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Abstract
The direct utilisation of primary fuels such as natural gas, green methane or ethanol represents a transition
step towards a cleaner energy-based society. This work shows the influence of a nickel-free intermediate
anode layer, and a ceria-based functional anode composite, on solid oxide fuel cell (SOFC) performance
when directly utilising dry methane without fuel pre-reforming. A CeO2-Co3O4-CuO electrocatalyst was
investigated by X-ray diffraction and X-ray fluorescence to confirm the presence of CeO2, Co3O4, and
CuO phases. To avoid thermal mismatches between the anode/electrolyte, an anode intermediate layer
was developed and tested, with the aim of enhancing the thermal and chemical compatibility of
components and oxygen ion transfer within the anode. The electrochemical properties of the assembled
cells were evaluated by measuring i-V plots and electrochemical impedance spectra. The addition of the
intermediate layer substantially decreased the polarisation resistance of the cell and increased the
electrochemical performance of the cell 2.5- to 5.5-fold depending on which fuel was being utilised.
Scanning electron microscopy was performed to observe the integrity of the microstructure morphology
of both anode assemblies. The utilisation of dry methane was shown to be viable for operation from 750
to 850˚C within the developed cells. Furthermore, Raman spectroscopy and temperature-programmed
oxidation tests confirmed that carbon deposition over the anode surface was negligible within the
proposed configuration and materials design. Accordingly, this study reveals that the addition of the
intermediate layer is promising for improving SOFC performance and mitigating carbon coking under
direct methane-fuelled operation.
Keywords: Solid oxide fuel cells, anode intermediate layer, coke-resistant anode, dry methane as fuel
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1. Introduction
Much effort has been made to seek suitable materials for solid oxide fuel cells (SOFCs) capable of
operating at lower temperatures and exploiting primary fuels such as hydrocarbons or alcohols. For this, a
variety of issues must be taken into account. Although nickel-based materials have been explored
targeting methane reforming [1, 2], in the case of methane directly-fed SOFCs, carbon deposition causes
anode deactivation, and sulphur poisons conventional nickel-based anode materials [3]. It is well known
that reactions such as methane cracking, carbon monoxide reduction, or the Boudouard reaction are
pathways that should be avoided in these cases.
Furthermore, the strategies for utilising hydrocarbons as fuels within nickel-based anodes are mainly
focused on the reaction process in which the fuels are fed with an oxidising agent such as water or carbon
dioxide [4-8]. The oxidising agent promotes fuel reforming within the anode (internal reforming) and thus
produces a hydrogen-rich product such as syngas of hydrogen and carbon monoxide, which can be fully
oxidised within the anode, thereby avoiding undesirable carbon deposition. However, the oxidant-assisted
internal reforming increases the system complexity and requires auxiliary equipment, which consequently
decreases the overall efficiency of the plant and adds costs. Researchers have thus sought to develop Nifree anode materials in recent years.
Perovskite materials and perovskite-doped materials, for instance, are being used for direct
hydrocarbon utilisation with reasonable results. He et al. [9] were able to enhance their Sr2NiMoO6 by
doping it with titanium, whereas Silva and Miranda [10] were able to synthesise different sorts of LaAlO3
doped perovskites such as La0.8Sr0.2AlO2.9, LaAl0.5Mn0.5O2.75, and La0.8Sr0.2Al0.5Mn0.5O2.65, for methane
electrooxidation into C2 hydrocarbons and power. Venâncio et al. [11] built on the work of [10] by
showing a perovskite-based material that is able to operate with methane to co-produce power and C2
hydrocarbons, using a SOFC as an electrochemical conversion reactor rather than just an energy
converter.
Materials such as ceria-based electrocatalysts have already been identified for the direct use of
hydrocarbons or ethanol with promising results. Lee et al. [12, 13] and Fuerte et al. [14] demonstrated the
development of ceria-based bimetallic catalysts for utilisation of hydrocarbons as fuels. However, Lee et
al. [12, 13] pointed out that an excess of cobalt in their Co-Cu ceria-based alloy rendered the material
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prone to coke formation. On the other hand, Fuerte et al. [14] did not achieve good results when CH4 was
fed without any H2 addition (e.g. pure CH4 = 13 mW.cm-2 and CH4/H2 = 76 mW.cm-2).
Furthermore, different types of ceria-based anodes have shown ability to electrooxidise hydrocarbons
and alcohols. However, ceria-based materials bring a trade-off between electrical conductivity and anode
stability over time when direct carbonaceous fuels are involved [14-16].
The electrochemical oxidation of hydrocarbons is able to inhibit the carbon coking whilst maintaining
high efficiencies by fully oxidising the fuel. Equations 1 and 2 show the electrochemical partial and total
oxidation of methane, respectively [17], which are expected to occur in the presence of oxygen ions.
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In Sarruf et al. [18, 19], the ability of our developed ceria-Co-Cu electrocatalyst to operate with direct
carbonaceous fuels such as methane and ethanol was demonstrated well. However, not many works in the
literature have focused on the thermal compatibility of nickel-free anodes and electrolyte materials.
Therefore, as a means to add up to our previous work mentioned above, the present work studies the
advantages of adding an intermediate layer between the ceria-Co-Cu anode and a zirconia-based
electrolyte as a thermal mismatch mitigator.
Thermal mismatches between metallic-based anodes and ceramic electrolyte are a known problem.
For instance, components such as Co3O4 and CuO have a coefficient of thermal expansion (CTE) of 6 ×
10-6 K-1 [20] and 5 × 10-6 K-1 [21], respectively. Upon reduction, the CTEs of Co and Cu rise to 15-17 ×
10-6 K-1. However, zirconia-based ceramics are known to have thermal coefficients around 9-11 × 10-6 K-1
[22] whereas CeO2 has a CTE of 12-14 × 10-6 K-1 [23, 24], which is closer to the electrolyte material.
Therefore, a ceria/electrolyte intermediate layer was developed with the aim of impeding the thermal
effects between the anode and electrolyte whilst maintaining a suitable charge transfer capacity between
them.
The electrochemical path of methane oxidation is thus expected to occur, as delineated in Equations 1
and 2, which represent the less complex process of methane utilisation as fuel, provided it is additionally
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possible to avoid carbon formation. The material, produced by the amorphous citrate method, is
thoroughly studied in terms through the redox cycles behaviour and electrochemical impedance tests of
the cells to demonstrate enhanced quality of the interface between electrolyte and anode due to the
insertion of a CeO2-ScCeSZ-based intermediate layer, which is the main novel contribution of this work.
The electrochemical results are presented both for a baseline material, without the intermediate layer, and
the optimised configuration with thermal mismatches issues mitigated by the presence of the intermediate
layer, highlighting the differences in performance.

