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ARTICLE INFO ABSTRACT

Keywords: Solid oxide fuel cells are suggested as potential devices for revolutionizing the way electric power is produced for
Green deal stationary and mobile uses. While this technology has made significant progress since its first demonstration in
Perovskite ) the 1980s, certain issues still need to be resolved, primarily the flexibility in using fuels, especially those derived
EI::_E’?;};;";SUY from biological sources. To address this issue, we proposed the use of a modified perovskite material,
Renewable Laj 5Sr1.5C01,5Nip 50745 (LSCN), which offers enhanced resistance to carbon cracking while preserving the

existing manufacturing chain and electrical performance of commercial cells.

A combination of physicochemical, morphological, and electrochemical experiments provided insight into the
behaviour of LSCN. Its key strengths included excellent performance (e.g. > 650 mW cm™2) and no significant
carbon deposits on the anode and LSCN during 400-hour testing of a coated commercial cell. The analysis of in-
depth changes in the LSCN surface and bulk after thermochemical treatments indicated that this material can be

seamlessly integrated with commercial cells.

1. Introduction

Energy markets today consider biofuels as an interesting energy
source. Conventional thermal engines are almost exclusively used to
convert biofuels into power. As these engines operate inefficiently,
especially when they burn biogas, which has a high CO, content, they
can significantly impact the environment, both in terms of noise and
pollutants. Additionally, nitrogen and sulfur compounds, which are
generally present in biofuels, can adversely affect the lifetime of such
engines. Alternatives to thermal engines include fuel cells, which use an
electrochemical process that is highly efficient and possesses a selective
mechanism that excludes inert species. Although all fuel cell types offer
advantages over traditional thermal engines, Solid Oxide Fuel Cells
(SOFCs) exhibit the highest potential for converting biofuels to power
due to their high operating temperatures and conversion kinetics [1,2].
In addition, the materials used in this kind of cells are relatively
cost-effective to other fuel-cell-based technologies. Currently, SOFCs
have significant commercial potential in a wide range of applications in
different fields, including portable and stationary energy solutions.|[3]
This is because of the SOFCs intrinsic fuel flexibility, electrical and
conversion efficiencies, low pollution emissions, and modularity which
enables the sizing of this technology according to specific needs [4].

Commercial SOFCs commonly use ZrO, stabilised with Y03 (YSZ) as
an electrolyte to enable selective oxygen ion conductivity at high
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temperatures [5]. A variety of materials have been used for the cathode,
including doped manganites, cobaltites, and ferrites [6,7]. For the
anode, Ni-YSZ is used, which is most often used as a cell support (anode
supporting cells, or ASCs) [7].

Despite the fact that Ni is highly electrically conductive, mechani-
cally stable, and has favourable manufacturing properties, it also cata-
lyzes carbon formation (coking) when dry hydrocarbon fuels are directly
fed into the cell, which negatively affects the microstructure and life-
span of the cell [7].

While these issues exist, and there is research underway for fully
ceramic or Ni-free alternatives, commercial cells continue to use Ni-YSZ
anodes because of their well-established manufacturing process [8,9].
Even so, the challenge in this field remains developing competitive
materials, or anode protective layers, that can enhance fuel flexibility
while limiting deactivation mechanisms by promoting alternative re-
actions compatible with the behaviour of commercial cells. Cermets
containing bimetallic alloys and doped ceria have already advanced the
field in this area[10-16]. As cermets are both thermally and electrically
compatible with commercial anodes, the use of these materials could
lead to real technological advances. However, perovskite showing
mixed ionic electronic conducting (MIEC) properties are also considered
as anode materials and coatings for commercial SOFCs. Materials like
these can be modulated to extend triple phase boundaries (TPBs), break
bonds between C-H, C-C, and C=C, and resist sulfur poisoning, allowing

Received 9 May 2023; Received in revised form 11 July 2023; Accepted 20 July 2023

Available online 21 July 2023

0013-4686/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:lofaro@itae.cnr.it
www.sciencedirect.com/science/journal/00134686
https://www.journals.elsevier.com/electrochimica-acta
https://doi.org/10.1016/j.electacta.2023.142927
https://doi.org/10.1016/j.electacta.2023.142927
https://doi.org/10.1016/j.electacta.2023.142927
http://creativecommons.org/licenses/by/4.0/

