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Anode supported fuel cells were tested in direct (no water added)
bioethanol at intermediate temperature (600 °C and 700 °C). The
standard fuel cell has reasonable short-term stability under dry
ethanol if current is continuously drawn at a minimum fuel
utilization factor at 700 °C. However, the YSZ/Ni anode develops
carbon deposits as inferred from post fuel cell test analyses and fixed
bed steam reforming catalytic tests at 600 °C. Thus, an active
catalytic layer with tailored properties for ethanol internal reforming
was studied. Initial tests investigated the Ir/gadolinium-doped ceria
catalysts previously proven stable at 850 °C. The main results have
shown that the catalytic layer has no significant effect on the
performance of the fuel cell running under hydrogen. The use of a
ceria-based catalytic layer has enhanced the stability of the fuel cell
under dry ethanol at 700 °C, but stable operation at 600 °C requires
the development of more active catalyst.

Introduction

Direct ethanol SOFC have gained increasing attention in the last decade due to a series of
attractive properties of such renewable fuel. Sugar-cane derived ethanol is possibly the
most successful example of biofuel with well-developed industries in different continents.
An increasing number of countries, such as Brazil and USA, have a wide distribution
infrastructure that makes ethanol a readily available fuel. Ethanol SOFC has a great
potential for several applications, including as a range extender for electric vehicles as
recently demonstrated by Nissan. Nevertheless, to reduce the complexity and cost of fuel
cell systems, several studies have aimed at internal reforming taking advantage of the
SOFC operating temperature. Nonetheless, critical issues such as the stability of the anodes
and thermal stress arising from the endothermic reforming reactions still impose great
challenge for the internal reforming in SOFC. As the YSZ/Ni remains the best anode under
hydrogen, preserving this component and adding a catalytic layer tailored for the desired
fuel is a promising strategy (1-4).

A series of previous studies have demonstrated direct ethanol SOFCs operating with

excellent stability for more than 600 hours at 850 °C (5-8). On the other hand, relatively
few studies have investigated direct ethanol SOFCs at T< 800 °C. Intermediate operating
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temperatures facilitate material selection, inhibit thermally activated degradation processes,
and allow a fast start of the system. However, critical issues such as the stability of the
anode require careful development for stable operation at intermediate temperature (600 -
700 °C). Usually, ethanol steam reforming (SR) in this temperature range demands specific
catalysts to avoid the formation of carbon deposits. Therefore, it is necessary to develop
stable catalysts that are resistant to carbon formation at intermediate temperature tofacilitate
the commercialization of the direct ethanol SOFC technology.

The aim of this study is to evaluate the stability of direct ethanol fuel cell and the effect
of the catalytic layer in SOFC operating at intermediate temperature (600 - 700 °C).

Experimental

For the direct ethanol SOFC testing we have used anode supported button cells samples
(Fuel Cell Materials) with 20 mm diameter. Such samples have standard Ni/yttria-
stabilized zirconia anodes, yttria-stabilized zirconia electrolytes and strontium-doped
lanthanum cobaltate cathode.

A ceria-based catalyst was synthesized. Gadolinia-doped ceria (Ceo.9Gdo.102-x, CGO)
containing 0.1 wt.% of Ir catalyst was prepared by incipient wetness impregnation
technique, using CGO (Praxair, 43 m?g’!") and iridium acetylacetonate (Aldrich) in toluene
8,9).

The SOFC electrochemical tests were performed using an open flange test system
(Fiaxell) with an Inconel sample holder and a Zahner IM6 electrochemical station. The
current collector on the cathode side was a platinum mesh and the anode side used a gold
mesh. Gases and ethanol were delivered to the fuel cell by a home-made system controlled
by a personal computer. Such a delivery system contains mass flow controllers for gases
(H2, synthetic air, and N») and a sealed stainless-steel bottle for ethanol. The ethanol
container is heated with a temperature controller and monitored by a K-type thermocouple
for ethanol deliver using N> as a carrier gas. The anode side is fed with a heated line kept
above ethanol condensation temperature.