2. Experimental
2.1 Electrocatalyst Synthesis
The electrocatalyst powder was synthesised via the amorphous citrate method, where the precursor
nitrates were Ce(NO3)3.6H2O by Aldrich, as well as Co(NO3)2.6H2O and Cu(NO3)2.3H2O by SigmaAldrich. The nitrates were dissolved in deionised water with a cerium:cobalt:copper molar ratio of 2:1:1.
Saturated aqueous solutions of citric acid (Sigma-Aldrich) were then added to each nitrate solution at a
molar ratio of 1:1 for each cation to citrate. The three citrate-nitrate solutions were then mixed together,
and the pH was adjusted to the neutral condition (pH 7) aided by a NH4OH solution (Fisher Scientific) at
70˚C under constant magnetic stirring. The solution was then heated to 80˚C and kept under stirring until
a gel was formed. Finally, the gel was heated to 90˚C to dry. In the end, the dried product was heated to
200˚C and dwelled for 6 hours. The ashes obtained were pulverised with an agate mortar and a pestle.

2.2 Electrocatalyst characterisation
X-ray diffraction (XRD) analysis was performed using the as-synthesised electrocatalyst and a heattreated aliquot treated in air at 800˚C for 2 hours. A Bruker D8 diffractometer was used in the range
between 10 to 90˚ under radiation CuKα = 0.15418 nm, with 40 kV acceleration voltage and 30 mA
applied current.
X-ray fluorescence (XRF) was performed in a Bruker S8 Tiger XRF Spectrometer using pelletised
powder samples that were pressed with a load of two metric tons using a die of 13 mm diameter, after
being mixed with wax in a mass ratio of 5:1 for powder to wax. XRF scanning was carried out using an
18-minute counting setup.
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H2-temperature-programmed reduction (H2-TPR) and the O2-pulse-controlled oxidation (PCO) tests
were performed in two cycles to observe the redox capacity of the ceria-Co-Cu electrocatalyst. First, the
H2-TPR profile was taken from room temperature to 900˚C at 10 ˚C.min-1 steps. The first O2-PCO cycle
could then be done over the reduced sample at 500˚C. The O2-PCO consisted of known injections (around
100 µL) of oxygen into the reactor until a break-through point was attained, with the aim of measuring
the amount of oxygen needed to fully re-oxidise the powder aliquot that was reduced during H2-TPR.
After full oxidation, the sample was brought to room temperature and a second cycle of H2-TPR was
performed followed by a second cycle of O2-PCO. The sample was cycled twice to observe any changes
in the H2-TPR profile due to eventual particle growth and catalyst performance.

