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Introduction

Nowadays alternative and green energy sources draw a lot of
researchers’ attention. One of many devices that allows
obtaining energy without emitting as much pollutants as
conventional systems is a Solid Oxide Fuel Cell (SOFC) [1]. It
consists of three main elements. A cathode, called an oxygen
electrode, an anode, called a fuel electrode and an electrolyte.
The most common material used for SOFC anodes is a ceramic
composite made of yttria stabilized zirconia mixed with nickel
(Ni-YSZ). This material is cheap, easily available and has good
catalytic properties for hydrogen oxidation.

While concerning SOFC technology for energy production,
a big advantage is that diverse gaseous fuels can be utilized.
SOFCs work with the highest efficiency if pure hydrogen is
being used. However, high production cost as well as diffi-
culties in storage and transportation of hydrogen causes other
substances to be more likely used as a fuel to power-up fuel
cells. The most interesting from practical point of view are
pure methane and products obtained from fermentation of
organic compounds, i.e. biogas. The biogas composition may
vary but most commonly it is a mixture of methane and car-
bon dioxide. Additionally, traces of water, nitrogen and sulfur
compounds may also be present [2—8].

In order to use a mixture of hydrocarbons or biogas as a
fuel, the gas must undergo so called reforming process, which
results in hydrogen formation. Further, obtained hydrogen is
being used up by operating cell. Mentioned process can be
carried out either externally, outside the system or internally,
using anode’s surface. In more advanced SOFCs systems, the
use of internal reforming using the catalytic activity of the
anode is more desirable. General chemical reactions occurring
during biogas reforming are shown in Egs. (1)—(7) [9].

CH, + CO, < 2CO + 2H, Q)
CH4 +H,0 < CO + 3H, @)
CO, +H,— CO + H,0 3)
CO, +4H, < CH, + 2H,0 )
CH, <> C + 2H, (5)
2C0 & C + CO, (6)
CO+H,<C +H,0 7)

Moreover, the electrochemical reactions with the oxygen
ions passing through the electrolyte should be taken into
account:

H, + 0% < H,0 + 2¢” ®)
CO+0% < COy +2e” ©)
CH; +0% & 2H, +CO + 2e~ (10)
Coolid + 0% CO + 2e~ (11)

Although reforming process is commonly known, kinetics
and exact intermediate steps of whole process are still under
consideration. Basically, hydrogen and carbon monoxide are
formed as a result of the reforming processes (Eq. (1) and (2)). It
should be also noted, that simultaneously with the main re-
actions other processes occur. Among them reactions pre-
sented as Egs. (5)-(7) are particularly undesired, as they can
lead to the deactivation of anode’s catalytic material and to
the deterioration of the whole fuel cell performance by a solid
carbon accumulation.

Therefore, the use of Solid Oxide Fuel Cells directly fed by
the biogas is associated with some technical issues. A tradi-
tional fuel cell electrode material, Ni-YSZ, suffers from two
main problems while operating with fuels other than pure
hydrogen. The first one is a poisoning phenomenon, conse-
quently destroying the anode’s surface by formation of sulfur,
chloride or phosphorus compounds of nickel, which are rather
chemically inactive when it comes to breaking H—H and C—-H
bonds [10,11]. On the other hand, deposition of different car-
bon species also causes degradation and a decrease in overall
performance via lowering active surface for adsorption of
reacting species [12]. Over the years, numerous studies have
been performed, both theoretical and practical, regarding this
issue [13—17]. One of the possibilities in order to improve the
performance of SOFC is to use alternative materials for elec-
trodes, what was also investigated by our group [18—22].
Another solution is to look for an additional improvement of
widely tested systems. Additional catalytic layer applied to
the anode side should improve the efficiency and stability of
the fuel cell. Ceria-based materials were reported as poten-
tially good catalytic compounds for an internal biogas
reforming. Due to a high oxygen capacity and ion mobility
they are able to prevent coking and thus to improve a long-
term stability of the fuel cell [9].

