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GRAPHICAL ABSTRACT

Additional layer of Pr
and Sm co-doped
ceria deposited on
the Ni-YSZ anode

Direct internal reforming of biogas

Problems with TEC mismatch

Less carbon

Higher stability over time

ABSTRACT

The Pr and Sm co-doped ceria (with up to 20 mol.% of dopants) compounds were examined
as catalytic layers on the surface of SOFC anode directly fed by biogas to increase a lifetime
and the efficiency of commercially available DIR-SOFC without the usage of an external
reformer.

The XRD, SEM and EDX methods were used to investigate the structural properties and
the composition of fabricated materials. Furthermore, the electrical properties of SOFCs
with catalytic layers deposited on the Ni-YSZ anode were examined by a current density-
time and current density-voltage dependence measurements in hydrogen (24 h) and biogas
(90 h). Composition of the outlet gasses was in situ analysed by the FTIR-based unit.

It has been found out that CepoSmg 1025 and Ceg gPro 0sSmo 1505.5 catalytic layers show
the highest stability over time and thus are the most attractive candidates as catalytic
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SOFC materials, in comparison with other investigated lanthanide-doped ceria, enhancing direct
FTIR internal reforming of biogas in SOFCs.

© 2020 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Ceria-based compounds are very attractive materials for
electrochemical applications, such as solid oxide fuel cells
(either electrolyte or anode [1,2]), oxygen storage materials [3],
oxygen sensors or catalysts of partial oxidation of hydrocar-
bons [4,5]. They present high mobility of oxygen ions [3], high
oxygen storage capacity (OSC) [3], attractive redox catalytic
properties [1-5], chemical compatibility with water and car-
bon dioxide at high temperatures [4] and sufficient resistance
to reduction under relatively low oxygen partial pressures [4].
The high oxygen mobility in ceria promotes the mechanism of
carbon removal, which in turn, should contribute to the sta-
bility of the catalysts on hydrocarbon conversion reactions [3].

Undoped ceria (Ce0O,) has a fluorite-type structure with 8-
fold coordination of cations. In reductive atmospheres the
oxygen vacancies are compensated by the reduction of Ce** to
Ce3*. As a result, n-type electronic conduction through small
polaron thermally activated hopping occurs [4,6]. To introduce
the oxygen vacancies and to increase the ionic conductivity of
these compounds, cerium atoms in the structure can be
substituted with some aliovalent cations. Among them one
can find e.g., Gd*" or Sm®" [7,8]. Another interesting type of
dopant is praseodymium [9,10], which shows a significant
redox activity under reductive conditions. At reduced pO, Pr
acts in a similar manner to Gd or Sm. Itis a fixed valent dopant
non prone to changes in the oxygen vacancy concentration
with temperature [9,10]. At high pO, the concentration of ox-
ygen vacancies becomes strongly dependent on temperature
and oxygen partial pressure [9,10].

In order to obtain a ceria-based compound with a consid-
erable concentration of oxygen vacancies, the strategy of
aliovalent co-doping of ceria with Gd and Pr has been sug-
gested in the literature [9]. In this case oxygen non-
stoichiometry is formed as a result of charge compensation.
Another pair of dopants, Nd and Sm, led to improved electrical
conductivity thanks to the lowering of an association enthalpy
of the oxygen vacancy and the dopant ions [11-13]. Other
factors, which may play a role in co-doping effect are: raise of
a configurational entropy, modification of an elastic strain in
the crystal lattice and changes in the grain boundary
composition [11—13].

In this paper, aliovalent co-doping procedure by Sm and Pr
has been suggested. Then oxygen vacancies should be formed
to compensate effectively negatively charged Sm**, Pr** and
Ce®" that partially substitute Ce**. Assuming ideal behaviour
for the reduction of Pr and Ce in the lattice (invariant values of
reaction entropies and enthalpies) the expected defect re-
actions leading to a formation of oxygen vacancies can be
described by the following reactions [9]:

SMy0;— =% ,2Sm.., + Vi + 30% (1)
X / . 1

2Pree +0p < 2P, + Vi +502(9) (2)
X X / .o 1

2Cef, + 0F —2Ce;, + V5 + EOZ 9) (3)

where O} is the oxide ion in its lattice site, V is an oxygen
vacancy, Sm,, is Sm** ion in Ce** ion site, Pr%, and Pr,, are Pr**
and Pr** ions in Ce*" site, respectively.