S. Vecino-Mantilla and M. Lo Faro

them to be used as anodes fed with fuels other than hydrogen[17-23].
However, MIEC materials need improvements in both their catalytic and
electrical properties to compete with conventional anodes, although
they will probably never achieve the same level of Ni-YSZ’s electronic
conductivity [24,25]. Nevertheless, it is still possible for MIECs to have
enhanced electrochemical properties and catalytic performance if they
contain active metal nanoparticles on the surface. Such morphologies
are probably most easily realized by impregnating MIEC materials with
precursors of active metals followed by post-annealing. As a result, fine
nanoparticles may be distributed irregularly on the surface of MIEC [25,
26]. An alternative approach would be to dissolve active metals in their
oxidized forms in the electrode material during synthesis. In the pres-
ence of a reducing atmosphere, high temperatures, and certain condi-
tions, such as A-site defects, B-site element segregation can occur,
allowing nanosized metallic particles to segregate from the bulk to the
surface. This mechanism is called in situ growth or exsolution [27-29]. A
similar method has been extensively applied to the fabrication of pe-
rovskites[19,30], as well as Ruddlesden-Popper (RP) phases [31],
resulting in a homogeneous dispersion of active metals that facilitate
fuel oxidation, improving electronic conduction, reducing carbon for-
mation, and even reducing coarsening difficulties[26,27,32,33]. Ni
doping has been extensively studied in Fe- and Mn-based perovskites or
RP phases as SOFC anodes [19,34-37]. Contrary to this, Co-based pe-
rovskites doped with Ni remain underexplored despite their interesting
redox properties.

However, several aspects support this possibility:

-Co-based perovskites have lower electrochemical overpotentials
compared to Fe- or Mn-based perovskites;

-Co has a similar catalytic performance to Ni, but induces less carbon
formation and deposition, even when high-hydrocarbon fuels (e.g. CsHg)
are used [38];

-Co nanoparticles could easily precipitate at lower temperatures,
leading to less coarsening of the microstructure, thus extending the cell’s
lifespan [39,40].

-B-site doping with Co instead of Mn in these crystal structures en-
hances the 0%~ transport and the electrocatalytic activity [41].

Recently, a novel RP phase material, Laj 5Sr; sMn;j sNip 507+ (ie.
LSMN n= 2, two perovskite units between rock-salt layers based on La;.
xS1x0), was developed. Under reducing conditions and at high temper-
atures (>750°C), this material has been exposed to complete Ni exso-
lution, thereby transforming the original oxide matrix into a novel RP
(LaSrMnOy4.5 or LSM n=1, one perovskite unit between rock-salt layers
also based on Laj 4xSryxO). The result was fine, stable, and well-distributed
nickel-based nanoparticles on the surface of the RP. From synthesis
methodology to characterization of materials to catalytic tests in the
presence of natural gas, these studies provided essential information. As
a result of its superior catalytic performance and resistance to carbon
formation [31,33,42], LSMN was used as a protective coating layer on
the anode side of commercial SOFCs fed with dry biogas. Electro-
chemical experiments showed that well-designed catalytic formulations
coated on conventional cells can mitigate problems associated with the
use of dry organic fuels [34].

Consequently, considering the characteristics of Co as a B-site dopant
instead of Mn, this paper examines a possible novel material as a coating
layer for commercial anode-supported SOFCs. Thus, this study charac-
terized Laj 5Sr; 5C015Nigs507.45 (LSCN) thoroughly and examinedits
electrochemical behaviour towards the electrooxidation of dry biogas
(CHy4, 60 mol% and CO3, 40 mol% [43]) over a long period to establish
its potential use as a coating layer in commercial SOFCs.

2. Materials and methods

Synthesis

By using stoichiometric amounts of La(NO3)3.6H20 (> 99.9 % Alfa),
Sr(NOs)z2 (> 99 % Aldrich), Co(NO3)2.6H20 (>99.99 % Aldrich) and Ni
(NO3)2.6H20 (> 99.999 % Aldrich), LSCN powder was synthesized by
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the Pechini method (citrate complexation route) [44]. First, the solution
of citric acid (CA, >99.5% Sigma-Aldrich) was used as the starting
aqueous solution for dissolving the precursors in a molar ratio of CA:
(metal ion)total = 3:1. Using a hot plate, the solution was slowly heated
from room temperature to 120°C under constant stirring. Then, ethylene
glycol (> 99 %, Aldrich) was added as a polymerizing agent (1.5 mL per
gram of targeted product). Gel formation was induced by heating the
solution to 150°C. Following the drying step, the gel was annealed in the
air for two dwell times at 300°C for 2 hours and 500°C for 3 hours to
ensure complete removal of organic components. The resulting powders
were calcined at 1000°C for six hours, 1100°C for six hours, and 1300°C
for twelve hours with a ramp rate of 2°C min ™"

To obtain the final electrocatalyst, the as-calcined LSCN powders (70
wt.%) were ground together with 30 wt.% of commercial gadolinia
doped ceria (i.e. Ceg 9Gdp 102) using a ball mill for 6 h at 250 RPM with
ethanol to avoid extreme friction in the jar. Based on previous studies
with perovskites-based electrocatalysts, 10% gadolinium-doped ceria
was selected for its remarkable ability to store and release oxygen ions
(spillover) and its acceptable electrical conductivity[23,37,45-47].

