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Abstract

The nanocrystalline compounds of Co and Cu co-doped ceria (with up to 20 mol.% of dopants) were fabricated
by the reverse microemulsion synthesis method. They were deposited in a form of layers on the surface of SOFC
anode in an aim to act as electrochemically active materials for biogas reforming process. Fourier Transformed
Infrared Spectroscopy was used to analyze a composition of outlet gases simultaneously with the tests of
electrical parameters of a fuel cell. It allowed comparing a catalytic activity of fabricated materials towards
internal biogas reforming. It was found that Cu and Co ceria co-doping improves electrical parameters of a fuel
cell and enhances its long-term stability when compared with mono-doped ceria. This type of a material gives
also the highest conversion rate of methane and the highest yield of carbon monoxide.
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1. Introduction

Biogas usually consists of methane (40-65%), carbon dioxide (30-40%) and a trace amount of nitrogen,
hydrogen, hydrogen sulfide and oxygen. It can act as a fuel for Solid Oxide Fuel Cells where a direct internal
reforming of hydrocarbons (DIR-SOFC) and an activation of electrochemical reactions occurs on the anode.
Possible reactions of this process are presented in Table 1:

Table 1: Possible reactions in porous anode material of SOFC within the direct internal reforming of biogas [1-3].

1) Dry reforming of CHs CH4+CO2<52CO+2H2
2) Reverse water-gas shift CO2+H2-CO+H20
3) Methanation CO2+4H2CH4+2H20
4) Steam reforming of CHs CH4+H20-CO+3H2
(5) CHa pyrolysis CHsCsolid+2H2

(6) CO dysproportionation (Boudouard reaction) 2CO«> Csolig+CO2

@) CO reduction CO+H2¢> Csolig+H20
(8) Electrochemical oxidation of H2 H2+0% —H20+2¢"

9) Electrochemical oxidation of CO CO+0% -CO2+2¢
(10) Electrochemical oxidation of CH4 CHs+0%* —2H2+CO+2¢°
(12) Electrochemical oxidation of solid carbon Csolig+OZ —CO+2e”

The traditional SOFC Ni-YSZ anode contains a high Ni content (at least 30 vol.%) in order to obtain high
electronic conductivity. However, it faces a severe problem of carbon deposition when fuelled with
hydrocarbons. Since Ni is a good catalyst for both C-H bond dissociation and C-C bond formation, carbon from
methan pyrolysis and CO disproportionation can nucleate and accumulate on highly active sites of Ni catalyst
[4]. The performance of the cell would degrade quickly when carbon covers the active sites and blocks the pore
channels inside the anode layer. To suppress a carbon formation, the CeO»-based catalytic materials may be
applied to modify commercial SOFC anodes. The high oxygen mobility of ceria promotes the mechanism of
carbon removal, which in turn should contribute to the stability of the catalysts on hydrocarbon conversion
reactions. Furthermore, doping with cations such as Gd®*, Y®*, Pr®* and Zr** enhances the mobility of oxygen in
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ceria and then, increases its oxygen storage capacity (OSC) [5]. These dopants also increase the ionic and
electronic conductivity of ceria [5].

Another approach that reduces coking to a high extent is changing the chemical composition of anode itself,