It is clear from the above equations that both dopants lead
to a formation of oxygen vacancies, which may have a positive
effect on the partial oxidation of hydrocarbons catalysed with
the use of these compounds. Therefore, in this work various
nanocrystalline compounds of Pr and Sm co-doped ceria (with
up to 20 mol.% of dopants) were fabricated by the reverse
microemulsion synthesis method. Next, they were deposited
in the form of layers on the surface of SOFC anode in aim to act
as electrochemically active materials for the biogas reforming
process. The aim of such a SOFC anode modification was to
investigate the influence of these functional layers on a life-
time and efficiency of the commercially available solid oxide
fuel cell operating under biogas without the need of an
external reformer.

Experimental

The following compositions: CeO,;5  CepoSmg10;.5,
CegoPro105.5, CeggPro15Smo gsOs5, CeggPro1Smg 10,5 and
Cep.gProosSmg 150,.; have been fabricated via a reverse
microemulsion method. A detailed description of the applied
procedure is reported elsewhere [14].

The phase composition of the investigated materials was
analysed using the X-ray diffraction method (XRD) by an
X'Pert Pro MPD Philips diffractometer with Cu Ka (1.542 A)
radiation at room temperature. The size of crystallites was
estimated based on the Scherrer formula: C = k)\/[(B.—By)cos6)],
where C is an average diameter of the crystalline grain, kis a
constant (assumed to be 0.9), A is the X-ray wavelength, 0 is the
diffraction angle, B, is the measured width of a peak profile
and B, is the instrumental width of a peak. The XRD patterns
were also analysed by the Rietveld refinement method using a
HighScore Plus software with the pseudo-Voigt profile func-
tion applied. As a starting point of the analysis, crystal
structure parameters of CeO, (Fm-3m space group) were used
[15]. The morphology of fabricated materials was examined
using the FEI Quanta FEG 250 Scanning Electron Microscope
(SEM). The thermal expansion coefficient of doped-ceria pel-
lets (previously sintered at 1000 °C for 2 h) was determined
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using the Netzsch DIL 402 PC dilatometer operating in
100—1000 °C temperature range under nitrogen atmosphere
with 3 °C/min heating/cooling rate.

To form pastes, the obtained powders were ground in a
mortar for about 1 h with ESL 403 organic binder (Electro-
Science Laboratory, USA). The prepared pastes were deposited
on the anode surface of a traditional 1-inch Solid Oxide Fuel
Cell (Ni-YSZ anode, YSZ electrolyte and LSM-YSZ cathode).
The catalytic layer was a circle of 16 mm diameter and 30 um
thickness. Finally, the modified fuel cells with deposited cat-
alytic layers were fired at 1000 °C for 2 h.

Such prepared fuel cells were mounted in a measurement
rig [16]. They were heated up to 800 °C with argon delivered to
the anode side and then, to reduce nickel oxide, humidified
hydrogen (3% H,0) was supplied at 800 °C for 30 min and
further at 750 °C for 20 h. After this time the hydrogen was
replaced by wet synthetic biogas (3% H,0) consisting of
methane and carbon dioxide mixed at a volume ratio of 60:40.
The total flow rate of the inlet gas mixture was 21 cm® min ™},
ensuring constant gas supply to the FTIR system at the outlet
of the fuel cell. This study was focused more on the compar-
ison of the activity of additional catalytic layers and its influ-
ence on degradation rate, disregarding the optimal fuel
utilisation factor discussed in other papers [17,18]. Two types
of electrical measurements were collected during fuel cell
operation in biogas: a current density versus voltage and a
current density versus time at 0.65 V for the 90 h at 750 °C. A
scheme representing a general procedure of the experiment
applied in this work is shown in Fig. 1.

Simultaneously with electrical tests, an analysis of the
composition of the outlet gases from SOFC was performed
using a Fourier Transformed Infrared Spectroscopy (Perki-
nElmer Spectrum 100 with ZnSe optical windows). FTIR
spectra were collected every 10 min within the wavenumber
range of 4000—500 cm™" with a resolution of 4 cm™. Con-
centrations of methane, carbon dioxide and carbon monoxide
were then calculated. Although H, gas is not visible in FTIR
spectra, after a calibration process, we were able to determine
its concentration as a difference from 100% of summed CHy,
CO, and CO concentrations. Such an approach is correct and
in line with expectations. Moreover, the conversion rates of
CH, and CO, as well as the yields of H, and CO were calculated.
A detailed description of the measuring system and analysis
methods was reported elsewhere [16].