In this work CeO,_; doped with transition metals such as
Mn, Fe, Co, Ni and Cu as well as a reference non-doped ma-
terial were fabricated and studied. These materials were used
as an additional catalytic layers deposited on the surface of
SOFC’s anode in order to prevent a fast degradation process of
the fuel cell resulting mainly from a deposition of carbon. The
influence of particular catalytic layers on the SOFC perfor-
mance as well as on the direct internal reforming of biogas
was systematically analyzed and compared basing on the
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original approach (simultaneous measurements of electrical
parameters and analysis of outlet gases from SOFC) that was
described in details in our previous paper [23]. For comparison
the results obtained for an unmodified fuel cell (without any
catalytic layer) can be also found in paper [23].

Experimental
Material preparation

Cerium oxide doped with transition metals Cep gA 2025 (Where
A = Mn, Fe, Co, Ni, Cu) as well as undoped CeO,.; were synthe-
sized by the reverse microemulsion method. At the beginning a
mixture of pure cyclohexane, pentan-1-ol and nonionic surfac-
tant Triton X-100 was prepared (9.6:1.4:1 by vol.). The appropriate
amounts of metal nitrates were dissolved in water in a separate
vessel. Both phases were separately stirred for 30 min and then
the aqueous phase was added to the organic phase and again
stirred for 30 min. After that precipitating agent in the form of
tetraethylammonium hydroxide was added. Obtained precipi-
tate was immediately isolated by decantation. The material was
then centrifuged and rinsed twice with acetone and methanol.
After drying, material was treated at 500 °C for 2 hin air toremove
residual organic phase and decompose nitrates.

Catalytic layer fabrication

The anode-supported SOFC was fabricated as described in
other paper [24]. The anode (thickness 440 pm) composed of
NiO-YSZ had two levels of porosity (with and without a
performer). The electrolyte (thickness 10 um) was YSZ and the
cathode was LSM-YSZ composite (thickness 30 pm, surface
area of 1.13 cm?). The ESL 403 organic binder was added to the
fabricated ceria-based powders and then mixed to form a
uniform paste. The screen-printing method was used to de-
posit a catalytic layer on the anode side. After drying at 100 °C,
layers were sintered at 1000 °C for 2 h.

Measurement techniques

The X-Ray diffraction (XRD) was used to determine the phase
composition and to estimate size of crystallites of the fabri-
cated material. The XRD measurements were performed
using X’Pert Pro MPD Philips diffractometer using Cu Ka
(» = 1.542 A) radiation at room temperature. The Scanning
Electron Microscope (SEM, FEI Quanta FEG 250) with the
energy-dispersive X-ray spectroscope (EDX, EDAX Genesis
APEX 2i) and Apollo X SDD detector operating at 10 kV were
used to study the morphology and composition of powders.
The measurements of SOFC operating parameters together
with the analysis of the outlet gases composition were per-
formed by a dedicated system described in details in our
previous work [23]. A composition of outlet gases was
determined on the basis of FTIR measurements. Both CH,,
CO, and CO gases were analyzed. Due to fact that H, is not
visible in FTIR spectra, after a calibration process it was
possible to determine its concentration by simple subtrac-
tion. Such an approach is in line with expectations. In order
to form a synthetic biogas both CH, and CO, were supplied in

a 3:2 ratio by vol. with a total flow rate of the gas mixture
equal to 40 cm®min'. A gas humidifier allowed to add 3% of
water into the flowing gas. A fuel cell mounted in a
measuring rig was put into the tubular furnace and heated up
to 800 °C in argon atmosphere and then the gas was switched
to hydrogen to perform anode’s reduction for 30 min. After
initial reduction, the temperature was decreased to 750 °C
and electrical measurements were taken at this temperature.
After 18 h of operation in hydrogen the fuel was switched to
synthetic biogas and the analysis was continued for 90 h.
Two types of data from electrical measurements were
collected, a current density versus voltage and a current
density versus time at static load of 0.65 V. During these
measurements the composition of anode outlet gas was
simultaneously analyzed by the FTIR spectrometer. Accord-
ing to procedure described in our previous work [23], using
concentrations of outlet gases, parameters describing general
performance of fuel cells were calculated. Those are CH, and
CO, conversion rates, CO and H, yields as well as CO and H,
selectivities.