2.3 Ceria-based intermediate layer design and cell assembly
Due to thermal mismatches between the anode and the electrolyte components, as mentioned in the
introduction section, an intermediate layer was developed to prevent physical failure such as cracking or
partial delamination and to increase the electro-catalytic reactivity by enlarging the effective triple phase
boundaries at the interface. This intermediate layer was composed of CeO2 and scandia-ceria stabilised
zirconia (10Sc1CeZr) from Daiichi Kigenso Kagaku Kogyo mixed at a weight ratio of 1:1. For the sake
of comparison, a baseline cell (with no intermediate layer) was produced. The intermediate layer powder
mixture was also submitted to XRD analysis from 20 to 80˚ with similar conditions as aforementioned in
Section 2.2. All components: CeO2 precursor, 10Sc1CeZr, intermediate layer composition (10Sc1CeZr +
CeO2) and anode functional layer (ceria-Co-Cu) were pelletised and submitted to dilatometry analysis
from room temperature to 1000˚C with a 10˚C.min-1 heating rate.
This baseline cell was prepared with an electrolyte support (Scandia-ceria stabilised zirconia
electrolyte - HIONIC by FuelCell Materials) that was around 150 µm thick. A strontium-doped
lanthanum manganite - LSM - (La0.8Sr0.2MnO3-δ by Praxair) cathode was screen-printed onto a facet of
the electrolyte and sintered at 1100˚C. The anode functional layer was then finally screen-printed onto the
other side of the electrolyte support and sintered at 900˚C to avoid spinel phase decomposition (Co3O4 
CoO) at higher temperatures.
As for the optimised cell, the intermediate layer was first coated over the electrolyte and sintered at
1300˚C for 4 hours. The cathode and the anode were then analogously fabricated using identical
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conditions to the baseline cell. The layer assembly configuration of the cells is depicted in Figure 1a, for
the baseline cell and Figure 1b for the intermediate layered cell. In addition, with respect to enhancing the
electrolyte/anode coherence, it is important to highlight that this transition intermediate anode layer
should also maintain operational electronic/ionic conductivity so as not to hinder the activity within the
anode functional layer. Moreover, the porous rough intermediate layer is expected to serve as better
anchorage to the anode particles than the dense smooth electrolyte layer, thus allowing the anode to be
sintered at such lower temperatures (900˚C).

Figure 1. Assembly scheme of both (a) baseline and (b) intermediate layered cell.

Over both types of cells, silver wires from Scientific Wire Company and silver paste from Shanghai
Research Institute of Synthetic Resin were used as lead wire and current collector. For the sake of
simplicity, from here onwards the cells will be named “baseline cell” and “intermediate layered cell”.

2.4 Cell testing and characterisation
Cells were mounted onto an alumina tube and sealed at both sides with Thermiculite, from Flexitallic.
The weight of the vertical tubing set-up was conveniently used to incur pressure over the sealing gaskets.
The anode chamber was purged with 99.99% pure nitrogen (20 mL.min–1) from room temperature to
650˚C until the reduction of the anodes started with hydrogen (30 mL.min–1). The cells were tested first
with hydrogen and then with dry methane as fuels at various temperatures. Instead of air, pure oxygen
was used on the cathode side to avoid any source of cathodic polarisation, since the cathode was not the
object of the present study. Electrochemical impedance spectroscopy (EIS) analysis was performed at
open circuit voltage (OCV) with 10 mA of perturbation amplitude and at a frequency range from 1 MHz
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to 50 mHz at 850˚C. After operation, the cell tests were terminated with flowing nitrogen (20 mL.min–1)
at the anode side to avoid carbon oxidation prior to the post-mortem analysis.
Samples of the electrocatalyst powder (heat-treated at 800˚C in air and named reference powder,
reduced in hydrogen or reduced in methane) and post-mortem anode surfaces that had been operated with
methane for over 24 hours were subjected to Raman spectroscopy to assess the eventual presence of
carbon using a laser wavelength of 633 nm with 20% of the laser’s total power density.
In addition to the Raman investigation, temperature-programmed oxidation - TPO - was performed
over the operated intermediate layered cell to confirm that the material was coke-resistant. The test was
done using a gas chromatograph, GC-2014 by Shimadzu, that was able to measure the outlet product
amounts of an operated anode sample in an oxidising atmosphere (10% O2 + balanced N2) subjected to
increasing temperature. The test rig was validated by first performing TPO in an aliquot of graphite with
known mass. Similar to the Raman investigation, TPO was carried out over the anode sample operated for
more than 24 hours with dry methane. It is important to highlight the cells were cooled under a 99.99%
pure nitrogen atmosphere to prevent any eventually deposited carbon to be oxidised whilst shutting down.
The anode cross-sections were subjected to scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDX). The EDX images of each element position were filtered with lowpass filters to eliminate most of the noise. Each filtered image map was then merged into a single image
in which different colours were employed for phase segmentation.