Results and discussion
Before operation in biogas

The XRD patterns of Ce(Pr,Sm)O,.; powders fabricated by a
reverse microemulsion method are presented in Fig. 2. All
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Fig. 2 — XRD patterns of Ce(Pr,Sm)0,.; powders fabricated
by a reverse microemulsion method.

diffraction peaks can be attributed to CeO,.;, which indicates
that all materials are single-phase. Therefore it can be stated
that the amount of dopants applied in this work (20 mol%) is
below the solubility limit of Pr and Sm in ceria, what is in
agreement with literature reports [19]. The obtained XRD data
also allowed to estimate the size of the crystallites in the
fabricated compounds. The results of the analysis are shown in
Table 1. It can be found that all of the materials are nano-
crystalline and that addition of dopantreduces the average size
of crystallites (from ca. 10 to 7 nm). The unit cell parameters of
analysed compounds both with the goodness of fit (GOF) values
forRietveldrefinementarealso presentedin Table 1. Thelowest
lattice parameter was found for pure CeO,._; and Ceg gPro 1055,
because Ce*" and Pr*" ions have the smallest and comparable
ionicradii, as shown in Table 1. However, when both Pr and Sm
dopants were introduced into ceria, then there is no linear
dependence between lattice parameter and the amount of
dopant, what suggests that praseodymium exists in mixed-
valence state (**/*") in these compounds [4,9].

The morphology of fabricated powders examined using
Scanning Electron Microscopy is shown in Fig. 3. All doped-
ceria compounds have similar, uniform microstructure with
round-shape grains of an average size of 20 nm. The only
exception is pure CeO,.; in which two types of grain shape are
visible: round and flakes-like. The former has an average size
of 20 nm and the latter up to 100 nm.

In the next step the chemical compatibility of the fabri-
cated compounds with the NiO-YSZ anode material was
investigated. For this purpose the powders of the doped ceria
materials were mixed with NiO-YSZ powder at 50 vol% ratio,

Reduction in
hydrogen (800°C
30min; 750°C
20h)

Mounting in the
measuring cell

Running in biogas
(750°C 90h)

Fig. 1 — Procedure of the experiment.
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Table 1 — Unit cell parameters, average size of crystallites (from XRD) and average size of grains (from SEM) calculated for

the Ce(Pr,Sm)0,.; powders. Also the ionic radii for ions with coordination number equal 8 are shown.

Compound Unit cell parameter, a (A)  Size of crystallites, d. (nm) Size of grains, dg (nm) Ionic radius, R (A) [20]
Ce0,.5 5.414 (GOF 1.56) 10.1 + 0.4 20 up to 100 Ge®* (1.143)
CepeSMmo10,.5 5.421 (GOF 2.57) 6.7+ 0.6 21+5 Ce** (0.97)
Ceo.9PT0102.5 5.414 (GOF 2.04) 7.0+ 0.3 20+4 Sm>* (1.079)
Ceo_gpro_lssmo_osoz.g 5.420 (GOF 159) 6.2 +0.9 23+3 Pr3+ (1126)
Ceo.8PTo1SMo 1055 5.426 (GOF 2.07) 6.5+ 0.3 25+4 Pr** (0.96)
Ceo.gPro.055M0.1502-5 5.426 (GOF 2.04) 6.2 + 0.5 20+ 3

Ce02_5 Ceo.8Pr0.1 5Sm

005925 Ce gPro.1Smg 10,5

24 208 b"‘

Fig. 3 — SEM images of Ce(Pr,Sm)0,._; powders fab

ricated by a reverse microemulsion method.