which may be obtained by replacing nickel with less reactive elements, such as iron, copper or gold [6-7]. Cobalt
is the active component frequently encountered in Fischer-Tropsch synthesis, enabling the dissociative CO
adsorption and C-C chain growth and hydrogenation [8]. The main function of copper is enabling the
dissociative chemisorption of hydrogen and the un-dissociative adsorption of CO [8]. However, when copper is
used to replace nickel in the anode (Cu-YSZ) operating in dry CH. fuel, it presents very low activity toward
methane oxidation [9-10]. Only when both of these elements are added to ceria, the usage of copper compounds
improves the properties of the fuel cells, mainly due to the reduction of carbon deposition while feeding
hydrocarbon fuels [9,11]. When CuO-CeO. oxide compound is used as an additional layer deposited on the
surface of Ni-YSZ anode operating in biogas, it clearly enhances the long-term stability of the fuel cell [12].
In turn, cobalt is expected to present similar to nickel catalytic activity towards oxidation of hydrocarbons but
the lower tendency to carbon deposition. Although no performance loss is observed in Co-YSZ anode operating
in methane [13], there is a complete delamination of Ni-Co alloy in syngas atmosphere, possibly due to its
vulnerability to carbon deposition [14]. In another paper, the Co-Cu/YSZ+CeO, system shows a very little
carbon deposition in methane containing atmosphere [15] and a controlled deposition of amorphous carbon
increasing with increasing metal loading in dry butane [16]. The Co304/CeO, composites are also reported as
presenting high catalytic activity towards H.S decomposition to Hz [17].

In this work, various nanocrystalline compounds of Co and Cu co-doped ceria (with up to 20 mol.% of
dopants) are fabricated by the reverse microemulsion synthesis method. They are deposited in a form of layers
on the surface of SOFC anode in aim to act as electrochemically active materials for biogas reforming process.
The aim of modification is to investigate an influence of these layers on a lifetime and efficiency of
commercially available solid oxide fuel cell operating with biogas without the need of an external reformer.

2. Experimental

Various copper and cobalt doped ceria compounds were synthesized via a reverse microemulsion method. The
microemulsion is a thermodynamically stable system of two immiscible liquids, in which one is dispersed in the
other. At the interface between these liquids, a thin film formed by surfactant molecules reduces the surface
tension between them. A microemulsion in which water is dispersed in the organic phase is called a reverse
microemulsion. Water nanoclusters act as nanoreactors in which a synthesis of nanosize materials can be
performed.

The following compositions have been fabricated: CepgCuo102-5, CeosCuUo202-5, CeosC00.1CU0102-5,
Ce0.8C00.15CU0.0502-5, Cen.8C00.202-5 and Cep.9C00.102-5. For this purpose, both cyclohexane (325ml) and pentane-
1-ol (52ml) acting as an organic phase and Triton x-100 (58 ml) acting as a non-ionic surfactant were mixed by a
magnetic stirrer. In a separate vessel a stoichiometric amount of respective nitrates: Ce(NOs)s;-6H-0,
Co(NO3)2:6H20 and Cu(NOs)2-3H20 was dissolved in water. Then a water phase was mixed with an organic
phase and a precipitating agent in a form of tetramethylammonium hydroxide (28 ml) was added. After stirring
for 30 minutes a water phase was decanted. The obtained product was centrifuged (4500 rpm for 15 minutes) and
rinsed twice with acetone (4500 rpm for 5 minutes) and twice with methanol (4500 rpm for 15 minutes). The
dried precipitate was calcined at 500 °C for 2 hours in the air in order to fully crystallize and remove residual
nitrates and organic compounds remaining after a synthesis. The phase composition of the investigated materials
was analyzed 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 on the basis of the Scherrer
formula: C = k\/[(Be—Bi)cos8], where C is an average diameter of the crystalline grain, k is 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 morphology of fabricated materials was observed using the FEI Quanta
FEG 250 Scanning Electron Microscope (SEM).

To form pastes, the obtained powders were ground in a mortar for about 1 hour with ESL 403 organic
binder (ElectroScience 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 scheme
of this fuel cell is presented in Fig.1. The catalytic layer was 16 mm in diameter and 30 um in thickness. Finally,
the modified fuel cells with deposited catalytic layers were fired at 1000 °C for 2 h.
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Fig.1: Scheme of the Solid Oxide Fuel Cell with deposited Ce(Co,Cu)O2-s catalytic layer

Such prepared fuel cells were mounted in a measurement rig [18]. They were heated up to 800 °C with
argon delivered to the anode side and then, in order to reduce nickel oxide, humidified hydrogen (3% H,O) 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 gas mixture was 30 cm® min™t. 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 time
120 h at 750 °C. A scheme presenting a general procedure of the experiment applied in this work is shown in
Fig.2.