Chemical non-equilibrium analysis of reforming reactions’
direction

In order to determine a behavior of reactions given in Egs.
(1)—(7) an additional analysis of non-equilibrium state was
performed based on a composition of exhaust gases at
following measuring points. Exact procedure of data pro-
cessing and detailed calculation scheme were presented in
our previous work [23]. A direction of each reaction can be
predicted according to obtained values of Q,. To examine
thermodynamic possibility of solid carbon formation caused
by reactions noted in Egs. (5)—(7), the carbon activity co-
efficients were calculated as a Q, reciprocals [23].

Results and discussion
XRD

The XRD patterns of fabricated powders are presented in Fig. 1.
It can be said, that all of them, except cobalt-doped cerium
oxide, are single phase materials. In the case of CepgC0020>.5
sample, a small peak appeared at around 36.5°, which can be
attributed to the Co30, phase. The peak is visible in the inset of
Fig. 1. The solubility limits in ceria obtained from the literature
for the particular elements are as follows: Mn 3% [25], Fe 10%
[26], Co 3% [27], Ni 10—33,3% [28] and Cu 15% [29]. This may
indicate, that the solubility limit was exceeded and thus a slight
amount of additional phase was found in the Ce;.5C0.202-5.
However, it should be underlined that solubility limits found in
the literature are related to ceria-based compounds obtained
using other, than in this paper, synthesis methods and condi-
tions. Moreover, a formation of nanocrystalline instead of
microcrystalline material may change the solubility limit by
even one order of magnitude [30].

An average size of crystallites was estimated using
Scherrer’s equation. A mean size of crystallites for a pure ceria
was calculated to be around 10 nm, whereas for other doped-
ceria compounds it did not exceeded 7 nm.


https://doi.org/10.1016/j.ijhydene.2020.02.144
https://doi.org/10.1016/j.ijhydene.2020.02.144
http://mostwiedzy.pl

Pobrano z mostwiedzy.pl

AN\ MOST

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 45 (2020) 12982—-12996

12985

% CeO;

/ \V/ﬁ'\ 0 Co30,4

fr

\\_
Ce, Mn O, .
S— \/\wavw,/ \.ww,/\_\ _______ L

* Ce Fe O
02" 25 0C0304

S

Intensity (a.u.)

—_ /\ ) ) O
(iui /A ™ Ceo lea 202-5 \"WV
= e/ NS S \;____//\\\_ﬁ_____,,-
g A ~ Ce Co O.. 30 35 40
- A WS AN S 20 (deg.)
A
A Ce, Cu O
/ A A 08”02 25
T . N A N AN —
I
f\\ N A Ceozrs
...._._.‘._./1 \\ ,,/J . \\ /1 \\.,\
5 T L T L T ¥ T i 1
20 30 40 50 60 70
0 (deg.)

Fig. 1 — XRD patterns of Cep gA¢.20,.; (Where A = Mn, Fe, Co, Ni, Cu) and CeO,.;.

Microstructure and composition

The grain size of the CepgAo 0.5 and CeO,.; powders esti-
mated on the basis of SEM analysis was below 30 nm. How-
ever, after materials’ deposition in the form of layers followed
by sintering at 1000 °C for 2 h a grain coarsening was observed.
The microstructure of the surface of the investigated catalytic
layers deposited on the SOFC anode before reduction is shown
in Fig. 2. The grains have various shapes and sizes. Their size
differs depending on a dopant type. The largest grains have
been observed for a material with Cu as a dopant, while the
smallest for Ni. This indicates a different kinetics of grain
growth and agglomeration during the process of layer sinter-
ing on the anode’s surface. In addition, there is a difference in
the porosity of individual materials. The largest pores
occurred for the reference catalytic layer and similar for Mn-
and Fe-doped ceria. Other materials showed lower porosity.

All layers cracked with various intensities, what most prob-
ably came from burning out of a binder. The most visible
cracks were found in Cep gCug20,-5 and CeO,.; layers.
Additionally, using EDX, the approximate atomic composi-
tion was determined for all fabricated ceria-based layers. The
results are shown in Table 1. If one takes into account the

Table 1 — Atomic composition of fabricated catalytic
layers determined from EDX area analysis.