ground in an agate mortar, uniaxially pressed into pellets and
subsequently sintered at 1000, 1100 and 1200 °C for 2 h. Then
the XRD analysis was performed. In Fig. 4, a part of XRD
pattern of Ceg gPrg1Smg 10,5 —NiO/YSZ composite after sin-
tering at different temperatures for 2 h is shown. It is repre-
sentative also of other compositions. It clearly indicates that
at temperature above 1000 °C a chemical reaction between
ceria and YSZ phase takes place. As a result, the secondary
phase of Ce 33Zr06702.3 is formed. This observation allows us
to conclude that catalytic layers of ceria deposited on the
surface of NiO-YSZ anode should be sintered at temperature
not higher than 1000 °C to prevent the zirconium diffusion.
Nevertheless, a potentially negative effect of the existence of
this additional Ce—Zr—O phase depends on the part of the fuel
cell in which it is formed [21—27]. For example, it was reported
by Patel et al. [24] that when this phase occurs at the Ni/YSZ/
CeO, anode operating with direct hydrocarbon feeds, it plays a
key role in suppressing carbon formation and associated cell
cracking. When Ciementi et al. [25] used Zrg35Ce06502-5 tO

decorate the Ni-YSZ anode operating in methanol fuel, they
also found that the addition of this compound not only
enhanced the coking resistance due to its oxygen storage
capability, but also increased the activity of the anode for fuel
electro-oxidation due to the increased conductivity, as well as
it affected the type of carbon that was formed [26]. On the
other hand, if this phase forms also at the anode-electrolyte
interface, then it will deteriorate the ionic conductivity of
the thin YSZ electrolyte, lowering the performance of a whole
fuel cell [27].

In the next stage of the experiment the doped-ceria pow-
ders were mixed with an organic binder to the form of a paste
and deposited on the surface of NiO-YSZ fresh anode. Then
they were sintered at 1000 °C for 2 h in the air. The cross
sections of these samples were analysed by SEM to examine
the quality of the interface between the ceria catalytic layer
and the anodic support. Exemplary SEM images of
CepoSmp 10,5 and Ceg gProosSmo 15045 interfaces are shown
in Fig. 5. They are representative of two groups of compounds:
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Fig. 4 — XRD patterns of Gep gPrp.1Smg 10,.; —NiO-YSZ
composite after sintering at different temperatures for 2 h.

without and with praseodymium dopant. Catalytic layers
without Pr have quite uniform microstructure, both in the
case of grain size and porosity. In the interface with the anode
support there are no visible cracks and no traces of delami-
nation. When Pr is used as a dopant then the quality of the
layer is quite poor. Large agglomerates, non-uniform porosity
as well as a poor adhesion to the support are visible.

To better understand the source of this phenomenon the
dilatometry studies of fabricated doped-ceria materials were
performed. For reference also the NiO-YSZ anode was exam-
ined. The results are presented in Fig. 6. The calculated values
of the expansion coefficient in defined temperature ranges are
shown in Table 2. The thermal expansion coefficient of NiO-
YSZ is equal to 12.4 x 107® K~! and is in agreement with
literature reports [28]. Among presented compounds only
Cep.oSmgp 10,5 fits well to NiO-YSZ anode
(TEC = 12.6 x 10~ K ?). This observation explains a very good
quality of the interface between the CepoSmg10,.; catalytic

0.018 4 - Ceo apro.1ssmo 0502-5
oo E < Ce Pr, O,
1 * CeO.BPr0.1sm0.IOZ-6
0.014 4 ® Ce,oProsSmy 40, .
00124 v Ce,Sm O,
— i » NiO-YSzZ
2 0.010
[ ]
°
< 0.008
-
3 ]
0.006 —
0.004 —
0.002 4
0.000 = T T T T 1
200 400 600 800 1000
T (°C)

Fig. 6 — Expansion characteristics of fabricated compounds
measured in N, atmosphere.

layer and the anode support. It can also be noticed that all Pr-
doped ceria samples show linear expansion below 400 °C. The
expansion coefficients measured in this temperature range
are close to that of NiO-YSZ. However, the dilatometry curves
display a non-linear behaviour with an inflection point at
~550 °C. This deviation from linearity increases with
increasing Pr content. Such behaviour has been previously

Table 2 — Values of total (thermal and chemical)

expansion coefficients measured for fabricated
compounds in different temperature ranges.

ot (F1076 K1)
100-400 (°C) 400-700 (°C) 700-1000 (°C)

Ceo gPr0.155M0.0502-5 11.1 32.1 18.6
Ceoigpro_lsmg_‘lOz.s 13.0 23.9 18.0
Ceo gPr0.055M0.1502-5 10.4 17.7 16.2
Cep.oPr9 1025 11.8 27.9 19.2
Ceo.oSmo 10,5 12.6 12.6 12.6
NiO-YSZ 12.4 12.4 12.4