3. Results and discussion
3.1 Powder characterisation
The XRD results for the anode electrocatalyst are shown in Figure 2a. The analyses were run over two
different aliquots, first for the as synthesised powder right after the ashes were pulverised, represented as
a dashed red line, and second for the electrocatalyst calcined in air at 800˚C. The narrowing of the peaks
can be identified, indicating crystallisation in the as synthesised powder. Additionally, the formation of
CeO2, Co3O4, and CuO as isolated phases is also noted.
The formation of the spinel phase of cobalt oxide can be expected, taking into account the CeO2-CoO
phase diagram [25], which states that ceria will coexist as an isolated phase alongside with Co3O4 from
room temperature to approximately 850˚C, if under an oxidising atmosphere [26]. However, at
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temperatures higher than 850˚C, Co3O4 would be decomposed to CoO. The CeO2-CoO system is
predicted to form no solid solution in an oxidising atmosphere. Additionally, the phase diagram also
indicates that, for a cobalt-rich system, with more than 50 mol% of Co, the system is expected to be in a
metastable state at temperatures above 1000˚C, where the sample can melt, especially if the particles size
distribution is nanometric. In reducing atmospheres, although there are several solid solutions that can be
formed between Ce and Co [27], this is less likely to occur since ceria is rarely fully reduced. Concerning
the Ce-Cu system, the same applies, since ceria is very stable and is less likely to become fully oxygendeficient, and also due the atomic radii mismatches between Ce and Cu [28]. Additionally, solid solutions
between CeO2 and Cu would also not be expected [29]. The cobalt and copper binary systems show low
solubility into each other, indicating that, under reducing conditions, these metals will also coexist as
isolated phases. This leads to the conclusion that the actual anode material will be a three-phase
compound such as CeO2-δ-Co-Cu. Rietveld refinement over the XRD data for this catalyst composition
was performed in our previous work [18] and is herein presented in Table 1 as a means to corroborate the
statement of isolated phase formation that was seen within the XRD patterns. The low deviation between
the calculated Rietveld lattice parameters and the values presented in corresponding PDF files in Table 1
confirms the conclusion of isolated oxide formation. The details of the Rietveld applied methodology are
described elsewhere [18].
Although not show in the phase diagram, the slight distortion of the calculated lattices may indicate
the formation of small amounts of solid solutions, mainly between CeO2-Cu. In stoichiometric ceria
(CeO2), the ionic radii of cerium Ce4+/Ce3+ are 102/118 pm and thus very close to that of Cu+, which is 96
pm. Therefore, if the as-synthesised powder presents Cu+ (Cu2O), the presence of small amounts of Ce1xCuxO2-δ

is possible [30]. However, this does not apply when CuO (Cu2+) presence is the case.

Table 1. Lattice parameters calculated by Rietveld refinement [18].
Oxide

Space
Group

CeO2

Fm-3m

Co3O4

Fd-3m

CuO

C 2/c

Source

a [nm]

b [nm]

c [nm]

α [˚]

β [˚]

γ [˚]

Calculated

0.5409(5)

0.5409(5)

0.5409(5)

90.00

90.00

90.00

PDF-03-065-2975

0.5409

0.5409

0.5409

90.00

90.00

90.00

Calculated

0.804(6)

0.8074(6)

0.8074(6)

90.00

90.00

90.00

PDF-00-042-1467

0.8074

0.8074

0.8074

90.00

90.00

90.00

Calculated

0.4696(4)

0.3408(0)

0.5127(5)

90.00

99.66

90.00

PDF-04-007-1375

0.4684

0.3423

0.5129

90.00

99.54

90.00
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Coeff.
Rp=27.8
Rwp=15.6
χ2=1.14

Figure 2. XRD pattern: (a) for the catalyst powder as synthesised and treated at 800˚C in air and (b) the sintered intermediate
layer and its isolated precursors.

The results for composition estimation by the Rietveld method are presented in Table 2 and are
compared to the composition measured by XRF over the same powder. The composition results are fairly
consistent with the results expected upon designing the synthesis strategy.

Table 2. Molar amount of compounds calculated by Rietveld refinement, measured with XRF and expected upon synthesis.

Element

Rietveld

Molar Composition [%]
XRF

Expected

Ce

50.93

52.86 ± 0.64

50.00

Co

24.50

23.43 ± 0.61

25.00

Cu

24.57

23.71 ± 0.5

25.00
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In Figure 2b, the diffraction patterns for the sintered intermediate layer as well as its precursors are
shown for comparison. The most notable result is the partial phase transformation from CeO2 and
10Sc1CeSZr to the well-known Zr-Ce non-stoichiometric solid solution [31]. It is important to highlight
that this phase was formed at high temperatures, such as 1300˚C, where diffusion is favoured.
Cerium has a broad solubility into the zirconia lattice when starting from sintering temperatures
towards cooling and particularly within the intermediate layer composition (42 mol% of ceria), as per the
ZrO2-CeO2 phase diagram [31]. Furthermore, upon cooling from 800˚C, most of the (CeO2)0.4-(ZrO2)0.6
phase will be decomposed peritectoidally into ceria cubic fluorite phase - CeO2(css) - and tetragonal
zirconia - ZrO2(tss), according to Equation 3. However, since in this case the zirconia structure is stabilised
with scandia, the fluorite-type of the stabilised zirconia is also expected. On the other hand, composition
of the intermediate layer is placed outside the phase’s miscibility gap (20–24 mol% of CeO2), where the
phases are most likely to coexist isolated, thus keeping ceria’s electronic conductivity.
The 10Sc1CeSZr electrolyte is reported to have interesting features such as high stability at high
temperatures over long-term operation [32].