Nominal composition Atomic %

Cerium Metal dopant
Cep.sMng 20,5 79.8% Mn 20.2%
CeosFe 2055 83.1% Fe 16.9%
Ceo'gNio.zoz_ﬁ 82.0% Ni 18.0%
Cep.8C00.2055 77.2% Co 22.8%
Cep.gCup205-5 89.4% Cu 10.6%

Fig. 2 — SEM micrographs of catalytic layers deposited on the SOFC anode before reduction: undoped CeO, (A) and
Cep.gAp.202.; (doped with Mn (B), Fe (C), Co (D), Ni (E) and Cu (F).
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uncertainty of EDX measurement for particular elements (even
up to few %), the obtained compositions are close to the assumed
nominal stoichiometry described as CepgAg202.5 (Where
A = Mn, Fe, Co, Ni, Cu). Only the copper-doped ceria contains
twice lower amount of dopant than expected (Cep goCUo 1102-5)-
This depletion may result from the diffusion of copper into the
nickel cermet structure or a possible evaporation during
sintering.

Electrical tests

I-V plots presented in Fig. 3 have been collected at three
different stages of the experiment. The first (initial) and the
second (final) correspond to the cell working in hydrogen at-
mosphere. The first one was taken at the very beginning of the
test, whereas the second one after 18 h just before a change of
fuel to the synthetic biogas. The third measurement (final in
biogas) is related to cells working in the biogas for 90 h. In the
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case of undoped ceria for the cell working in hydrogen, no
decrease in power density is observed. Switching to biogas
results in less than 10% decrease of power density. The
maximum power density observed for this material in
hydrogen (initial) and the synthetic biogas atmosphere is
equal to 0.220 and 0.199 W/cm?, respectively. Fuel cells with
additional catalytic layers in the form of ceria doped with Mn,
Fe, Co and Cu show a significant decrease of power density in
the hydrogen as well as in the biogas atmosphere. This is
caused most likely by a degradation of the fuel cell due to a
deposition of carbon on the surface. The maximum power
densities obtained in hydrogen (initial) and synthetic biogas
are equal to 0.228/0.190, 0.232/0.194, 0.238/0.164, 0.227/
0.154 W/cm? for Mn, Fe, Co and Cu dopants respectively. Only
the fuel cell with a Ni-containing catalytic layer shows no
change in power density over the entire test. This demon-
strates a possible inhibition of degradation process due to the
high catalytic activity of nickel. The highest observed power
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Fig. 3 — The current-voltage and current-power plots for fuel cells with catalytic layers of undoped CeO, and Ceg gA¢20,-5 (Where

A = Mn, Fe, Co, Ni, Cu).
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density for the fuel cell with CeqgNij,0,.5 catalytic layer is
equal to 0.181 W/cm? Such a positive effect in electrical sta-
bilization of SOFC with metal-doped ceria anode was also re-
ported in the literature for W—Ni—CeO, [31,32] and Rh/
Cu—Ca—CeO, [33].

Fig. 4 presents a comparison of a current densities for all
investigated fuel cells. Both sets of current density values
measured in hydrogen (negative time values) as well as in the
biogas have been shown. The absolute change of the current
density after switching gas from H, to biogas is similar for the
cells with the CeO,.; and Ceg gFeg 202.5 functional layers. The
graph shows that the highest current density, equal to 0.339 A/
cm?, is achieved by fuel cells with undoped and Fe-doped ceria
layers. However, in the latter case the larger fluctuations of
current density vs. time are also observed. The reference
sample as well as Mn and Fe containing cells show a similar
rate of current density decrease in biogas, what means that
the dynamics of the degradation process should be similar. In
the case of catalytic layers with Co and Ni-doped ceria the
current density drop after a gas change from hydrogen to
biogas is larger than for the previously discussed cells. How-
ever, when these fuel cells are operating in the synthetic
biogas, no major changes of current density were observed in
alongrun. The cell with Ceq gCup ,05.5 layer shows an increase
of current density at the initial stage of operation with biogas.
However, after about 10 h of working, the catalyst is becoming
deactivated, most probably due to a carbon deposition on the
surface and a current density starts to decrease mono-
tonically. Differences in the current density during the oper-
ation of the fuel cells in hydrogen can be explained on the
basis of the microstructure of the layers. In the case of Co-, Ni-
and Cu-doped materials, the porosity is much lower than in
other layers. It can lead to slower diffusion of the gas fuel to
the triple phase boundary. Moreover, if an absolute concen-
tration of hydrogen at the anodic side of fuel cell is quite low,
then the achieved absolute current density also tends to be
lower. Therefore the analysis of composition of particular

