b) in fuel cell mode with 3% H2O, and (c-d) in electrolysis mode 
with 50% H2O; YSZ pillar diameter 25 μm and inter-pillar spacing 63 μm. 
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4.2. Ni(O)-YSZ pillar structures 

As shown in Fig. 2, model Ni(O)-YSZ cylindrical pillars and right 
circular cones were designed, and their predicted performance 
compared with that of the corresponding planar cell. Right circular 
cones have higher surficial area to volume ratios compared to cylindrical 
pillars, transport between which could become limiting for tall pillars 
with narrow inter-pillar gaps. 

Fig. 6 shows model performance predictions for fuel cells and elec
trolysers with cylindrical pillared Ni(O)-YSZ functional layers. 
Increasing their height in SOFC mode increased peak power densities by 
a factor of 4.9 (Fig. 6a), which was much greater than for YSZ pillars 
(Fig. 4) in which ohmic potential losses were significant, unlike 
(assumed) in Ni(O)-YSZ pillars. However, peak power densities did not 
increase linearly with pillar height, with the increase of peak power 
densities decreasing from 26.5% increase per 10 μm height to 20.5%, as 
pillar heights were increased notionally from 0 to 200 μm. Nevertheless, 

there is potential for much taller pillars before the incremental im
provements become marginal. 

In electrolysis mode, the lack of linearity with increasing pillar 
height was more evident, leading to limiting behaviour as shown in 
Fig. 6b for pillar heights of ca. 150–170 µm., This was due to limitations 
in steam transport rates through the pillar structure. At the thermo
neutral potential difference of 1.29 V for steam electrolysis, current 
densities increased from 391 mA cm− 2 for planar structures to that 
limiting value of 1011 mA cm− 2 for pillars 190 μm high. 

When pillar diameters were notionally increased from 5 µm to 30 µm 
at a constant 90 µm pillar height, current densities increased almost 
proportionally with the increase of the surficial area value (Fig. 6c and 
d). In a pillar array, electrode | electrolyte areas could be increased by 
decreasing pillar diameter and decreasing inter-pillar spacing between 
pillars, potentially thereby increasing reactor performance per unit 
volume. However, smaller pillar diameters exhibited significant gas 
transport limitations (5 µm diameter pillar in Fig. S1 a and b), thereby 

Fig. 5. Model-predicted effects of current density and YSZ pillar diameter on potential difference (a) and power densities with 3% H2O in fuel cell mode; (b) in 
electrolysis mode with 50% H2O; pillar height 90 μm and inter-pillar spacing 63 μm. 

Fig. 6. Predicted effects of current density on potential differences for fuel cells and electrolysers with cylindrical Ni(O)-YSZ pillared functional layers; (a, b) for 
variable pillar height (10–190 µm) and 20 µm pillar diameter; (c, d) for variable pillar diameter (5–30 µm) and 90 µm pillar height. 
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limiting reactor performance. This effect was due to a pillar’s area / 
volume ratio ≈ 4 / dp for tall, thin pillars, so with decreasing diameter 
(dp), electrode reaction has a greater tendency to deplete gaseous 
reactant diffusing through its porous cross section. Hence, optimisation 
of pillar geometries is required, using COMSOL simulations to optimise 
active areas and reactor performance, prior to the printing. 

For steam reduction to hydrogen, Fig. 7 shows predicted spatial 
distributions of H2O mole fractions and of local current densities in a Ni- 
YSZ porous pillar 150 μm high and 20 μm in diameter. For the ther
moneutral potential difference (1.29 V), Fig. 7(a) predicted that steam 
was depleted progressively with increasing pillar height, the mole 
fraction of H2O decreasing by half at the pillar height of 150 μm. The 
corresponding distribution of local current densities in Fig. 7 (c) was 

relatively homogeneous with increasing height. For a potential differ
ence of 1.7 V, Fig. 7(b) predicts progressive depletion of steam with 
increasing pillar height, but unlike at the thermoneutral potential dif
ference, leading to total depletion and hence zero current density (Fig. 7 
(d)) at the top part of the pillar, unlike in Fig. 7(c). 

These results explain the global performance saturation with 
increasing pillar height, as shown in Fig. 6(b). Hence, pillar heights need 
to be optimised, depending on (predicted) current density distributions 
which in turn depend on operating potential differences. 