Material characterization

An in-depth study of the physical and chemical properties of LSCN
was performed on both fresh and used samples. Using the ALTAMIRA
AMI-300 equipment, a series of cycles involving first reduction (TPR),
post-oxidation (TPO), and second reduction (TPR) were performed to
evaluate the redox properties of LSCN. In these analyses, 5% Hpy in Ar
(TPR) and 5% O3 in Ar (TPO) were fed into the system heated from room
temperature to 850°C at a ramp rate of 10°C min~!. In each case, the
structure of specimens was analyzed with a Bruker D8 ADVANCE
diffractometer with Cu Ka radiation, operating at 40 kV and 40 mA.
Using the native software of the XRD equipment, the spectra were
analyzed, and phases were assigned using the Crystallography Open
Database (COD). The specimen morphology was examined with an FEI
XL 30 Scanning Electron Microscope (SEM).

The surface behaviour of specimens was evaluated using a Physical
Electronics (PHI) 5800-01 spectrometer equipped with a mono-
chromatic Al Ka X-ray source (XPS). The XPS spectra were post-analyzed
using the instrument’s native software, while the bands were assigned
using the literature and NIST X-ray Photoelectron Spectroscopy
Database.

Cell preparation,
characterization

To obtain the final slurry for deposition onto a commercial cell, the
LSCN-CGO mixture was ground for 2 h with organic additives (8 wt. %
terpineol, 2 wt. % polyvinyl butyral resin (BUTVAR B-98) and 2-propa-
nol). A fairly robust button cell with an active area of 1 cm? (ASC1)
manufactured by InNDEC® was used in this study. Its composition was Ni-
YSZ/YSZ/LSM (where YSZ refers to (ZrO2)g.92(Y203)0.0s and LSM refers
to Lag gSrg 2MnOs3) and was designed to operate optimally at tempera-
tures above 800°C. A cell of this type was selected since it was derived
from the same large-area cell used in our previous experiments con-
cerning InDEC® bare and coated cells[34,48].

In order to ensure optimal cell contact with external electrochemical
equipment, a layer of gold paste was applied to both electrodes and then
annealed at 500°C for 10 minutes. After that, the slurry of LSCN-CGO
was brush-painted on the anode and post-annealed at 500°C to burn
the organic additives. The final loading of LSCN-CGO was 13 mg cm >
based on weighting the cell before and after deposition. A pair of gold
wires were then welded to each electrode to collect both current and
voltage. As a final step, the cell was sealed with a ceramic paste (ARE-
MCO 316) at the end of an alumina tube, with the anode exposed to the
inner side of the tube and the cathode exposed to static air.

Finally, this assembly (i.e. alumina tube, cell, and electrical contact)
was placed in a tubular furnace for prolonged operation at high tem-
peratures as depicted in Figure S1(supplementary materials). The seal-
ing paste was cured before electrochemical testing according to the
procedure provided by AREMCO. The cell was then pre-conditioned in

electrochemical set-up, and electrochemical
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diluted H; (50% in He) at 800°C for 12 h. Following pre-conditioning,
the cell was put into operation. Initially, the cell operated with diluted
Hy (60% in He) as a baseline, and then with dry simulated biogas at a
total flow rate of F=15 cm® min~! (CHs, 9 cm® min~! and CO,, 6 cm®
min1). Electrochemical studies included measurements of open circuit
voltage (OCV), polarization curves (current-potential, I-V curves),
impedance spectroscopy (EIS) and long-duration galvanostatic mea-
surement using a BioLogic diagnostic tool equipped with a 100 A booster
and frequency response analyser module for impedance spectroscopy.
To determine the anodic outlet gas quality, a Thermostar® equipment
(from PFEIFFER Vacuum) capable of measuring masses up to 300 amu
was used.

3. Results

LSCN was initially analyzed by coupling TPR/TPO/TPR analyses
with XRD acquisitions to explore its redox behaviour. Since Hy, 0%, and
electric current are circulated between the anode and cathode, the
anode or its protective layer must be flexible and reversible. This part of
the study was designed to gain insight into the consequences of simu-
lated anodic mechanisms in LSCN structures. Consequently, Fig. 1 dis-
plays the temperature-programmed analyses. The first analysis
highlighted five reduction events occurring at different temperatures
and consuming different amounts of Hj. In addition to indicating the
type of metal involved, these evidences provided insight into its initial
and final oxidation state. Literature indicates that the broad band cen-
tred at 288°C (o) corresponded to the transition from Co* to Co3T[49].
The transition from Co®* to Co®>" occurred around 405°C ('), which
consumed a similar amount of Hj as in the signal at lower temperatures.
Around 616°C ('), Co?* is reduced to metallic Co with about twice as
much H; as at lower temperatures. Based on the literature, these
reduction events primarily involved the surface of LSCN [50,51]. In
contrast, the broadband at 795°C (y) was due to the bulk reduction of Co
[49,52]. Instead, the signal centred at 456°C (f) involved the reduction
of Ni®* to metallic Ni [50], and the Hy consumption was similar to that
seen for o',