For SOFC tests, samples were heated to the anode reduction temperature (Treq) defined
100 °C above the target measuring temperature (i.e., Trea = 800 °C if maximum measuring
T =700 °C) with heating rate of 5 °C min"! under N> flow on the anode side. When the Tred
was stable, the N, was replaced by H> (200 ml min™') for 1 h. The temperature was
decreased to the desired measuring T (600 or 700 °C) and synthetic air was flown on the
cathode side (200 ml min™"). The OCV was monitored and both polarization (I-V) curves
and impedance spectroscopy (EIS) at OCV measurements were taken under hydrogen.
Then, the system was polarized at 0.6 V (or 0.5 V, depending on the measuring temperature
and the estimated fuel utilization factor, Ur) and allowed to run under H» for ~20 hours
during which both I-V curves and EIS data were collected (under polarization). The fuel
was changed during a time interval of ~30 min by gradually decreasing the hydrogen flow
while ethanol was increased until the fuel cell was running on dry ethanol. The total fuel
rate (200 ml min!) was maintained and ethanol flow rate was set to keep the theoretical
number of electrons constant as compared to hydrogen by using the H/ethanol flow ratio
= 1/6. Ethanol flow rate was defined by the temperature of the stainless-steel bottle and the
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N carrier flow rate. The stability tests under dry ethanol were carried out under constant
polarization for up to 200 hours of continuous operation. During the stability test both I-V
and EIS data collected. The I-V curves were measured from the polarization potential down
to 0.2 V to avoid steam starvation at OCV for the ethanol internal reforming. The EIS data
were measured under polarization with ac amplitude of 100 mV from 100 kHz to 0.1 Hz.

Along with the electrochemical testing the studied catalysts were tested for ethanol SR
reaction. Ethanol SR was conducted in a fixed bed reactor at 600 °C and 700 °C in a
catalytic test bench at atmospheric pressure. Before the reaction, the samples (50 mg) were
reduced with pure H2 (30 mL/min) at 600 °C for 1 h and then purged under N> for 30 min.
The reactant mixture (2.5% ethanol; 7.5% water, 90.0% nitrogen) was obtained by flowing
two N> streams (30 mL/min) through each saturator containing ethanol and water
separately, which were maintained at the temperature required to obtain the desired
H>O/ethanol molar ratio of 3.0. The reactants and the reaction products were analyzed by
gas chromatograph (Agilent 7890A), equipped with a thermal conductivity detector (TCD)
and a flame ionization detector (FID) connected in series.

Results and Discussion

The initial tests were important to define the limits of the stability of the standard SOFC
button cell under ethanol. Firstly, the stability of the standard YSZ/Ni anode of the as-
received samples both at 600 °C and 700 °C was checked (Figure 1).
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Figure 1. Potentiostatic stability test of as-received anode support solid oxide fuel cells
under hydrogen (black) and ethanol (red) without water. a) at 0.5 V and 600 °C and b) at

0.6 V and 700 °C.
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During the initial ~20 hours of operation both cells presented different degradation rates
under hydrogen. The degradation rate at 700 °C is much more pronounced, a feature likely
associated with a fabrication issue of the sample. The potentiostatic curves showed a
significant decrease of the current output upon changing the fuel from hydrogen to ethanol.
Under ethanol, fuel cells ran for ~25 hours and ~140 hours at 600 °C and 700 °C,
respectively. Both samples have shown a progressive decrease of the current output with
increasing measuring time following a similar degradation rate of that in hydrogen. At 700
°C we have checked the dependence of the current output on both the N> carrier flow rate
and the ethanol temperature, as shown in Figure 2.
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Figure 2. Current output (at 0.6 V and 700 °C) dependence on the ethanol concentration
and N carrier flow rate for (a) 7% ethanol (T = 24 °C) and (b) 17% ethanol (T = 40 °C)
for the as-received fuel cell.

The stability tests at 700 °C (Figure 1b) included experiments of the dependence of the
current output on both the ethanol concentration and flow rate, as shown in Figure 2. It was
observed that the current output responds accordingly to variations of both flow rate and
concentration of ethanol. The current output can be significantly increased by increasing
the ethanol concentration and decreasing the N> flow rate, i.e., increasing the residence
time/fuel utilization. By increasing the ethanol temperature from 24 °C to 40 °C,
corresponding to an increase of 7% to 17% ethanol concentration, resulted in a proportional
current density output from ~315 mAcm™ to 635 mAcm™. However, despite the relatively
slow degradation rate, characterization of the anode after the stability tests showed carbon
deposit formation, a feature much more pronounced at 600 °C than at 700 °C.