Fig. 8 shows model predictions for fuel cells and electrolysers with 
right circular cone structures, which as expected in electrolysis mode, 
did not exhibit significant performance limitations (Fig. 8b), due to the 
spatial distribution of the density of reaction sites and of local mass 

Fig. 7. Predicted spatial distributions, due to H2O(g) + 2e−
(n)→H2(g) + O2−

(i) in porous Ni-YSZ pillar, of: H2O mole fractions at (a) thermoneutral potential difference 
(1.29 V), (b) 1.7 V; local current densities at: (c) thermoneutral potential difference (1.29 V), (d) 1.7 V. 
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transport rates with height, unlike those of cylindrical pillar structures 
(Fig. S2). In fuel cell mode, peak power densities were predicted to in
crease a factor of 3.6, when the height was increased from 10 µm to 190 
µm, and by a factor of 2.9, when the diameter was increased from 5 to 
30. In electrolysis mode at the thermoneutral potential difference of 
1.29 V for steam splitting, current densities increased by a factor of 1.75 
when the pillar height was increased from 10 µm to 190 µm, and by a 
factor of 1.74 when the diameter was increased from 5 µm to 30 µm. The 
global performance was less than for corresponding cylindrical pillar 
cells, but the greater surficial area to volume ratio of cones may lead to 
greater material utilisation, as shown in Table 2. With right circular cone 
shaped structures in SOFCs, peak power densities of 3D structured Ni 
(O)-YSZ functional layer volume ratio was higher than for correspond
ing cylindrical pillar cells. This could be explained by the higher surface 

area to volume ratio of the right circular cone shape, demonstrating 
effective material utilisation for pillar construction. 

Additionally, cones may be easier to over-print with defect-free 
electrolyte and second electrode materials than cylindrical pillars, 
with their sharp edges that may result in sloughing of such overlayers, 
though the feasibility has yet to be established of 3D printing cone- 
shaped structures with base diameters of 10 s μm. 

The effects of other factors that affect reactor performance are shown 
in Figs. S1 and S3 in the supplementary information. In Fig. S1a and b, 
the model-predicted effects of current density and pillar height on fuel 
cell and electrolyser potential differences is reported for 5 µm diameter 
Ni(O)-YSZ pillars with a permeability of 5 × 10− 15 m2. The effect of 
decreasing the pillar diameter from 20 µm was to decrease the depen
dence of peak power densities per 10 µm height to 24% of the amount for 
the first 10 µm height. In electrolysis mode, predicted current densities 
at 1.29 V reached limiting values at ca. 130 µm pillar height, exhibiting 
< 10% increase compared to the increase for the first 10 µm. 

As expected, the permeability of the Ni(O)-YSZ negative electrode 
functional layer also greatly affected transport limited reactor perfor
mances. Fig. S1c and d shows results of the simulation for Ni(O)-YSZ 
pillars with a lower gas permeability (10− 15 m2), resulting in greater 
current density limitations with pillar height. Hence, fabricating Ni(O)- 
YSZ functional layers with adequate gas permeability is crucial to 
achieving required reactor performance. 

From Fig. S3 in the Supplementary Information, when the water 
vapour content of the gas in the negative electrode was decreased to 
20%, current densities at 1.29 V limited with pillar heights of 110–130 
µm (Fig. S3b), a significant decrease compared with 50% water vapour 
(Fig. S3a). As expected, transport limited current densities depend on 
both reactant concentration and the permeability of the functional layer 
structure, which varies with particle size, pore former concentration and 
size, etc., and so control (mean) mass transport rate coefficients. 

COMSOL simulation results for Ni(O)-YSZ pillar structures demon
strated the need to optimise their diameter and height, not merely 
electrolyte | negative electrode interfacial areas, prior to printing 3D 
microstructures, sintering and costly experimental validation, to 

Fig. 8. Model-predicted effect of current density on potential differences of fuel cells and electrolysers with right circular cone shaped Ni(O)-YSZ negative electrodes, 
(a, b) with increasing cone height (10– 190 µm) and constant 20 µm diameter; (c, d) increasing cone diameter (5–30 µm) and constant 90 µm height. 

Table 2 
Ratios of peak power density to Ni(O)-YSZ functional layer volume (including 
pillar and planar functional layer below the pillar) in each cylindrical pillar and 
right circular cone models, and their surface area to volume ratios (excluding 
volume of planar AFL layer below the pillar and bottom surface of pillar 
structures).   

Cylindrical pillar Right 
circular cone   

Height / 
μm 

Peak power 
density / Volume 
* 105 / W cm− 5 

Surface area 
/ Volume * 
10− 2 / cm− 1 

Peak power 
density / 
Volume * 105 

/ W cm− 5 

Surface area 
/ Volume * 
10− 2/ cm− 1 

0 (Planar) 6.22 - 6.22 - 
10 7.28 30.00 7.49 42.43 
30 8.78 23.33 9.41 31.62 
50 9.75 22.00 10.66 30.59 
70 10.46 21.43 11.55 30.30 
90 10.86 21.11 12.34 30.18 
110 11.30 20.91 12.95 30.12 
130 11.59 20.77 13.45 30.09 
150 11.83 20.67 13.92 30.07 
170 12.04 20.59 14.40 30.05 
190 12.20 20.53 14.94 30.04  
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optimise fuel cell or electrolyser performance. 