According to the TPO analysis, Ni and Co have undergone reverse
transformations in the LSCN. In this analysis, an equal number of TPR
chemical events were observed, some of which remained at the same
position, while others narrowed or shifted at lower temperatures.
Typically, the peak at intermediate temperatures (220-550°C) indicated
with @ occurs at or near the surface of Co due to its re-oxidation to Co**
[53-56]. Moreover, the peak at 518°C () is from the reoxidation of the
bulk of Co [53], and it was much narrower than its corresponding
reduction peak, indicating a faster and simpler mechanism than the
initial reduction. Furthermore, Ni re-oxidation occurred at 432°C (y),
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lower than the corresponding reduction temperature [56,57]. Therefore,
it could be argued that this redox mechanism altered the morphology of
the LSCN due to the lower energy required for the re-oxidation of Ni and
bulk Co.

A second TPR round significantly simplified the profile of LSCN’s
reduction compared with the first. A slow reduction event between 180-
340°C (o) formed a noticeable shoulder in the TPR profile, followed by
two sharp peaks at 417°C and 692°C (y). At high temperatures, the peak
is solely attributed to the bulk reduction of Co, while at intermediate
temperatures, the peak is a combination of partial and complete re-
ductions of Co and Ni ((xH, (xm, and B). As an outcome of this second TPR,
it can be argued that aside from the transition from Co*" to Co®*, where
the transition took place at a slower rate but essentially with similar
energy (of), all of the remaining reduction events took place at lower
temperatures and were more energetically favourable.

Fig. 2 shows the XRD results of the LSCN after it has been calcined
and after the redox reactions have taken place. Rietveld refinement was
used to analyze the spectrum of the as-calcined LSCN and revealed two
structures leading to Co-based perovskites (i.e. LagsSrg5Co0O3) identi-
fied with the COD card n. 152-5854 [58] and Ni-based Rud-
dlesden-Popper phase (i.e. Lag 5Srg 5NiO4) identified with the COD card
n. 152-1323 [59]. In addition to these two main phases, the sample
calcined at 1300°C for 12 hours had a couple of spurious reflections,
including the one at 28°. These reflections can be attributed to slightly
different lattice structures caused by defective stoichiometries or, most
probably, to the coexistence of Co and Ni (e.g. in other words, one of
these would have to be at the doping level) in the B-sites of perovskite
and RP phases. The phase composition was estimated at 65.5 wt.% as RP
phase and 34.5 wt.% as perovskite. With reflections from both phases
co-existing in the same regions, estimating crystallite size using
Debye-Sherrer equations was difficult.

According to the multiple phases observed, after the first TPR, the
structure of reduced LSCN was fully altered. There was evidence of
phases LayO3 (COD card n 200-2287), SrO (COD card n 900-8727), Ni
(COD card n 210-0658), and Co (COD card n 153-4891). In addition to
these four phases, no other structures could be recognised in the XRD
spectrum of LSMN after the first TPR. This finding confirmed the results
of the first TPR, where Co and Ni were completely reduced within the
investigated temperature range, while LayO3 and SrO remained in their
oxide form because they require more energy to become metallic.

The LSCN powder re-oxidised by TPO analysis is the next profile to
be discussed. Spectrum analysis indicates that the patterns were similar
to those of the as-calcined sample, though the purity of this sample has
been enhanced, as indicated by the absence of the peak at 28°. Ac-
cording to the Rietveld refinement, the phase composition was also
slightly altered, resulting in 79.6 wt.% as the RP phase and 20.4 wt.% as
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Fig. 1. The profiles of three thermal program analyses for the LSCN electrocatalyst.
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Fig. 2. Results of XRD analyses conducted on LSCN after a thermochemical treatment cycle.

the perovskite phase. The peaks also appeared less narrowed, suggesting
crystallites with smaller sizes, although their evaluation through the
Debye-Sherrer equation was challenging.

When the LSCN electrocatalyst was reduced a second time, the TPR
profile differed from the first reduction (see Fig. 1), but it substantially
replicated the same XRD profile. These combined experiments (i.e. TPR/
TPO/TPR and XRDs) demonstrated stable redox behaviour in the ma-
terial, thereby making it a suitable candidate for SOFC’s anodic
applications.