o CeO,,
0.36 _Hydrogen | Biogas & CeyFe 0,
4 CeMn, 0,
0.34 0 CeygNig,0,,
> CeO.SCOO.ZOZS
— 0.32 ) v CeyyCuy,0,,
£ | Lo
S ) 0
< 030 .
2 ]
& 028
he)
5 s
£ 026 SO
S M. i
0.24 - M‘\%
2 t+—t—7

Time (h)

Fig. 4 — Plots for current density as a function of time for
the fuel cells with the layers of undoped CeO,.; and
Cep.gAp.20,.; (Where A = Mn, Fe, Co, Ni, Cu).

outlet gases is necessary to better understand these
observations.

Concentrations of the outlet gases. Changes in
microstructure and phase composition

Changes in a composition of the outlet gases, for each of
modified by additional layer cells, have been depicted in Fig. 5
and Fig. 6 simultaneously with calculated parameters
describing catalytic activity and overall performance. The
initial volume ratio of CH,4 to CO, in the supplied biogas was
around 3:2 in order to simulate a biogas composition.

As it can be seen in Fig. 5 (left) and Fig. 6 (left) main con-
stituent of outlet gases compositions strongly depends on the
deposited layer type. For pure CeO,._; as well as for Mn- and Fe-
doped ceria, hydrogen was detected as a gas with the highest
concentration for almost whole investigation time. For fuel
cells with Ni-, Co- and Cu-doped ceria layer methane domi-
nated in the exhaust gases mixture. Higher concentrations of
hydrogen in exhaust gases prove better catalytic activity of
Mn- and Fe-doped ceria as well as pure CeO, ;. At the same
time lower amount of hydrogen and higher concentration of
CH, in outlet mixture for Ceg gNig ,0,_; stands for better utili-
zation of obtained hydrogen via oxidation, what can be seen
as higher current density compared to e.g., CepgC00202-5.
Mentioned observations correspond well with electrical per-
formance of investigated fuel cells (Fig. 4).

Time-dependent change of parameters describing perfor-
mance of each of fuel cells (Fig. 5 right) can be divided by
similarity into two groups. Analogous behavior of those can be
observed for pure ceria layer as well as Mn- and Fe-doped.
Conversion of CH, oscillates around value of 50% and de-
creases within operating time. Lower drop of conversion rate
for both methane and carbon dioxide was noticed for Mn and
Fe-doped ceria layers, what stands for better catalytic prop-
erties of prepared materials towards biogas reforming. Other
parameters seem to be located within similar values.

Moving on to other three layers, big differences in all pa-
rameters are visible (Fig. 6 right). Nickel containing ceria
revealed the highest H, selectivity. Although, mentioned layer
had the worst methane conversion rate. In the end it results in
slightly better efficiency, when it comes to fuel utilization and
energy provision. What is more, for Cu- and Co-doped layers
CO oxidation took place with higher rates than for Ni-doped
ceria. It is clearly visible, that both Ni and Co containing
layers were working with the highest stability, while Cu-
doped showed the lowest performance over measuring time.

In order to facilitate comparison of the investigated layers,
a graphic comparison of relative changes (in %) of current
density and concentrations of individual outlet gases was
made after 90 h of operation in biogas. Results are presented in
Fig. 7. It shows that the lowest relative drop of current density
found for Ni and Co-doped ceria is correlated with large
decrease in H, and CO amount in outlet gases stream without
such a big increase of unreacted fuel (CH, and CO,). It means
that H, and CO fuel is utilized effectively for electrochemical
reactions (Egs. (8) and (9)), giving stable electrical parameters.