Simultaneously with electrical tests, an analysis of the composition of outlet gases from SOFC was
performed using a Fourier Transformed Infrared Spectroscopy (Perkin Elmer Spectrum 100). Concentrations of
methane, carbon dioxide and carbon monoxide were analyzed. 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
CHjs, CO and CO concentrations. Moreover, the conversion rates of CH4 and CO, as well as the yields of H and
CO were calculated from the following expressions:

X n; -n H 12
CH,=inCHa"MoutCHy oo (12)
NinCHy

X _Minco, "MoutCo, +100% (13)
=——s = )

co,
ninCOz
YC0= "outCo +100% (14)
ninCOz +ninCH4
Y _ MoutHy, (15)

,=— %2 100%
ninH20+2ninCH4

where Nincha,Nincoz,Ninkzo and Nowco,NoutHz are the concentrations of respective inlet and outlet gases. X and Y are
expressed in percentage. Conversion factor shows how much of studied gas was transformed during the catalytic
processes, while yield informs us how much gas formed during catalytic reaction was found in the outlet stream
with respect to the theoretical amount calculated from the chemical reactions [18].

A detailed description of the measuring system and analysis methods was reported elsewhere [19].

Synthesis of Reduction in
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nanocrystalline aste 1000°C 2h measuring cell 30min; 750°C 750°C 100-120h
P fuel cell &
material 20h)

Fig.2: Procedure of the experiment.

3. Results and discussion

Properties of fabricated powders

The XRD patterns of all fabricated compounds are presented in Fig.3.
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Fig.3: XRD patterns of fabricated Ce(Co,Cu)O2-; powders

They show that CeO,.; is a dominant phase, however in cobalt containing powders also some peaks which can be
attributed to additional phases can be found. A small peak from Co3Os is present in the XRD pattern of
Ce0.8C00.202-5, Whereas a trace of Cuo.76C022404 presence is visible in XRD patterns of Co and Cu co-doped ceria
compounds (CepsC0o.1CU0102-5 and CepsC00.15CU0.0502-5). This indicates that in Ce1-«CuxO2-s the solubility of Cu
reaches 20 mol%, whereas in the case of co-doped with copper and cobalt ceria the total solubility of the dopants
is lower than 20 mol%. In Ce;1xC0xO2-s the solubility limit is between 10 and 20 mol%. These values are much
higher than the solubility limits of Cu and Co in ceria reported in the literature. For Co it is very low and equal to
3% [20] and for Cu it reaches 15% [21]. Interestingly, no traces of additional phases can be found in XRD
pattern of CepsCuo20.-5. It may result both from the resolution of the XRD measuring technique, segregation of
nanocrystalline additional phases on the grain boundaries, as well from different synthesis method than that
reported in the literature [4,5], what may change a solubility limit of particular elements in ceria. Moreover,
according to the literature, the solid solubility limit can be enhanced by even few orders of magnitude, if the
material is in the nanocrystalline state [22]. However, even if the solubility limit is exceeded and some additional
phases are formed, or they segregate on the grain boundaries, they may not deteriorate the catalytic properties of
fabricated materials. According to literature reports [23] the spinel Co304 has a high catalytic activity with
respect to several complete oxidation reactions. It is due to the high mobility and the low binding energy of
surface oxygen in this oxide. Similar behavior has been observed for binary cobaltites [23]. Some authors claim
that these cobaltites may be more stable than the noble metals against catalytic poisons [23,24].

On the basis of XRD data also the size of crystallites was estimated using the Scherrer equation. The
obtained results are presented in Table 2. They confirm that a reverse microemulsion synthesis method allowed
to successfully fabricate nanocrystalline compounds. Among them, the biggest crystallites (ca. 7 nm) present
both Cu and Co co-doped ceria compounds. The sizes of other compounds are comparable and close to 5 nm.