CepsSmg 10,5

CeggPro.osSmg 15025

Fig. 5 — SEM images presenting Cep 9Smg 10,.; and Ceg gPrp 0sSMy 1505, catalytic layers deposited on the surface of NiO-YSZ

anode after sintering at 1000 °C for 2 h.
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reported in the literature for Pr-doped ceria compounds
[9,10,29,30]. It is explained by a chemical strain originating
from the combination of slight contraction of the unit cell
upon formation of oxygen vacancies and expansion of the
unit cell upon partial reduction of praseodymium from Pr** to
Pr** (according to Egs. (1) and (2)) [9,10]. Therefore, the quality
of the interface between the NiO-YSZ anode and the Pr-
containing ceria catalytic layer may be poor. In conse-
quence, it may be less adherent to the substrate and thus be
more prone to mechanical damage. However, this weaker
interface should not affect the catalytic properties of the layer
itself. As long as effective gas diffusion can occur in the layer,
biogas reforming chemical reactions should be performed,
regardless of contact with the support. In turn, electrocatalytic
reactions will require good electrical contact between the NiO-
YSZ substrate and the layer (to allow transport of O~ ions),
but even point contact enabling the formation of a percolation
path should be sufficient and the layer will fulfil its role.

During operation in biogas

After the analysis of structural properties of the fabricated
compounds and their compatibility with the NiO-YSZ anode
support they were investigated as an additional anode cata-
lytic layers in SOFCs fueled by biogas. The results of electrical
measurements are presented as current density plots versus
time in Fig. 7. The data were normalised to the standard value
of 100% in the moment of fuel switching from hydrogen to
biogas. Such a presentation allows us to exclude the effect of
different gas diffusion through a layer due to a different
microstructure, which may influence the absolute value of a
power density. To make it possible to know the actual current
density values at which the fuel cells operated, an I-V plot for
the reference SOFC without a layer was added to Supple-
mentary Materials (Fig. S4). In Fig. 7 one can see that after fuel
switching from hydrogen to biogas a rapid drop of current
density takes place. This is due to fuel dilution with CH, and
CO, and low fuel utilisation factor in this experiment. Among

100
98—-
96—-
04 1
021

90

88

o—0—0—0
861 _m-ceo, o2

] - Cey Py, 0,4 V= Cey Py sSm, 10,5
844 —A—Ce, P, :SM, .0, @ Ce, ;Sm, 0,
1 —*—Ce,Pr,,Sm, O, —O— Reference (without layer) =

Normalized current density (%)

82 T T L T T T T T T T T T T T 1
0 10 20 30 40 50 60 70 8 9 100

Time (h)

Fig. 7 — Normalised current density as a function of time in biogas
atmosphere for SOFCs with additional Ce(Pr,Sm)O,._; catalytic
layers and for a reference SOFC (without catalytic layer).

all investigated compounds the CeggProosSmo1502.5 layer
seems to be the most resistant to fuel change whereas the
Ceo.8Pro.15Smg 0s02.5 provides the biggest drop of current
density after fuel switching. However, after the initial deteri-
oration Ceg gPrg0sSmop 150,55 ensures the best long-term sta-
bility, which was not observed for other investigated catalytic
layers. For the rest of the presented layers further biogas
feeding causes progressive degradation of the cell, which is
responsible for a constant decrease in the current density
(even up to 10% within 90 h of biogas feeding). Therefore one
may state that none of these layers is a perfect catalyst for a
direct internal reforming of biogas. However, comparing these
results with the performance of a reference fuel cell (without a
catalytic layer) in a similar experiment, then a beneficial effect
of using the catalytic layer is clearly visible. All of the inves-
tigated layers give lower current density drop after hydrogen/
biogas switching which may be explained by the ability of
more effective direct internal reforming of biogas.

To better understand the direct internal reforming of
biogas and its influence on SOFC performance it is necessary
to analyze also the composition of the outlet gases from the
fuel cell. All possible reactions occurring at the anode side are
presented in Table 3. Among them, one can find three unde-
sired processes: CH, pyrolysis (5), Boudouard reaction (6) and
CO reduction (7) leading to a formation of a solid carbon,
which can block the active area of the catalyst, impede the
diffusion of fuel to the triple phase boundary (TPB) as well as it
can even destroy the anode structure. The first reaction is an
endothermic process, while the others are exothermic.