What is more, different rates of decrease in catalytic ac-
tivity towards biogas reforming for particular dopants can also
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Fig. 5 — Plots presenting (left) concentrations of exhaust gases vs. time for fuel cells with catalytic layers in the form of
undoped CeO,.; and Cep gAg20,.; (Where A = Fe, Mn) and (right) CH4, CO, conversion rates, CO and H, selectivities/yields
during operation in a synthetic biogas.

originate from microstructural changes of layers as well as structures and examine possible coke residuals. Both of
from a possible deposition of carbon. Additional XRD as well mentioned factors are responsible for blocking active sites of
as SEM measurements have been done after operation in catalytic material and thus hinder an internal reforming
biogas in order to determine a phase composition of doped process. The results are presented in section Post-mortem
ceria layers, check possible diffusion of dopant ions into other analysis.
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Fig. 6 — Plots presenting (left) concentrations of exhaust gases vs. time for fuel cells with catalytic layers in the form of
Cep.gAp.202.; (Where A = Ni, Co, Cu) and (right) CH4, CO, conversion rates, CO and H, selectivities/yields during operation in a

synthetic biogas.

Chemical non-equilibrium analysis

Time-dependent values of reaction quotients Q, calculated for
a set of reactions presented in Egs. (1)—(4) are shown in Fig. 8.
It was found out that steam reforming reaction is fully shifted
towards products during whole testing time for each of

modified fuel cells. Mentioned result implies that steam
assisted reforming of methane is strongly involved into
hydrogen generation. An appearance of Qg of steam
reforming process for undoped, Mn- and Fe-doped ceria was
found out to be very similar. That can be seen as a consistent
behavior of reaction quotient change in time. For other layers,
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Relative changes of electrical parameters and
concentration of gases after 90h of operationin biogas

= Current density (%) = CH4 (%) w=CO2 (%)

-18.8

Ni Co Mn

CO (%) =H2 (%)

194

243

105

-186

Ref Cu Fe

Fig. 7 — Comparison of relative changes of current density and concentrations of individual outlet gases (with respect to
values in the beginning and in the end of operation in biogas) for SOFCs with CeO,.; (Ref) and with transition metal-doped

ceria (Mn, Fe, Co, Ni, Cu).

being the subjects of this study, rapid change in Q, value was
observed. The same as for other types of considered reactions,
rate of decrease or increase of quotients’ values in time can
illustrate how far from equilibrium point is each of reactions
at given time. Indirectly, course of plotted function can deliver
overall view on how efficiently different reactions are trying to
reach their equilibrium points. The higher the change in
calculated Q, values through time, the bigger the difference
between actual concentration of products and equilibrium
composition. In that case reaction proceeds most probably
slower and it's dominated by other reactions, which also aim
to reach their equilibrium points. The same trend as in steam
reforming reaction is also visible in dry reforming of methane.
Considering both processes, it can be clearly seen, that layers
consisting of CeO,.; without dopants and Mn/Fe additives are
more active than Co-, Cu- and Ni-doped ones. This statement
is also in agreement with exhaust gases concentrations
measurement as well as electrical tests. While discussing
RWGS (Eq. (3)) reaction, it is commonly assumed, that it
operates with high rates near equilibrium within wide tem-
perature range and can be omitted in order to simplify anal-
ysis of results [34]. However, in presented study values and
time-changes of Q, for RWGS reaction are similar. Further-
more, in order to involve RWGS process into hydrogen pro-
duction and limit possible utilization of H, it should be shifted
much more towards reactants (WGS). Methanation reaction
for whole operating time is fully shifted towards reactants,
mainly because of high temperature which strongly limit any
exothermic reactions (AH = —165 kJ/mol) and is considered to
play a role rather in hydrogen formation.