To further understand the YSZ/Ni behavior under ethanol we have carried out fixed bed
ethanol SR reactions using YSZ/Ni extracted from the anode of the button cells. A
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small piece of the anode support was ground in agate mortar and used as the catalyst in the
fixed bed reactor for ethanol SR. Figure 3 shows ethanol conversion and product
distributions as a function of time on stream (TOS) for SR of ethanol at 600 and 700 °C.

—m— xEthOH
a =X
(a) s
—%—H
2
—e—CO
—#— Acetaldehyde

Product distributions, Xothanol (%)

60
40 |
WM'
20;.*0’4*&'*“
0
| | | | |
0 3 6 9 12 15
Time (h)
§100 25 EEEEESEEEEEEEEEEEEEEEEEEEEEEEEE
T (b)
S 80
° N o R .
>
£ o0r —m— xEtOH
-8 cO
= i 2
= ok
T a0l *H,
2 —e—CO
= |
2 20
=
=]
=
W
or . L
0 3 6 9 12 15 18
Time (h)

Figure 3. Ethanol conversion and product distributions versus TOS for SR of ethanol under
H>O/ethanol molar ratio = 3.0 over the YSZ/Ni anode at 600 °C (a) and 700 °C (b).

According to the previously proposed mechanism over Ni supported catalysts (10), the
main reaction pathway of ethanol SR includes three reactions: dehydrogenation of ethanol
(Eq. 1), steam reforming of acetaldehyde (Eq. 2), and water gas shift reaction (Eq. 3).
Ethanol is firstly dehydrogenated to acetaldehyde and H». Acetaldehyde can react with
water generating CO and Hz and can be decomposed in CH4 and CO (Eq. 4). In this study,
the products formed at 600 °C indicate the occurrence of both dehydrogenation of ethanol
and steam reforming of acetaldehyde reactions followed by the shift reaction. As the
catalyst deactivates a large amount of acetaldehyde is produced, indicating that the
dehydrogenation of ethanol was the main reaction taking place. However, increasing the
reaction temperature to 700 °C greatly improved the stability of the catalyst and H2, CO:
and CO, were the main products formed, indicating that ethanol SR was the main reaction

at 700 °C.

173



ECS Transactions, 103 (1) 169-178 (2021)

Ethanol dehydrogenation [1]
C>HsOH(g) - CH3CHO(g) + H2 (g)

Acetaldehyde steam reforming [2]
CH3CHO(g) + H2O(g) = 2CO(g) + 3H2 (g)

Water gas shift reaction [3]
CO(g) + H2O(g) = CO2 (g) + H2 (g)

Acetaldehyde decomposition [4]
CH3CHO(g) = CHa (g) + CO(g)

The formation of carbon was investigated by performing TG analysis of the spent
catalysts after 20 h of TOS (Figure 4). YSZ/Ni anode at 600 °C exhibited an oxidation peak
at 660 °C indicating that the deactivation of the catalysts is due to carbon deposition. The
TG analysis of YSZ/Ni anode at 700 °C did not detect any oxidation peak of carbonaceous
materials, which explains the stability of this catalyst.
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Figure 4. TPO profiles of the spent YSZ/Ni anode after SR of ethanol at 600 °C (a) and
700 °C (b).

The combined experimental results indicate that the anode deactivation due to carbon
deposit seems slower in fuel cell tests as compared to the catalytic test. Such feature can
be related to the higher amount of available active Ni sites in the fuel cell anode, but it also
can be related to a possibly higher ethanol/water ratio in the fuel cell test than in the fixed
bed reactor. At the investigated polarization voltage, a water/ethanol ratio >3 can be
available for the internal reforming depending on the U Previous reports have
demonstrated that provided that a minimum Utis attained the standard YSZ/Ni anode can
sustain the operation under carbon containing fuels with a reasonable stability (11). Such
a feature is possible because the stoichiometry of the electrochemical oxidation of
hydrogen in the anode provides water in excess for the ethanol SR (7, 8). Nevertheless, the
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results evidenced the need of more active catalyst than the YSZ/Ni for stable direct ethanol
fuel cells running at intermediate temperatures.