Lee et al. [33] found that after 100 hours at 800˚C,

10Sc1CeSZr did not undergo any phase transformation from a cubic to rhombohedral structure.

.

800˚

.

(3)

The TPR profiles for both cycles are shown in Figure 3a. The first consumption peak notably
decreased within the second cycle. On the other hand, the second peak showed increased area,
compensating the former. The three peaks from 190 to 303˚C in the TPR profiles of both cycles are
assigned to cobalt and copper oxides, which tend to be fully reduced to Co and Cu in this temperature
range [34-38].
Cerium oxide will be partially reduced, which will result in an oxygen-deficient structure that is
suitable to operate as a mixed ionic and electronic conductor, as shown in Equation 4. Furthermore, ceria
tends to be partially reduced in two different stages, which requires distinct amounts of energy for each to
occur. First, oxygen placed over the surface of the octahedral structure of ceria is removed and then its
bulk will also be partially reduced [34, 35, 39]. Therefore, the last two peaks at higher temperatures are
assigned to ceria’s surface reduction for the former and to its bulk for the latter.
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→

(4)

Consequently, ceria’s capability to receive oxygen ions is enhanced under reducing conditions,
according to Equation 5.

→2

1

2

1

(5)

The Kroger-Vink notation in Equation 5 shows that the original ceria structure undergoes partial
reduction, leaving Ce4+ and Ce3+ cations,

and

oxygen-deficient and releasing oxygen anions,

and

, respectively, and thus consequently becoming
, respectively.

Table 3 shows the percentage areas represented by each peak at the first and second cycles. Again, the
decrease of peaks 1 and 3 with respect to peak 2 from the first to second cycles is notable, whereas ceria
reduction (peaks 4 and 5) remained almost constant. The total amount of hydrogen consumed was 5.70 ×
10-3 and 5.82 × 10-3 mol per catalyst gram in the first and second cycles, respectively.
Table 3. Estimated hydrogen consumption at each H2-TPR cycle.

First Cycle
H2 Consumption
[× 10-3 mol.g-1]
1.20

Second Cycle
H2 Consumption
[× 10-3 mol.g-1]
0.91

TPR
Peaks

Area [%]

Peak 1

21.05

Peak 2

26.05

1.48

35.55

2.07

Peak 3

23.25

1.33

18.49

1.08

Peak 4

14.18

0.81

14.70

0.86

Peak 5

15.47

0.88

15.70

0.91

Area [%]
15.55

In Figure 3b, the 100 µL pulses of oxygen uptake are presented. It took eleven full injections of 100
µL for the TCD to start measuring any amount of oxygen consequently passing through the sample
without being reduced. Thereafter, four injections were partially consumed until full oxidation could be
observed after 15 injections, accounting for 2.90 × 10-3 mol of oxygen per catalyst gram for both cycles. It
is notable that the ratio between hydrogen consumed and oxygen uptake is close to two, which is
consistent to what would be theoretically expected. Additionally, accounting for the last two peaks of
each TPR profile and comparing to stoichiometric cerium oxide, the oxygen deficiency can be estimated
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as approximately 11% in both cases, which corresponds to CeO1.78 as the final composition after
reduction.

Figure 3. (a) H2-Temperature-programmed reduction profile of each cycle (Adapted from our previous work [18] with
Elsevier’s permission) (b) pulse-controlled oxidation showing oxygen uptake in both cycles.

From the TPR/PCO cycling test it is markedly observed that the maximum hydrogen consumption has
been displaced from 249 to 264˚C. Therefore, regarding the stability of the catalyst, some conclusions can
be drawn regarding redox cycling such as the evolution of the microstructure due to particle size changes
between phases or even agglomeration of the metallic compounds upon reducing. However, since the
overall hydrogen consumption and oxygen uptake remained almost identical, it can be concluded that the
activity of the catalyst remained steady after these two cycles.
In Figure 4a the dilatometry analysis data are plotted against temperature. To estimate the coefficient
of thermal expansion of each compound a third order regression was applied to each data set aiming at
obtaining a coefficient of correlation (R2) higher than 0.9999. The regression thus assumes that the
experimental data set follows Equation 6.

(6)

where Δ is the difference between a current length (at a given temperature) and the sample initial
length ( ),

is the temperature, and

are the experimental constants. Consequently, to obtain the CTE
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as a function of temperature, Equation 6 is thus differentiated in respect to the temperature, as shown in
Equation 7 as follows.