Thermodynamical possibility of solid carbon formation
was expressed by ac , coefficients (carbon activity coefficients)

and presented in Fig. 9. As it can be seen, from reactions
responsible for carbon accumulation (Egs. (5)—(7)) only
methane pyrolysis (Eq. (5)) carbon activity coefficient highly
exceeds value of 1. It means that solid carbon species are
favorable to form in existing atmosphere mostly due to that
reaction. Two other processes are shifted to the reactants site,
so most probably those help to remove carbon from anode’s
surface. Overall results of carbon activity coefficient calcula-
tions are in agreement with electrical measurements. For
Ce0z.5 CeosMng,05.5 CeosFep20.; and  CepsCuo 2025
changes of oc, parameter regarding methane pyrolysis reac-
tion shows stable and rather fast process of coke production.
It can be a major reason of constant drop in efficiency of those
fuel cells (Fig. 4). SOFCs modified with additional layer of Ni-
and Co-doped ceria shows significant stability within working
time of the unit. It is most probably caused by slower carbon
accumulation and slightly faster removal of deposits than in
other examined samples. Plots of ac, for both of discussed
layers shows that all of Egs. (5)—(7) reactions responsible for
coking more rapidly moves away from equilibrium states,
what might stand for lower reaction rates. What is more, an
addition of water into fueling stream and molecules generated
after hydrogen oxidation shift both Bouduard (Eq. (6)) and CO
reduction (Eq. (7)) reactions into direction, which promote
carbon gasification. In fact, slightly smaller current density in
fuel cells with Ni- and Co-doped ceria layers is compensated
by better coking resistance. All the given statements can be
also proved by carbon balance plots, depicting difference be-
tween inlet and outlet amount of carbon atoms (Fig. 10a and
b). Carbon mass balance shows higher deposition rates for
CeO,.5, Mn- and Fe-doped ceria. For pure ceria layer drop in
carbon accumulation is more rapid, what can explain better
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Fig. 8 — Time-dependent changes of Q, (reaction quotient) for all mentioned reforming reactions.

performance in longer time. When it comes to Fe- and Mn-
involving layers, CeggMng 20,5 shows slightly lower carbon
balance, what in fact stabilize fuel cell work in a long run. For
other three layers carbon balance values are around 30%
lower, what results in slower carbon accumulation.
Considering whole collected data and analysis of the re-
sults, one should assume that steam reforming dominates
over dry reforming and most probably strongly power-up
hydrogen generation. At the same time H, is created via
methane pyrolysis in high amounts, but also solid carbon
species are being formed onto anode’s surface. Other

reactions have rather secondary role in hydrogen formation.
The balance between processes, that create and consume
hydrogen, as well as produce and remove carbon has a crucial
meaning in overall performance of the final product.

Post-mortem analysis

The samples after operating in biogas have undergone XRD
analysis in order to determine the phase composition of the
anode with additional catalytic layer. The XRD patterns are
shown in Fig. 11. It is clearly visible, that most of the samples
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reactions responsible for carbon deposition.

do not show formation of any additional phases, different
from CeO2 and Ni/YSZ derived from the catalytic layer and the
cermet material, respectively. Additional phases can be
observed for samples, in which the dopant was Mn or Co.
Namely, phases of Ni,Zr; and MnO can be observed for
CepgMnp 20,5, While YCeZr (Yo.92C€0.04Z10.0402), C0304 (also
seen before operating in biogas), and CeNi, were found for Co-
doped layer. Traces of a deposited carbon were also identified
for Cep gC0p20,-5 layer in a form of a molecular carbon (C) and
cobalt carbide (CoCy). For all samples, neither carbon nor other
impurities were clearly noticed. It might be a result of cooling
fuel cells in hydrogen atmosphere. Additional steam, which

probably formed from hydrogen oxidation, could cause
removal of carbon by gasification. Small amount of neutral
cerium in the reference material was identified. In addition,
the material with the iron dopant shows a much lower value
of CeO; signal intensity than the others. This is due to a large
exfoliation of mentioned catalytic layer, what limited its in-
tensity while XRD measurement. All additional phases, that
appeared, most probably lowered the overall performance of
prepared fuel cells and suggests insufficient long-run chemi-
cal stability of synthesized materials.