The LSCN-CGO electrocatalyst was used in this study to improve the
fuel flexibility of a commercial cell. An evaluation of galvanostatic
durability was conducted at 800°C and shown in Fig. 3. A baseline
experiment of 200 mA cm ™2 was conducted in diluted H; for approxi-
mately 65 h to establish a baseline for experimental characterization of
the cell in the presence of dry biogas. During this period, the cell po-
tential partly declined, probably due to coarsening of Ni in the anode,
resulting in reduced electronic percolation. It is not surprising that this
behaviour occurs at high temperatures (800°C) since the experiment
was carried out at such a high temperature. The cell was then fed dry
biogas at 500 mA cm ™2 and remained in these conditions for about 385 h
(i.e. 16 days) before being placed again in diluted Hy for a concluding
characterization. This period was marked by gradual, but sluggish, im-
provements in performance. A fascinating feature of this trend was that
it remained stable for a long period, proving that it has the potential for
improving commercial cells’ fuel flexibility. However, this trend was
lost when the cell was fed again with diluted Ho.

An in-depth diagnosis was performed to better understand this

interesting behaviour. Nearly every day, polarization curves and
impedance spectra were collected and analyzed (see Figure S3 in the
supplementary materials), although only a few of them are shown in the
following figures illustrating the general trend of cell behaviour. The
diagnosis included an analysis of three additional redox cycles with
multiple fixed current densities under steady-state conditions. Analyzing
the anodic outlet gas, together with these tests, provided information
about reaction mechanisms (see Table S1 and Figure S2 in the supple-
mentary materials). In response to repeated diagnostic procedures based
on redox cycles, the cell returned optimally to its previous performance.
It was further proof of the robustness of this cell type and of the design
for enhancing fuel flexibility.

Fig. 4 shows some of the polarization curves collected throughout the
lifetime of the cell. The maximum power density achieved after pre-
conditioning was 718 mW cm 2 @ 0.6V, which is substantially in line
with the performance of a bare cell of this type as reported in the
literature. Immediately following the switch to dry biogas operation, the
maximum power of the cell dropped to 575 mW cm 2 @ 0.6 V. How-
ever, as shown in Fig. 3, the durability test recorded a gradual and
consistent improvement in the cell’s performance, with a maximum
power density of 700 mW cm ™2 @ 0.6 V after 385 h, only 2% less than
the maximum power density recorded at the beginning of the electro-
chemical test with diluted hydrogen.

Following the return to diluted Hj feeding in the anode, the cell
showed a slightly lower power density (680 mW cm 2 @ 0.6 V). Despite
the differences in the maximum power densities, it was interesting to
examine how the I-V curves behaved. A maximum OCV of 960 mV was
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Fig. 3. Cell durability testing performed at 800°C under galvanostatic conditions.
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Fig. 4. Polarization curves of the cell measured over the course of its lifetime at 800°C.

observed under diluted Hj, a value considered quite low when compared
to the values generally observed for a cell of this type, which are
generally in the range of 1.03-1.10 Volts, depending on the sealing
characteristics, electrical connections quality, and of course the fuel
dilution and its reactivity with the anode electrocatalyst. However, this
relatively low OCV value could be due to the additional coating layer
applied to the cell, as observed in earlier experiments [34,48]. However,
it was interesting to observe that the OCV gradually increased when
biogas was fed, and along with it, the performance of the cell as well. As
soon as the diluted Hy was re-fed into the cell, the OCV was low again,
similar to that initially recorded.

Despite this, the cell’s performance at practical potentials (e.g. 0.8-
0.7 V) remained substantially constant throughout the period and
independently of the fuel type, proving that the cell was stable and
reliable even in the presence of dry biogas.

The first-order derivatives of I-V curves are shown in Fig. 5 to better
highlight the variations in the I-V curve characteristics over time. In this
figure, the Area Specific Resistance (ASR) is plotted over the cell current
density. Based on the graph, the cell fed with dilute Hy demonstrated a
high initial activation constraint (e.g. the curve at the lowest current
density). The perovskites layer might have caused this effect since these
materials are typically more active towards different reactions than
direct Hy electrooxidation. As shown in Fig. 5, the curves for the biogas-
fed cell showed a different trend. Over time, the activation loss
decreased from its initial value. The ASR immediately after switching to
biogas was 0.44 ohm cm? and dropped to 0.33 ohm cm? after 385 h of
operation. Increasing ohmic loss accompanied a trend in the ASR at low

current density. As a result of prolonged biogas operation, the ASR peak
moved toward higher current densities. As soon as the cell switched to
biogas, the maximum ASR was around 70 mA cm™2, which increased to
200 mA cm™2 after 385 h.

Afterwards, the slope rapidly declines, indicating favourable condi-
tions between 450 and 700 mA cm 2 Then, cell performance was
heavily influenced by reactant diffusion at high current densities. A
direct correlation was also found between the ageing of cells and the
trend of the curves at high current densities. According to this experi-
ment, the curve features were associated with a cell that was always less
affected by diffusion control over time.