2

where

3

(7)

is the CTE as a function of temperature. The experimental constants are presented in Table 4

at each temperature range considered for each sample. The CTE behaviour against temperature could then
be calculated using Equation 7 and is represented in Figure 4b. In Figure 4a the smooth transition from
anode functional layer to electrolyte, when the intermediate layer is concerned is markedly. From Figure
4b it can be estimated that in a range of temperatures such as 600-800˚C the CTE varies from 11.1 to 11.3
˚C-1 for the 10Sc1CeSZr, from 18.0 to 18.3 ˚C-1 for the CeO2 precursor and from 14.3 to 14.6 ˚C-1 for the
intermediate layer (10Sc1CeSZr + CeO2). As for the anode functional layer (ceria-Co-Cu), these values
lie from 14.6 to 15.0 ˚C-1, thus confirming more adequacy with the intermediate layer than with the
electrolyte (10Sc1CeSZr). Moreover, it can be noted that from 830˚C onwards, the ceria-Co-Cu sample
starts to shrinkage, indicating sintering behaviour, thus confirming that such temperatures are enough
high to consolidate this anode layer. Therefore, the CTE for this material was estimated within the 25830˚C temperature range.

Figure 4. (a) Dilatometric analysis of CeO2, 10Sc1CeSZr, CeO2 + 10Sc1CeSZr (intermediate layer) and ceria-Co-Cu anode
functional layer and (b) CET behaviour against temperature.

It is important to highlight that the anode functional layer dilatometric behaviour was assessed when
the material was still in its oxidising state and thereby, under operation at reducing atmosphere the Co and
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Cu metallic phases will increase the CET of the material, which reinforces the necessity of the
intermediate layer.

Table 4. Experimental constants from Equation 6 and the correlation factors for each 3rd order regression.

Material
10Sc1CeSZ
CeO2
10Sc1CeSZ + CeO2
ceria-Co-Cu

Regression coefficients

Temperature
Range [˚C]

c1

c2

c3

c4

R2

25 - 1000
25 - 1000
25 - 1000
25 - 830

-9.59x10-4
-1.70x10-3
-7.69x10-4
-1.78x10-3

1.15x10-5
1.74x10-5
1.32x10-5
1.63x10-5

-1.00x10-9
-5.07x10-10
-9.11x10-11
-4.03x10-9

7.07x10-13
9.40x10-13
8.41x10-13
2.71x10-12

> 0.9999
> 0.9999
> 0.9999
> 0.9999

3.2 Electrochemical Performance
Figure 5 unveils an ensemble of electrochemical performance results for both types of cells tested
using either hydrogen or methane as fuels. Figure 5a presents i-V plots of the tests performed with dry
hydrogen as fuel, for both the baseline cell (BLC) and intermediate layer cell (ILC). The BLC was tested
at 750, 800, and 850˚C, showing maximum power densities of 59, 102, and 152 mW.cm-2 and OCVs of
1.00, 1.00, and 0.99 V, respectively. At these same conditions, ILC cells were able to deliver 176, 273
and 363 mW.cm-2 with OCV values of 1.02, 1.02, and 1.00 V, respectively.
Figure 5b depicts the electrochemical results when the fuel stream was switched to dry methane. The
cells (BLC and ILC) were then subjected to electrical load at 800 and 850˚C. Although the baseline cells
presented low power densities under these conditions – 11 and 37 mW.cm-2 – OCVs values of 1.03 and
1.22 V suggest that adequate sealing was achieved. On the other hand, the IL cell shows significantly
higher results in these same conditions, for which the maximum power densities were 150 and 200
mW.cm-2, whereas the OCVs were 1.00 and 1.03 V, respectively, at 800 and 850˚C.
It can be observed that adequate OCVs during all the aforementioned tests were obtained, suggesting
that no leakages or gas mixing occurred throughout the electrolyte, as expected for a 150 µm-thick
electrolyte support, and also that the cell was properly sealed. The SOFC power density increased 2.4x
with hydrogen and 5.5x with dry methane as fuels after the CeO2-ScCeSZ intermediate layer was
inserted. The increase in OCV with increasing temperature for the methane-fed cells is consistent with the
literature, both theoretically [40] and experimentally [41, 42].
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Figure 5. i-V plots for both baseline cell (BLC) and intermediate layered (ILC) cell (a) with hydrogen and (b) dry methane as fuel.
EIS spectra with hydrogen as fuel for the (c) baseline cell and (d) intermediate layered cell.

In Figures 4c and 4d, the Nyquist plots for the baseline cell and intermediate layered cell are
respectively presented. The impedance plots were recorded whilst dry hydrogen served as fuel at
temperatures of 750, 800, and 850˚C. Qualitatively, the differences in the arc size amongst cells are
notable, showing that both ohmic and total polarisation are higher in the case of the baseline cell. The
ohmic resistances are estimated from the plot as being 0.41, 0.26, and 0.20 Ω.cm2 for the baseline cells
and 0.27, 0.20, and 0.15 Ω.cm2 for the intermediate layered cells at 750, 800, and 850˚C, respectively.
The total polarisation for both cells at all temperatures was estimated both from the Nyquist plot and by
ohmic law applied to the i-V plots of Figure 5a. Regarding the Nyquist plot, an element circuit model
consisted of a resistance in series with two parallel RQs (resistance and constant phase element), R2Q1
and R3Q2, was used to fit the data and estimate total polarisation. The dataset is represented in all spectra
as open symbols whereas the fitting model is denoted by a continuous line. The results are presented in
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Table 5. The polarisation estimated from both methods shows consistency amongst them and the
differences in resistance by a factor of 2-3x are notable.