The results of the in situ FTIR analysis for the selected
representative compositions: Ceo gPrg10,.; and Cep oSmg 1055
(monodoped) and Ce_ Pro;Smo 10,5 (co-doped) are presented
inFig. 8 as time dependencies of concentration of the particular
outlet gases and corresponding catalytic parameters: the con-
version rates of CH, and CO,, the CO and H, selectivities and the
yields of CO and H,. The results obtained for all investigated
compounds are given in the Supplementary Materials (Figs. S1
and S2). A detailed description of how these parameters were
calculated can be found in our previous paper [16].

The most stable in time composition of outlet gases were
noticed for SOFC with the Ceg9Smg 10,.5 layer. The initial in-
crease of CH, and CO, concentration is related to a dilution of
initial synthetic biogas mixture (60% of CH, and 40% of CO,) by
the hydrogen remaining in the measuring rig as well as by the
initial very intensive internal reforming performed in the
whole volume of the catalyst. After a few hours of operation
under biogas a kind of equilibrium state is reached. This sta-
bilisation is visible also in corresponding catalytic parameters
(Fig. 8 right): conversion rates of CH, and CO,, the CO and H,
selectivities and the yields of CO and H,. Among two other
presented catalysts the worst is Ceg oPr 10,5, regarding the
lowest stability in time as well as the least effective internal
reforming (the highest amount of unreacted fuel with simul-
taneous the lowest amount of products). The co-doped Cegs.
Pry1Smg 10,5 composition is clearly between the other two
compounds. It should be noted that additional beneficial ef-
fect of co-doping is visible in more detailed non-equilibrium
chemical analysis, which was performed based on FTIR
measurements. It allowed to determine a contribution and
direction of the particular chemical reactions to the direct
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Table 3 — Possible reactions (and their enthalpies) of direct internal reforming of biogas in DIR-SOFC [31-33].

(1) Steam reforming of CHy

2 Dry reforming of CH,

(3) Reverse water-gas shift

(4) Methanation

(5) CH,4 pyrolysis (methane cracking)

(6) CO disproportionation (Boudouard reaction)
(7) CO reduction

(8) Electrochemical oxidation of H,

9) Electrochemical oxidation of CO

(10) Electrochemical oxidation of CH,

(11) Electrochemical oxidation of solid carbon

AH%05 = 206 kJmol*
AH®,05 = 247 kJmol™
AH®,65 = 41 kJmol ™
AH®,55 = —165 kjmol™?

CH4+H,0 < CO+3H,
CH4+CO, < 2CO+2H,
CO,+H, < CO + H,0
CO,+4H, < CH, + 2H,0
CH4 < Cgonig + 2H, AH%95 = 75 kJjmol*
2CO & Cgolig + CO, AH®,5 = —173 kjmol™?
CO + H, < Cgoig + H,0 AH%q5 = —131 kjmol?*
H,+02 o H,0 + 2e° AH%05 = —242 kjmol?
CO + 0% « CO, + 2e” AH%95 = —283 kjmol !
CH4+0?%" < 2H, + CO + 2e” AH%05 = —37 kJmol !
Csolia + 02~ < CO + 2e” AH%q5 = —110 kjmol?

internal reforming process and to recognise which of them are
mostly responsible for carbon deposition. A detailed descrip-
tion of the procedure was shown in our previous paper [16].
The results for CeggPro1Smp 10,5 are shown in Fig. 9. Both
time dependencies of reaction quotients (Q,) for reactions
(1)—(4) from Table 3 (Fig. 9 left) and carbon activity coefficients
(acy) for reactions (5)—(7) from Table 3 (Fig. 9 right) are
presented.

It is generally agreed that Q,~10~2 stands for the situation
when mostly reactants are present in reaction area, while
Q,~10*® when nearly all substances are products and finally if
1073<Q, < 10° then significant amounts of both reactants and
products are visible [16,34]. Therefore, related to our results,
steam reforming of methane (1) is a dominant reaction, most
probably due to the existence of an observable amount of
water in reaction atmosphere. Both dry reforming (2) and
RWGS (3) oscillate around an equilibrium, what is in agree-
ment with other literature reports [35]. In turn, methanation
reaction (4) is fully shifted towards reactants and takes partin
decomposition of CH, rather than its formation.