This trend may be explained by the dry oxidation of methane causing
an increase in the partial pressures of intermediates according to the
following reaction

CH; + CO, -»2CO + 2H, (reaction 1)

Once these catalytic products have diffused over the triple phase
boundary (TPB) of the anode, they can be electrochemically oxidized by
combining with oxygen ions from the cathode and releasing electrons in
the external electrical circuit:

2CO +2H, +40*" —2C0, + 2H,0 + 8¢~ (reaction 2)

As a result of this reaction, the partial pressure of CO5 and H,0 in the
anodic chamber increases, but it can also lead to catalytic steam
reforming in the catalytic sites of the anode composed of Ni-YSZ or in the
pre-layer:

0.65
0.60
~ 055
§ 0.50
o
2o
& 035
< 030
0.25
0.20

TN TN T Y TN T T T S T T Y T Y Y T N

* 60% H2_0h

@ dry biogas_117h
® dry biogas_163h
@ dry biogas_214h
@ dry biogas_25%h
@ dry biogas_306h
@ dry biogas_354h

©60% H2_409h

0.00 0.20 0.40

0.60 0.80 1.00 1.20

Current density / A cm™

Fig. 5. Area Specific Resistance (ASR) vs current density, computed as a first order derivative of the I-V curves (Fig. 4).
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CH, + H,O -CO + 3H, (reaction 3)

Consequently, biogas can result in multiple reactions and a mass
spectrometer was used during this electrochemical experiment to un-
cover possible reaction mechanisms. Even so, the most interesting aspect
of this study was how the cracking reaction (equation 4) was apparently
inhibited, which would be detrimental to commercial cells.

CH,—~C + 2H, (reaction 4)

The cracking of methane produces two moles of Hy. These can be
converted electrochemically to two molecules of water and, as a result, a
steam-to-carbon ratio of 2 is probably set in the anode and could be quite
acceptable for the steam reforming of methane. Despite this, practical
conditions generally require an excess of fuel. In practical terms, this
poses a serious threat to cell resilience if as in this case, no water is fed.
In this research, the cell was fed approximately 10 times more methane
than required by the faradic equation at 500 mA cm 2 for the complete
oxidation of methane. Thus, this approach was a huge challenge for this
cell design, and the shuttle mechanism described in a previous paper
may be responsible for its apparent resilience [37].

The screening also included an EIS analysis at 800 mV and 700 mV,
which are generally within the operating potential ranges of commercial
SOFCs. According to Fig. 6, the series resistance (R;) of cells increased
with time. Essentially, such a term is derived from the intercept between
the EIS spectrum at high frequency and the x-axis. A similar behaviour
would be expected in commercial SOFCs operating at high temperatures
due to the coalescence of Ni. An increase in particle size leads to a
reduction in electronic percolation, resulting in an increase in the Rg of
the cell. These spectra are also notable for the number of quasi-
semicircles present. In the case of the cell fed with Hp, there were two
well-defined quasi-semicircles and one minor semicircle at the lowest
frequencies, as observed at the beginning and end of the durability test.
The spectra of the biogas-fed cell, on the other hand, showed three well-
defined quasi-semicircles, especially at 800 mV (Fig. 6a). These spectra
also showed that changes in fuel type mostly affected quasi-semicircles
at intermediate and low frequencies (see Table S1 and Figure S3 in the
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supplementary materials).

Every quasi-semicircle in an EIS spectrum of a complete cell corre-
sponds to one electrochemical reaction occurring at the electrodes.
Depending on the characteristic reaction mechanism involved, the
quasi-semicircle had a slightly depressed appearance. The frequency at
which quasi-semicircles appear is an indication of reaction kinetics.
Therefore, complete cells usually exhibit faster reactions at higher fre-
quency semicircles.

It was evident from the feature of EIS spectra in Fig. 6 that the spectra
did not change significantly at high frequencies as fuel types changed. As
aresult, it seems more likely that the first quasi-semicircle was caused by
a reaction involving oxygen reduction, which is quite efficient at 800°C
using LSM as an electrocatalyst. Also, Hy oxidation is fast, and in prin-
ciple, it would be faster than oxygen reduction. However, it is possible
that a coating layer that contains an oxide (LSCN-CGO) could slow this
process, and this behaviour matches the relatively low OCV recorded for
the diluted Hj-fed cell (see Fig. 4).

There is also the presence of a third well-defined semicircle at low
frequency, suggesting either a poorly optimised TPB or the direct
oxidation of a fuel containing many electrons. As for the first possibility,
it could be a result of low TPBs extending into the coating layer. There is
little chance of this happening since the partial pressure of oxygen ions
at such a wide physical distance from the electrolyte should be negli-
gible. Furthermore, there was a gold layer between the anode and the
coating layer that substantially blocked any ions travelling from the
cathode to the anode. Therefore, it is evident that the coating layer had a
role in the pre-catalytic mechanism.