The analysis by SEM and EDX of samples after operation in
biogas was performed to evaluate changes in microstructure
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Fig. 11 — XRD patterns of Ceg gA.20,-5 (Where A = Mn, Fe, Co, Ni, Cu) and CeO,.; after operation in biogas.

and to determine the percentage of atomic content of given
elements in the material. The EDX measurement was per-
formed linearly at a depth of 20 um over the interface between
the ceria-based catalytic layer and the Ni-YSZ anode support.
Images of cross-sections for individual fuel cells are shown in
Fig. 12 and the corresponding results of EDX measurements in
Fig. 13. No measurements were made for samples with iron
and copper dopants in the catalytic layer due to high damage
of these layers during operation in biogas. Cracks and a high
porosity of the catalytic layers are visible, while the structure
of the cermet remains unchanged. In addition, there were no
signs of accumulated carbon found. That was most probably
due to the fact that fuel cell was cooled down in hydrogen
atmosphere, not in biogas. EDX measurements indicated a
penetration of the cerium ions at small depth to the Ni-YSZ
cermet anode. For all samples, diffusion of Zr and Ni into
the catalytic layer was also observed. It was found out that all
dopants are present only in the catalytic layer and their

concentration decreased to O close to the layer/anode inter-
face. No diffusion of examined ceria dopants was noticed.
Nickel signals were difficult to separate from each other due to
presence of Ni both in catalytic layer and used Ni/YSZ cermet
electrode.

Post-mortem SEM images of the catalytic layers’ surfaces
after testing in biogas atmosphere are presented in Fig. 14. A
layer of CeggFep 20,5, that has been damaged during test, is
not included. For catalytic of Mn-, Co- and Ni-doped ceria, the
nanograins and the agglomerates are observed. Nickel con-
taining layer revealed high tendency towards agglomeration
of grains into bigger structures. Moreover, the high porosity is
visible. For the catalytic material Ceg gCuo202.5 mainly large
agglomerates connecting to each other can be observed. High
growth of grains was noticed for Cu-doped ceria. What is
more, porosity is visible, but surely smaller than for other
layers. This can be a reason why mentioned material has
shown poorer catalytic activity and lower performance of
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Fig. 12 — SEM micrographs of polished cross-sections of catalytic layers deposited on the anode support after operation in

biogas. Catalytic layer CeO, (A) and Ceg gAp.20-.; (doped with Mn (B), Co (C), Ni (D)) are presented. Arrow indicating the range
of the EDX measurement is included in C.
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Fig. 13 — Linear EDX measurement results. Atomic percentage of individual elements in both catalytic layer and anode

support are presented.
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Fig. 14 — SEM micrographs of the surfaces of catalytic layers deposited on the SOFC anode after biogas tests: Gep gAg ,0,-; (doped

with Mn (A), Co (B), Ni (C) and Cu (D).

whole fuel cell. As mentioned before, carbon deposits are not
clearly visible most probably due to cooling down of the fuel
cells in hydrogen flux.

Conclusions

The purpose of this research was to analyze cerium oxides
doped with elements from the group of transition metals as a
catalytic layer for SOFC’s anodes operating in biogas atmo-
sphere. The general stoichiometry of the studied oxides was
Ceo.8A020,.5 (Where A = Mn, Fe, Co, Ni, Cu). All of the samples
were synthesized by the reverse microemulsion method,
which in most cases allowed obtaining nanocrystalline and
pure, single-phase powders.

After performing electrical tests, a decrease of current
density for all fuel cells except for those with Ni- and Co-
doped ceria was observed. In addition, all fuel cells with
doped-ceria layers have shown lower current density
compared to the reference undoped cerium oxide layer.

Composition of outlet gases changed for each of examined
catalytic layers. A dominant exhaust gas for Co-, Cu— and Ni-
doped ceria catalytic layers was CH,, whereas for undoped
CeO,.; and both Mn and Fe-doped - hydrogen. This can be
attributed to the catalytic activity of prepared functional
layers, which corresponds also to change in overall reforming
process. Chemical analysis derived from measured concen-
trations revealed that steam reforming and methane pyrolysis
in all cases are more likely to be dominating processes. Other

reaction are meant to have secondary role in hydrogen for-
mation. At the same time delicate differences in reaction ki-
netics have significant influence on overall performance.
Carbon deposition is mostly caused by methane pyrolysis due
to low activation energy of this process. Addition of water into
atmosphere increases possibility of carbon gasification.
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