Table 5. Total polarisation estimated from the Nyquist plot and the i-V (Ohm’s law) for both cells.
Baseline Cell

Temperature

Intermediate Layered Cell

[˚C]

Nyquist [Ω.cm2]

i-V plot [Ω.cm2]

Nyquist [Ω.cm2]

i-V plot [Ω.cm2]

750˚C

4.59

4.68

1.48

1.69

800˚C

2.13

2.73

0.91

0.99

850˚C

1.68

1.89

0.62

0.67

Figure 6. Bode plot for both cells in hydrogen and dry methane at 850˚C.

Since all other elements used, such as current collectors, cathode, and electrolyte, were identical for
the configuration of both cells, the almost doubled ohmic resistance can be attributed to the poor interface
between the anode and electrolyte for the baseline cell. It is known that ohmic resistance is mainly
associated with ionic transport and sensed at high frequencies such as 20 kHz or higher. Responses in the
range of frequencies of 5 to 0.5 kHz are associated with charge transfer on three-phase boundaries - TPB
- and exchange currents. The effects of gas diffusion can be observed in the range of 100 to 10 Hz,
whereas gas conversion or reforming processes as sources of impedance, can be identified at lower
frequencies such as 5 to 0.1 Hz [43-45]. Moreover, it can be said that processes occurring at low
frequencies such as gas diffusion through the microstructure and channels as well as fuel
conversion/reforming can be linked to mass transfer. At higher frequencies, phenomena such as
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dissociative adsorption of fuel molecules, oxidation, and electrochemical reactions on TPB sites, are
charge transfer processes [43, 44].
Therefore, the Bode plot of impedance spectroscopy results for both baseline and intermediate layered
configurations, shown in Figure 6, highlights the gains experienced with the addition of the intermediate
layer between the anode/electrolyte interface. The first notable result is the evident high values at high
frequencies for both fuel situations. This indicates poor ionic/electronic transfer, which can be associated
with the anode/electrolyte thermal mismatches when operating in a reducing atmosphere at high
temperatures such as 850˚C. The second interesting result is the huge difference in impedance from 0.1 to
100 Hz for the baseline cell operating with methane. The fuel conversion ability also increased with the
insertion of the intermediate layer, due to ceria’s already proven high activity for methane conversion and
carbon oxidation [18, 46-48].

3.3 Post-mortem characterisation
The Raman spectroscopy analysis was conducted to assess the eventual presence of carbon deposition
on the anodes tested under methane fuel for over 24 hours and it was compared with the spectra measured
on the samples that were oxidised and reduced in hydrogen and in methane, respectively. As can be seen
in Figure 7, for the oxidised anode, the peaks located at 196, 482, 523, 621, and 691 cm-1 are related to
Co3O4 [49, 50] and the peak at 462 cm-1 is assigned to CeO2 [51]. The Raman shift at 286 and 347 cm-1
corresponds to CuO and that at 158, 219 cm-1 to Cu2O [52]. Finally, peaks at approximately 1338, 1580,
and 2660 cm-1 are assigned to carbon for the G, D, and 2D bands [53].
The ceria peak at 462 cm-1 can be assigned to the Ce F2g mode due to symmetrical stretching of the
Ce-O vibrational unit in the octahedral coordination [54, 55]. The absence of a fluorite-type structure at
600 cm-1 suggests that solid solutions were most likely not formed [56], which is consistent with the
previous X-ray discussion. In addition, broadening and shifting of the Ce F2g band indicate that ceria’s
particle size would have changed in the case of nanoparticles [56], which is not the case here. However,
since this peak at 462 cm-1 remains sharp in all cases, the slight shifting can be assigned to an oxygendeficient ceria lattice [57]. The Raman peaks of crystalline Co3O4 are related to Eg (482 cm-1), F2g (523
and 621 cm-1), and A1g (691 cm-1) modes [37, 58, 59]. CuO modes A1g and Bg are at 286 and 347 cm-1.
Additionally, Cu2O peaks were found at 158, 219, and 550 cm-1.
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The Raman spectroscopy results confirm that traces of carbon were found in the spectrum referred to
the aliquot of powder that was exposed to methane whereas no carbon traces were found over the anode
surface after operating with pure methane for over 24 hours. Therefore, the Raman results indicate that
the catalyst itself combined with thermal energy converts methane into hydrogen and carbon by cracking,
whilst as an electrocatalyst methane is electrochemically oxidised under current flow rather than being
cracked. These results suggest that if the cell runs at OCV or even at low current conditions for a long
time it might be prone to carbon deposition, whereas under fuel utilisation electrochemical oxidation
takes place and carbon is thus fully oxidised by the oxygen ions.

Figure 7: Raman spectroscopy over different aliquots of powder that were heat treated in air, reduced in hydrogen and reduced in
methane as well as a post-mortem anode operated with dry methane for 24 hours.