Regarding the second possibility, a low-frequency semicircle could
result directly from direct methane oxidation. As a matter of fact, while
Hj and CO, which are produced by reactions 1 and 3, can be oxidized by
simply combining with 1 oxygen ion and releasing 2 electrons:

H, + 0 -H,0 +2¢” (reaction 5)

CO + 0 -CO, +2¢~ (reaction 6)
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Fig. 6. Cell impedance spectra measured at 800 mV (a) and 700 mV (b) during its lifetime.
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they ought to behave similarly to anodes based on Ni. But, for methane
oxidation, four oxygen ions are needed and eight electrons must be
released:

CH, + 40> —>CO, + 2H,0 + 8¢~ (reaction 7)

In light of this, it is obvious to consider that the low frequency was
probably caused by the direct oxidation of methane.

The spectra collected at 700 mV (Fig. 6b) showed a similar trend to
those collected at 800 mV. Similarly, R increased over time while the
intercept between the x-axis and spectrum at low frequency, which is
designed as total resistance (Ry), decreased over time.

In conjunction with this reduction of R;, the quasi-semicircle
appearing at lower frequencies is depleted. These results may be
explained by the saturation of electrocatalytic sites with Hy and CO,
which results in a reduction of methane partial pressure over the elec-
trocatalytic sites. Moreover, the humidity in the anodic chamber was
improved as well as the likelihood of methane being reformed by steam.
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As shown in Fig. 7, the LSCN-CGO electrocatalyst was studied under
three different conditions, including calcination at 1300°C, reduction at
800°C to simulate electrocatalyst behaviour when reduced, and pro-
longed operation as a coating layer during the cell electrochemical
experiment discussed above. As a result of the limited sample obtained
from the cell experiment (i.e. used sample), the XPS analysis, in this case,
was quite noisy. Surveys of these XPS analyses are presented in the
supplementary materials (Figure S4, supplementary materials). Using
quantitative analysis of survey results, it was found that the reducing
treatment enriched Sr on the surface, while carbon content in the spent
sample did not increase significantly.

Fig. 7 presents the multiplex analysis of the main elements in the
specimens. For the three samples compared, the spectra for the elec-
tronic structure of C showed different behaviours. The spent catalyst had
two significant peaks in addition to the adventitious carbon peak (284.6
eV) used for spectra alignment. As reported in the literature, the peak at
285.72 eV could be described as CO adsorbed on Co [60], while the peak
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Fig. 7. XPS studies of the LSCN’s main elements in response to thermal and chemical treatments.
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at 288.34 eV was assigned to carbonyl-based ligand [61]. Carbides and
soot were not observed in any significant amounts. These types of car-
bon typically exhibit lower energy signals than adventitious carbons
[61-63]. Regarding the other two samples, the as-calcined sample
showed peaks at 286.33 eV for the carbonyl group [64] and 289.17 eV
for the carbonates [65]. In addition to these two peaks, the as-reduced
sample also showed a peak at higher binding energy (i.e. 291.16 eV)
associated with adsorbed CO, [66].

Analysis of the electronic structure of oxygen provided additional
information about the LSCN-CGO electrocatalyst after thermal and
chemical treatments. Additionally to the typical oxygen signal of oxygen
bonded with cerium between 528.6 - 529.60 eV, we observed two
additional peaks. The oxygen peak moved into this range because of the
redox behaviour of cerium [67]. Upon calcining, the electrocatalyst
showed a typical perovskite oxygen peak at 531.26 eV [68] and a
carbonyl peak at 533.83 eV [69]. Additionally, the reduced and spent
electrocatalysts showed two signals at 532.8 eV associated with LayO3
[70] which confirmed the XRD spectrum, and 531.05 eV associated with
metal hydroxides at the surface [71]. The peaks recognised for the
reduced and spent electrocatalysts were essentially similar, with the
only difference being their relative intensities. Based on this observa-
tion, the spent catalyst operated with a reduced surface, even if the
relative amount of species changed due to the more complex environ-
ment (e.g. water, CO, and hydrocarbons) compared to the reduced
sample.

In the as-calcined sample, La3ds,; spectra showed typical spin-orbit
doublet peaks shifting at low energy (i.e. 834.4 eV and 837.8 eV) related
to La®" embedded in perovskites or RP phases [72]. After the LSCN was
treated, lanthanum signals moved towards higher energies in the region
generally corresponding to LayO3 [73].

With regards to the electronic configuration of Sr3d, this exhibited in
the as-calcined sample the typical structure of an oxide mainly
embedded in the perovskite and Ruddlesden-Popper phases. This spe-
cific case revealed a well-defined electronic structure for Sr within these
two phases. There was one peak at 131.4 eV due to Sr in the perovskite
[74], and another at 133.47 €V due to Sr in the RP phase [75]. As can be

—
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seen from the area of these peaks, Sr is primarily enriched in the RP
phase. The reduced sample showed essentially the peak of SrO, while the
spent catalyst also showed the peak for Sr in the RP phase, in addition to
the peak of SrO. Substantially, as indicated by the electronic structure of
Sr in the spent electrocatalyst, LSCN may return to perovskite and RP
when conditions are appropriate.