5. Experimental validation 

For experimental validation of the effect of YSZ pillar structures on 
the enhancement of fuel cell and electrolyser performance, firstly pillars 
were inkjet printed on planar YSZ layers that had been dip-coated onto 
the Ni(O)-YSZ anode support layer [16]. Fig. S4 shows optical micro
scopy images, of as-printed pillar arrays and structures – prior to sin
tering – with 80 µm and 200 µm inter-pillar distances. Fig. S4a shows an 
optical image of the entire 40 by 40 array of YSZ pillars before sintering; 
the well-printed pillar structures are shown in more detailed optical 
images in Fig. S4b–e at low magnification (b and c), and higher 
magnification (d and e). Images in Fig. S4c and d were illuminated from 
the side to give a three-dimensional effect, which was less apparent 
under vertical illumination, as shown in Fig. S4b and c. 

Fig. 9 shows images of pillar structures after sintering. From the top 
view image of the pillars in the upper row of Fig. 9a–c, the diameter of 
pillar decreased to ca. 60 µm from 80 µm, corresponding to a shrinkage 
ratio of ca. 25%. Fig. S5 provides a more accurate comparison of pillar 
images before and after sintering. 

The cross-sectional images in the bottom row Fig. 9d–f confirmed 
that the sintered YSZ pillars of ca. 90 µm height, had robust structures 
and were well-attached to the surface of the planar YSZ layer. The pillars 
were printed with 100 layers, pillar height depending on the number of 
printed layers and the particle concentration of the printing ink used, as 
described in more detail below. 

Fig. 10a and b reports the effects of current density on potential 
differences and power densities of fuel cells with and without pillar 
structures, the former exhibiting ca. 56% enhanced peak power density 
value at 800 ◦C operating temperature, in qualitative agreement with 
COMSOL predictions for YSZ pillar cells shown in Fig. 4. However, both 
cells exhibited peak power densities < 100 mW cm− 2, significantly less 
than reported in the literature for similar cells with an electrolyte layer 
thickness of > 10 μm, as shown in Fig. 10 c and d. It is noted that the 
positive electrode was composed of LSM alone, with decreased density 
of triple phase boundaries than in composite LSM-YSZ positive elec
trodes, which may explain the overall low performance. 

Printed with 80 μm diameter and 200 μm inter-pillar distance, the 
YSZ pillars imaged in Fig. 10c and d appeared quite depressed compared 
to the pillars in Fig. 9. The YSZ particulate ink used for printing the pillar 
structure had a particle concentration of ca. 10 wt%, whereas the ink 
used for printing the pillars imaged in Fig. 9 had a YSZ concentration of 

18.6 wt%. The pillars were printed with the same number of layers, so 
the height of ca. 25 μm, lower than the expected 90 μm height seems to 
be due to the ink composition. The pillars are less cylindrical and more 
spread out. This demonstrates that particle concentrations in inks have a 
critical effect on pillar shape; lower concentrations result in less inor
ganic material in each layer, which would be thinner, resulting in the 
shorter pillars. Hence, the implication is that inks should have particle 
concentration ≥ 18 wt%. Additionally, the viscosity of the ink is one 
other main factor that affects the pillar shape, causing the coffee stain 
effect when the ink has a high viscosity, as explained in previous pub
lication [26,27]. 

6. Conclusions 

Finite element simulations predicted the effects of single YSZ elec
trolyte pillar and single Ni(O)-YSZ electrode pillar and cone structures 
on solid oxide fuel cell and electrolyser performances, which increased 
relative to their planar counterparts by a factor of up to 2.85 for YSZ 
pillars, and up to 4.9 in Ni(O)-YSZ pillars. More importantly, those 
computational predictions demonstrated that there are optimal geom
etries for YSZ and Ni(O)-YSZ pillar structures for optimising SOER per
formances, depending on physicochemical and kinetic parameter 
values. In electrolysis mode, with increasing pillar heights, current 
densities at fixed potential differences were predicted to reach limiting 
values, of ca. 0.44 A cm− 2 for YSZ pillars and 1 A cm− 2 for Ni(O)-YSZ 
pillars, despite taller pillars increasing electrode | electrolyte interfa
cial areas. With increasing diameter, porous Ni(O)-YSZ electrode pillars 
were predicted to allow taller pillars, enhancing current densities rela
tive to planar counterparts. Conversely, with smaller diameter pillars, 
current densities were predicted to be limited to shorter pillar heights, 
due to their area to volume ratios causing electrode reactions close to 
their surfaces to deplete reacting gas as it diffuses axially though the 
pillar, so limiting local current densities. Cylindrical porous pillars were 
predicted to outperform conical pillars for a fixed geometrical area. 

Accurate physicochemical and kinetic parameter values were shown 
to be critical to defining optimal geometric values for optimising pre
dicted fuel cell and electrolyser performances, thereby focusing subse
quent experimental cell fabrication and performance validation. 

In future, YSZ and Ni(O)-YSZ pillar structures with ranges of di
ameters and heights will be 3D inkjet printed, followed by more 
extensive experimental validation of the model predictions of geomet
rical effects on fuel cell and electrolyser performances of the fabricated 
cells. 

Fig. 9. Optical microscope images (a, b, d) and SEM images (c, e, f) of the top view and cross-sectional view of sintered YSZ pillars printed with 100 layers and 
sintered at 1400 ◦C for 5 h. 
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