Furthermore, TPO results are presented in Figure 8. This figure shows the carbon oxidation profile for
1.26 mg of graphite powder as a baseline and the equivalent carbon that was deposited over the
intermediate layered anode after operation. It is important to highlight the consistency of the graphite
peaks, which validates the TPO experimental setup of this work. From 250 to 350˚C a small area is
observed, as expected for amorphous carbon, and the highest carbon oxidation processes occur from 550
and 800˚C and can be assigned to graphitic carbon [60].
Moreover, from the oxidation profile of the anode it was estimated, by relative area, that 0.29 mg of
carbon remained over the bulk anode. Taking into account the anode volume, the normalised mass of
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carbon is 0.19 g of carbon per cm3 of anode material, which may be considered negligible for impacting
the adequate anode operation considering that it represents less than 5% of the anode’s total mass.
Additionally, taking into account that no visual carbon was found after dismantling the cells, the coke
resistance in this case is thereby well-proved.

Figure 8: Temperature-programmed oxidation profile for graphite powder and the operated intermediate
layered cell.
The lower power density results with dry methane when compared to those in hydrogen could be
elucidated by the fact that the system was dominated by the concentration polarisation whilst running
with heavier fuels such as methane [4]. It also should be pointed out that an electrolyte-supported cell was
used in the present work, which might result in lower performance, due to higher ohmic polarisation. The
high-resolution SEM cross-section images, presented in Figures 9a and 9b, show the baseline cell and the
intermediate-layered cell, respectively. In Figure 9a, the anode layer is approximately 53 μm, whereas in
Figure 9b, the well-defined CeO2-ScCeSZ scaffold is 23 μm, followed by the anode active layer with
around 60 μm thickness. Both Figures 9a and 9b show inserts with details of each interface and an EDS
mapping distribution of phases. The segmented images inserted in Figure 9a and 9b show Zr, Ce, Co and
Cu in purple, yellow, red and blue, respectively. Observing the mapping inserts, the differences between
the layers are notable, and the presence of the intermediate layer shows that the microstructure changes
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gradually towards the anode surface. Furthermore, the detailed image of the anode/electrolyte interfaces
show drastic differences between Figure 9a and 9b, with significant higher coherence between the
intermediate layer and the electrolyte (9b) when compared to the baseline cell (9a). Moreover, in all
inserted images particles look well-sintered, thus confirming that the abovementioned sintering
temperatures of 1300˚C and 900˚C were adequate for the intermediate and anode functional layers,
respectively, which for the anode layer is corroborated by the dilatometry results.

Figure 9: Cross section SEM images for (a) baseline cell and (b) intermediate layered cell with details of
the interface and their EDX mapping showing phase distribution.
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The enhanced oxygen storage capacity (OSC) of CeO2 is reported in the literature. Renuka et al. [61]
have shown that the presence of ceria nanoparticles may have a supercharging effect in the OSC of such
materials. This indicates that ceria-based compounds are a qualified choice to serve as an intermediate
layer in the case of an SOFC anode. In the present work, mixing ceria with an electrolyte material has
increased the thermal compatibility between the anode and electrolyte. The presence of porous electrolyte
material near the dense electrolyte enhances the triple phase boundaries within this highly active spot.
The fact that the intermediate layer is composed both by scandia-stabilised zirconia and ceria also makes
it more chemically compatible with both structures, the electrolyte itself and the anode functional layer,
bridging these components all together.
Moreover, by successfully inserting this intermediate layer, the manufacturing process could be
simplified due to the utilisation of an industrial-like manufacturing process such as screen printing rather
than laborious impregnation steps.

4. Conclusions
Nickel-based anodes are the current state-of-the-art for SOFC technology when hydrogen is used as
fuel. However, the need for nickel-free material development has been recognised due to the deleterious
effects of carbon deposition when alcohols and hydrocarbons are fed directly to the anode.
This work highlights the importance of inserting an anode intermediate layer within a nickel-free
SOFC anode configuration. By increasing the anode/electrolyte coherence, the cell was able to operate
with two to five times higher power densities. In addition, as observed in Raman spectroscopy, the
operated fuel cell has not shown evidence of carbon over its surface, whereas the standalone catalyst was
prone to carbon deposition. This indicates that, under electrochemical conditions, any carbon remaining
in the anode microstructure will most likely be electro-oxidised under oxygen ions presence. Furthermore,
a TPO analysis corroborated the Raman results, by quantitatively showing negligible traces of carbon
within the cell that was operated for over 24 hours.
The insertion of the CeO2-ScCeSZ intermediate layer is essential to enhance the adhesion between the
electrolyte and anode by anchoring the anode functional layer particles. Moreover, the intermediate layer
was expected to enhance oxygen ion transfer near the electrolyte/anode interface and increase the
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electrocatalytic activity to methane conversion due the addition of ceria, which is a mixed ionic electronic
conductor.
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