In Table 2 also an average size of grains taken from SEM analysis is presented for each compound.
Sample SEM images of Ce.9C00.102-5, Ce09CU0.102-5 and CepsC0o.1Cuo102.5 materials are presented in Fig.4.
They indicate that all grains are uniform, round shaped and of nanometric size. However, in the
Cep.8C00.1CU0102.5 powder some larger agglomerates of a size up to 0.7 um can be found. These pictures are
representative of all other fabricated compositions. An average size of grains is comparable and equal to 20 nm.

Table 2: Average size of crystallites (from XRD) and the average size of grains (from SEM) calculated for fabricated
Ce(Co,Cu)O2.s powders

Compound Size of crystallites (nm) Size of grains (nm)
Ce0.9CU0.102-5 5.4+0.3 1943
CepgCup20,5 5.4+0.3 21+£5

Ce08C00.1CU0102-5 7.4+0.7 20+4
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Properties of fuel cells with additional catalytic layers

3.1 Electrical properties

The plots presenting power density values for fuel cells with different Ce(Co,Cu)O2s anode layers
measured at 0.65 V in various stages of the experiment are presented in Fig.5. Point “0” in the “time” axis
depicts a moment in which a gas supplied to the anode side was switched from hydrogen to biogas. It can be
seen that the power density in hydrogen (Fig.5) is quite unstable in time. This instability comes from some
structural changes taking place on the anode side in the beginning of the exposure to high temperature in
hydrogen. It agrees with literature reports [25]. During this time, opposite processes take place, e.g. ordering of
metallic nickel in the structure of the anode, segregation of impurities, sintering of catalyst grains [25]. It is only
after a few hours that we reach the equilibrium state of the system and more stable electrical parameters.

Another interesting observation is that the power densities of the fuel cells both in hydrogen and in
biogas atmosphere differ from one another (Fig.5). In order to better understand the source of these differences
also the I-V measurements were performed. The results for all investigated fuel cells at two stages of the
experiment: in the beginning of operation in H, (Fig.6a) and after 90 hours of operation in biogas (Fig.6b) are
presented. It is clear that except CeosCo00.15CUo.0502-5 all compounds give comparable value of OCV in hydrogen
(c.a. 1.03V) which is close to a theoretical value predicted by the Nernst equation. The slope of I-V curves for all
compounds except Cep sC00.15CUo.0s02-5 in hydrogen is also comparable. We suppose that observed differences of
the power densities in hydrogen may come not only from catalytic activity of a material but also from a
microstructure of deposited layers. From Fig.6b one can see that after 90 hours of feeding with biogas the OCV
for all fuel cells is lower than in hydrogen and equal to c.a. 0.97 V. This decrease is in agreement with both
theoretical predictions and experimental results from other papers [26,27]. Since more than one electrochemical
oxidation is possible in the system, the theoretical OCV in biogas is a combination of the different reactions
taking place at the anode surface (equations 8-11) [27] and it should be lower than in pure hydrogen. The slope
of I-V curves for all compounds in biogas is comparable.

Further analysis of Fig.5 indicates that for a particular amount of a single type of dopant (10 or 20
mol%) the power densities in hydrogen are comparable, but in general, a lower amount of dopant gives higher
power density. Differences appear after switching to biogas. Layers of ceria doped with cobalt are more sensitive
to biogas atmosphere and within the first 30 hours of operation in biogas show lower power density than fuel
cells with Cu-doped ceria. In order to explain this phenomenon one can make a hypothesis that it may be caused
by coking phenomenon which is more intensively catalyzed by cobalt than by copper [8]. This coking may lead
to the deactivation of Ni catalyst and to the blocking of fuel diffusion to TPB. However, doping with cobalt
stabilizes ceria in direct internal reforming conditions and thus a further deterioration of fuel cell with time (after
30 hours) is limited. A noticeable enhancement of electrical properties in DIR-SOFC conditions is observed
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when Co and Cu co-doped ceria catalytic layers are applied. Both the fuel cells with the CeggC00.1Cup.10,.5 and
Ce0.8C00.15CUp.0502-5 layers show the highest power density and the best long-term stability in biogas atmosphere.
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Fig.5: Power density as a function of time for fuel cells with the Ce(Co,Cu)O2-s anode catalytic layers.
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Fig.6: 1-V curves for all investigated fuel cells at two stages of experiment: in the beginning of operation in Hz (a) and after
90 hours feeding with biogas (b)