The next parameter, carbon activity coefficient (acy)
should be equal to 1 at the equilibrium point. When oc, > 1,
then a solid carbon formation is promoted [36,37]. Based on
our results it can be concluded that both Boudouard reaction
(6) and CO reduction (7) are rather shifted towards reactants
(are lower than unity) and do not lead to carbon deposition on
the anode side. This is probably due to an addition of water
into fuel stream and a formation of additional water mole-
cules by electrochemical hydrogen oxidation (8), which pro-
mote rather carbon gasification than deposition. Only ac, for
CH, pyrolysis is significantly higher than 1 over whole mea-
surement time, which clearly indicates that this reaction is
responsible for carbon accumulation in investigated SOFC.

This dominance of a steam reforming of methane (1) in a
complex internal biogas reforming process as well as CH,
pyrolysis (5) as a main reaction responsible for carbon depo-
sition was also observed for all other investigated SOFCs with
catalytic layers. The only difference between them is the dy-
namics of time changes of the Q and oc, parameters.
Therefore time dependencies of Q, for steam reforming and
ocr for CH, pyrolysis were set in one graph for all samples and
shown in Fig. 10. To better understand these graphs it should
be explained that the rate of time changes of quotients’ values
can illustrate how far from equilibrium point is each of re-
actions at a given time. Indirectly, a course of plotted function
can deliver an overall view on how efficiently different

reactions are trying to reach their equilibrium points. The
higher is the change of calculated Q, in time, the bigger is the
difference between the actual concentration of products and
equilibrium composition [38]. On the other hand, the time
changes of o, parameter, that is a reciprocal of Q;, should be
understood in an opposite way. The more rapidly particular
reactions responsible for coking move away from the equi-
librium point, the lower might be the rates of these reactions,
leading to slower carbon accumulation [38]. To prove it,
additional plots of carbon balance in time can be drawn. This
parameter is calculated as a difference between the numbers
of moles of carbon in the inlet and the outlet stream of gases
and gives us the information about an average rate of carbon
deposition during dwell time. A comparison of time changes
of carbon balance for all investigated SOFCs can be found in
Fig. 11. The lower is the decrease in carbon balance over time,
the more stable is the operation of an analysed fuel cell. A
rapid drop of this parameter is an undesired phenomenon, as
it may indicate that the reforming process has slowed down
(most probably due to the carbon accumulation and/or a
change in the microstructure of the catalyst).

Therefore, based on the data collected in Figs. 10 and 11
and explanation given upwards, it may be concluded that
Cep.oSmg 10,.5 and Ceq gPrp 05Smg 150,.5 are the most attractive
compounds towards steam reforming of methane, whereas
Cep.gPrg.15Smg o055 is the most stable in time for this reaction,
but not so effective. The activity of Ceg9Smg 10,5 and Cepg.
Pry 0sSmyg 15055 leads to more efficient conversion of methane
and production of CO/H,, what is in agreement with a
composition of outlet gases and catalytic parameters shown
in Fig. 8. Moreover, in general, it also corresponds well with
higher values of current density (Fig. 7) obtained for these fuel
cells. However, current density depicts us an efficiency of fuel
utilisation and the ability to perform electrochemical re-
actions in particular compounds, what may be (but it doesn'’t
have to be) in agreement with concentration of outlet gases.

Regarding the carbon accumulation in particular catalytic
layers, the CepoPro105.5 is the least stable (the biggest
decrease of carbon balance over time, see Fig. 11) while the
carbon deposition due to CHy pyrolysis is the slowest (the
biggest increase of ac, over time, see Fig. 10 right). However,
the latter one goes also in pair with the slowest carbon
removal indicated by a reverse direction of Boudouard reac-
tion (6) and CO reduction (7). Finally, the SOFC with
Ceo.oP10.105.5 is very unstable in time, what corresponds well
with the results of electrical measurements (Fig. 7). The
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deterioration of its catalytic parameters is comparable with
that observed for a reference fuel cell without any catalytic
layer [16].
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fuel cells with all investigated catalytic layers.