The presence of La3ds,, adversely interfered with the study of the
electronic structure of Ni. Nevertheless, the electronic structure of Ni on
the as-calcined sample consisted of a peak centred at 855.21 eV due to its
presence in an RP phase [76], whereas the reduced and spent samples
showed a signal slightly moved to a higher energy level due to
Ni-hydroxide [76]. There was, however, a difference between the elec-
tronic structure of Ni in reduced and spent samples. The reduced sample
showed a sharp peak centred around 852 eV due to metallic Ni [77],
while the spent catalyst showed a slight peak at 853.81 eV due to NiO
[78], which is probably due to traces of Hy0 remaining in the anode
chamber during cooling to ambient temperature.

Two peaks and one satellite were observed in the spectrum of Co,
which is consistent with the existence of Co®>" and Co?* in the sample as
calcined [79]. While the electronic structures of the reduced and spent
samples for Co were similar, there were some differences in the relative
amounts between these species. There was a clear signal for metallic Co
by the peak at 778,5 eV [80], although there was also a peak for
Co-hydroxide at 781 eV [76]. According to XPS results, the LSCN elec-
trocatalyst exhibited redox properties, consistent with the TPR-TPO-TPR
cycle and XRD results.

In order to highlight the effect of the prolonged operation on the
cell’s microstructure, a transversal cut was made on the spent cell for
microscopical examination. In Fig. 8a, each layer is shown at low
magnification, with arrows indicating the material type. The magnifi-
cation made it possible to detect no significant damage to the cell. This
image also shows where the electric contacts were placed for measuring
cell potential and current. As described in the experimental part, gold
contacts were directly connected to the cathode LSM and anode Ni-YSZ,
while the coating layer covered the anodic contact layer. Thus, the
LSCN-CGO in this case served as a pre-catalytic layer, as the TPB phase

Ni-YSZ

YSZ electrolyte

B\

AccV SpotMagn Det WD p————— 20gm
200kV30 1500x SE 52

Fig. 8. SEM images showing the spent cell at different magnifications and in different zones in particular depicting the complete cell (a), the electrolyte-electrode

interfaces (b), the anode layer (c), and the coating layer (d).
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was negligible at this distance from the electrolyte. Since the coated cell
was prepared using a brush painting technique, the thickness of the
precatalytic layer varied from 39-87 pm.

In Fig. 8b, the electrolyte-electrode interfaces are illustrated in more
detail. At this magnification, the spent cell showed no damage to the
interfaces, proving that this specific type of cell is quite robust and can
likely be operated for a much longer period than examined here. A
portion of the anode can be seen in Fig. 8c. The microstructure of this
electrode was found to be uniform, but there was also a slight agglom-
eration of particles, which could explain the initial performance loss. But
as discussed, this type of cell operates at such high temperatures that a
limited coarsening of Ni is almost physiological. However, the most
interesting aspect was finding that there were no traces of carbon soot.
Regarding this, it should be noted that the cell was discharged in the
presence of diluted H; as it had operated during the last period of the
durability test. As a result, it is possible that carbon soot was oxidized by
either H,0 or high reactive O-ions during the durability test with diluted
Ho.

A magnified image of the coating layer can be seen in Fig. 8d. As part
of the microstructure of this layer, fine LSCN particles with spherical and
dendrimeric aspect with an average size of 185 nm were supported or
encapsulated on CGO. Similar distributions of materials might prevent
particle coalescence, although perovskites are not as susceptible to this
mechanism as the Ni of the anode. Aside from that, the "exotic"
morphology of this electrocatalyst may have a higher surface area than
smooth spherical particles. It might also be one of the reasons why the
cell showed high stability and optimal performance when operated with
dry biogas.

Conclusions

In order to improve the ability of a commercial SOFC to convert
organic fuels into electrical energy, a perovskite-based material was
investigated as a potential coating layer for the SOFC’s anode. Based on
a combination of physico-chemical experiments including TPR-TPO-
TPR analyses, XRD and XPS scans, which determined the behaviour of
the material in both the bulk and on its surface, this study examined the
redox behaviour of a material with the chemical formula Laj 5Sr; 5.
Co1.5Nig.507+5 (LSCN). The electrochemical studies demonstrated that a
commercial cell coated with this material is capable of delivering
excellent performance and can also withstand degradation mechanisms
including methane cracking, as predicted by the experimental condi-
tions. It was apparent from viewing the spent cell microstructure that
this type of cell was very robust, while the LSCN shape appeared to be
highly resistant to coalescence, as demonstrated by its fine dimensions
and dendritic structure shown after prolonged operation at 800°C and
high current density.
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