3.2.  FTIR analysis of outlet gases

To better understand the influence of a particular catalytic layer on a direct internal reforming of biogas
in investigated fuel cells an analysis of the composition of outlet gases was performed using the Fourier
Transformed Infrared Spectroscopy. Plots of the conversion rate of methane and carbon dioxide versus time are
presented in Fig.7. Plots showing a yield of carbon monoxide and hydrogen vs. time are shown in Fig.8. It can be
found that Cu and Co co-doped ceria layers present the highest CH4 conversion rate, simultaneously showing the
lowest CO- conversion rate. In turn, layers with 20 mol% of a single type of dopant show the lowest CHa
conversion rate and the highest conversion rate of CO,. These observations correlate well with the analysis of
CO yield. The highest CO yield occurs for Cu and Co co-doped ceria, and the lowest for layers with 20 mol% of
a single type of dopant. For all investigated materials the H./CO yield ratio at a given stage of the experiment is
always lower than 1 indicating that a reverse water-gas-shift reaction (reaction (2)) substantially proceeds.

The H, yIE|d is the highest for CepgC00.202.5, CepsCup 0.5 and CegsC0o.15CU0.0502-5 Iayers. On the
contrary to other catalytic parameters, it stabilizes after 30-40 hours of operation in biogas. In turn, a continuous
decrease (lasting ca. 70 hours) of CH4 and CO- conversion rates as well a decrease of CO yield indicate the
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progressive catalyst deactivation process. After this time these parameters stabilize, and a state of
electrochemical equilibrium is reached in the system. This indicates that coking phenomenon (mostly from
reaction 5) leading to the deactivation of Ni catalyst and to the blocking of fuel diffusion to TPB is compensated
by a removal of solid carbon. It takes place mostly via electrochemical oxidation of solid carbon (reaction 11).
Remembering that biogas mixture supplied to an anode compartment is humidified (3% H»O) and that additional
amount of water is produced via methanation process (reaction 3) also a reverse of reaction (7) may occur
enhancing a carbon removal. On the other hand, for high CO,/CO ratio the equilibrium of reaction (6) is shifted
to the direction of CO formation, suppressing carbon deposition through Boudouard reaction. All these
phenomena reduce the carbon accumulation in the volume of Ni-YSZ anode [1].

Since both reforming products (H, and CO) can be electrochemically oxidized leading to the production
of electricity (according to reactions 8 and 9), their formation within direct internal reforming of biogas is
desired. Although H, oxidation is considerably faster than that of CO, it will have a key contribution to the
electrical performance of a fuel cell. It should be remembered that the yield parameter expressed by reactions
(14) and (15) provides information about amount of gas formed during catalytic reaction that was found in the
outlet stream with respect to the theoretical amount calculated from the chemical reactions. If more hydrogen is
utilized within an electrochemical oxidation according to the reaction (8), then less hydrogen will be found in the
outlet stream and we will obtain lower H, yield. Therefore, one may suggest that lower H. yield may result from
more intensive electrochemical reaction (8). As this reaction performs faster than (9), the CO yield may by
higher (less CO is electrochemically oxidized). It agrees with power density measurements. The highest CO
yield and much lower H; yield is obtained for both Cu and Co co-doped ceria layers and these materials present
the highest power density and the best long-term stability.
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Fig. 7: Conversion rate of methane (a) and carbon dioxide (b) as a function of time.
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Fig.8: Yield of carbon monoxide (a) and hydrogen (b) as a function of time.