All these observations also allow to conclude that high
praseodymium content in ceria-based compounds is not
desirable. It does result in a slight improvement in catalytic
properties, but undoubtedly it leads to the problems with TEC
mismatch between the catalytic layer and NiO-YSZ support.
In consequence, many cracks in the catalytic layer/anode
interface occur, limiting the electrical contact between these
constituents. Further, it deteriorates electrical properties of
the operating SOFC, as well as limits electrochemical re-
actions leading to the oxidation of deposited solid carbon
(reaction 11).

Finally, it is also worth to notice that in time dependence
plots for all analysed parameters of CeyoPrg 10,5 compound
there is a characteristic extremum point appearing at ~65 h of
biogas feeding. At this point there is a local maximum of
current density (Fig. 7), corresponding with a maximum of
carbon balance (Fig. 11) and a minimum of carbon activity
coefficient for CH, pyrolysis (Fig. 10 right). It correlates with a
significant change in a fuel composition (Fig. 8), where
unreacted methane starts to be a dominant component in an
outlet stream of gases. Then, for a short time, a more intensive
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Fig. 12 — Post-mortem SEM image of Ce( oPr; 10,.; layer
after operation in biogas.

carbon accumulation takes place, giving a better electrical
contact on the anode side and leading to higher current den-
sity. After 3—5 h a new equilibrium state is achieved and the
internal biogas reforming further proceeds. The post-mortem
SEM image of CegoPr10,.5 layer is shown in Fig. 12. It is uni-
form, with slight cracks randomly distributed. No visible
traces of deposited carbon can be found, nor in the surface as
well as in the cross section. This result is consistent and
representative with other layers. It confirms, that although
the investigated Pr and/or Sm doped ceria does not improve
the DIR-SOFC electrical parameters, it protects from a signif-
icant deposition of a solid carbon, allowing SOFC to operate
with biogas for a much longer time than without the addi-
tional layer. Even if a small amount of carbon is deposited at
the end of the experiment, it seems to be very hard to deter-
mine its amount. Although the carbon balance (Fig. 11) could
be integrated over time, it should be remembered that thisis a
dynamic measurement and depositing carbon is oxidised and
removed from the cell on an ongoing basis. Only a structural
form of possible carbon deposits could be determined using
Raman spectroscopy [39,40] or Temperature Programmed
Oxidation (TPO) [40—43]. However, for our layers, these
methods did not give any reasonable results, as the amount of
deposited carbon was too low.

Conclusions

The CeO,.;, Cep.9Smg 10,5, Ceg.oPr0.104-5, Ceg gPro.155Mg 05025,
Cep gPro1Smp 105.5 and Ceg gPro 0sSmg 150,-5 oxides, deposited
in the form of layers on the surface of SOFC anode directly fed
by biogas, were studied in aim to determine the influence of Pr
and Sm on the fuel cell performance.

Regardless of the composition, the applied reverse micro-
emulsion synthesis method allowed to obtain single-phase,
nanocrystalline powders. It was found that in order to avoid

the reaction between these oxides and the anode material
(NiO-YSZ) sintering temperature should not exceed 1000 °C,
since above that temperature a formation of the secondary
Ce;.xZ140,.; phase was noticed.

It was also shown that Pr-doped ceria catalytic layers suf-
fered from poor adhesion to the NiO-YSZ anode support due
to a large mismatch in total thermal expansion coefficients of
these materials. These observations are in agreement with
previous literature reports. However, co-doping with Sm
decreased the TEC significantly, leading to a better adhesion of
the layer to the anode.

The studies of the influence of the catalytic layers on the
direct internal reforming of biogas showed that Pr dopant
deteriorates the properties of pure ceria. Single samarium
doping or, if appropriate, an addition of a small amount of
praseodymium is preferred. The CepoSmp0,.5 and Cegs.
Pro.osSmg 15055 materials are the most attractive towards
steam reforming of methane, which is a dominant reaction
among all processes occurring simultaneously in direct in-
ternal reforming of biogas. Their high activity led to more
efficient conversion of methane and production of CO/H,,
what was in agreement with a composition of outlet gases and
catalytic parameters. In turn, CH, pyrolysis was found to be a
dominant reaction responsible for carbon accumulation on
the anode side, but both carbon activity coefficient and carbon
balance parameters confirmed that the Ceg9Smg;0,.; and
Ceo 8P10.055SMg 15055 show the highest stability over time and
thus are the most attractive candidates for catalytic materials
enhancing direct internal reforming of biogas in SOFC.
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