Properties of catalytic layers after operation in biogas

Finally, the analysis of the properties of deposited layers was performed after the operation in biogas
atmosphere. The SEM images of layers of three representative compositions: Cep9C00.102-5, Ce09CU0102.5 and
Ce0.9C00.1Cup1025 are presented in Fig.9. They clearly indicate that although all these materials were
nanocrystalline powders after a fabrication process (as shown in Fig.4), the grains grew to a different extent
depending on a type o dopant. The smallest grains (ca. 100-200 nm) are visible in cobalt-doped ceria layer and
the biggest (up to 2 um) in Cu-doped ceria. When both Co and Cu dopants are added to ceria, then a grain
growth is limited, and we obtain grains of intermediate size (ca. 200-400 nm) and a uniform, round shape. This is
a desirable effect because smaller grains have a bigger catalytically active surface area for reforming reactions.

a) Co_gCOg}Oz.ﬁ b) CEo,gCUo,10z.5 C

. ’ > 'y

) Ceo.8C09,1CUo,102.5

v, MRS

N

Jul

Fig.9: SEM images presenting structure of Ceo.9C00.102-5 (a), Ceo.9Cuo102-5 (b) and Ceo.sC00.1Cuo102-5 () catalytic layers
after operation in biogas

To determine a phase composition of layers after the operation in biogas the XRD measurement was performed.
The XRD pattern of CepgC00.1Cuo.102-5 is shown in Fig.10.
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Fig10: XRD pattern of Ceo.sC00.1Cu0.102- catalytic layer after operation in biogas

It should be noticed that apart from the peaks representing the CeO; phase also some peaks of Ce, Cu, Co and
Co0 can be found. This is a result of the reduction process taking place in fuel cell conditions (800 °C in Hz, 750
°C in biogas). Also, the Cuo76C022404 phase was decomposed and reduced, because no peaks which can be
attributed to this phase can be found in the XRD pattern. According to H-TPR profiles presented in the literature
[8] the presence of CuO favors the reduction of CozO4 to CoO, enabling it to take place at low temperature (ca.
290 °C). It was ascribed as a strong synergetic effect of copper and cobalt when they were deposited by a co-
impregnation method. We suppose that a similar synergetic effect may take place in our Co and Cu-doped ceria
compound. The existence of Cu and Co in a metallic form is desirable, because in this form they present the
highest catalytic activity for electrochemical oxidation of hydrogen that is produced within a biogas reforming.
On the other hand, cobalt is an active component for C-C chain growth [8]. That is why also a peak from solid
carbon (C) can be found in the XRD pattern. Deposition of carbon is an undesired phenomenon because it leads
to the deactivation of Ni catalyst. However, it may not be a problem if the deposition of carbon occurs only in
the catalytic layer, not in the Ni-YSZ anode, as was observed in our other paper [12]. This let us conclude that
although a presence of cobalt in ceria is desired for biogas reforming, its content should not be too high to
prevent a permanent damage of catalytic layer by carbon deposition.

4. Conclusions

Various nanocrystalline compounds of Co and Cu co-doped ceria (with up to 20 mol.% of dopants) were
fabricated by the reverse microemulsion synthesis method. They were deposited in a form of layers on the
surface of SOFC anode in aim to act as electrochemically active materials for biogas reforming process. It was
found that among fabricated compounds both Cu and Co co-doped ceria layers give the best electrical
parameters of a fuel cell and the best long-term stability. These materials give also the highest conversion rate of
methane and the highest yield of carbon monoxide. Moreover, co-doping prevents an undesirable grain growth
of catalytic material, allowing to obtain a high surface area for catalytic reactions.
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