Therefore, we have investigated the Ir/CGO catalyst, previously demonstrated stable for
the ethanol SR at 850 °C. The first series of SOFC measurements compared the
electrochemical performance of both the as-received sample and the sample with a
deposited Ir/CGO catalytic layer. The I-V data of the as-received SOFC button cells
reproduced the specification provided by the supplier (current density ~0.42 Acm™ at 0.95
V at 700 °C). More importantly, both the as-received and the cell with catalytic layer
exhibited comparable electrochemical properties as show in Figure 5. The I-V curves of
both samples have similar OCV (1.1 V) and I-V profile with dominant ohmic polarization
in the investigated current range. Interestingly, the sample with deposited Ir/CGO layer
displays higher current output than the as-received sample. Such result indicates that the
catalytic layer has no evident negative impact on the properties of the single cell as long
microstructural properties of the anode, such as the required porosity, are preserved.
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Figure 5. a) I-V curves of fuel cell as-received and with Ir/CGO catalytic layer running on
hydrogen at 700 °C and b) corresponding EIS diagrams taken at OCV.

Moreover, no apparent reaction between the anode and the catalyst resulting in isolating
phases occurred and an efficient current collection is attained in both samples. The
impedance data showed in Figure 5b revealed a lower ohmic resistance for the samples
with the catalytic layer that can be ascribed, for example, to small differences of the active
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contact area for current collection. A slightly lower polarization resistance along with an
additional small contribution at the low-frequency end were observed in the catalytic layer
sample. Such features deserve more detailed studies to infer whether such differences are
related to the catalytic layer.

To evaluate the behavior of Ir/CGO catalyst prior to fuel cell testing, ethanol SR
reactions were carried out in the fixed bed reactor. At 600 °C It/CGO was shown to
deactivate very quickly (Figure 6a). The ethanol conversion was decreased to ~40% in the
initial 5 hours of testing, with acetic acid being the main product of the reaction. At 700 °C,
the catalyst showed no deactivation in the tested conditions, with ethanol conversion of
100% and H; selectivity ~70% during the 24 hours of testing. Post-reaction analyses
showed a mass loss corresponding to carbon oxidation that took place at relatively low
temperature (~300-500 °C range) for the catalyst tested at 600 °C, indicating amorphous
carbon formation. The catalyst tested at 700 °C showed no significant mass low in the
thermogravimetric profile.
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Figure 6. Ethanol conversion and product distributions versus TOS for SR of ethanol under
H>O/ethanol molar ratio = 3.0 over the Ir/CGO at 600 °C (a) and 700 °C (b).
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Raman analyses of the Ir/CGO catalysts were carried out to investigate possible causes
for catalyst deactivation during ethanol SR as shown in Figure 7. Raman spectroscopy data
confirmed formation of carbon deposits for the Ir/CGO catalyst reacted at 600 °C.

The Raman spectra of the spent Ir/CGO catalysts after reaction at 600 °C shows two
bands centered at 1330 cm™ and 1600 cm™', which are known as the D-band and G-band,
respectively. The D-band is attributed to the vibrations of carbon atoms with dangling
bonds in disordered graphite planes, while the G-band is attributed to the stretching mode
of carbon sp? bonds of ordered graphite (12). These results suggest that carbon deposition
is likely the main cause of Ir/CGO catalyst deactivation at 600 °C. Increasing the reaction
temperature to 700 °C decreased substantially the intensity of the D- and G-bands.

1330

1600

Intensity

900 1200 1500 1800
RAMAN shift, cm™

Figure 7. Raman spectra of Ir/CGO after ethanol SR at 600 °C (a) and 700 °C (b).
Considering the ethanol SR results in Figures. 6 and 7 we have carried out direct ethanol

solid oxide fuel cell stability test using Ir/CGO catalytic layer at 700 °C (Figure 8). The
data in Figure 8 shows a stable performance during ~40 hours under direct ethanol.
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Figure 8. Stability test at 0.7 V under dry ethanol of SOFC with Ir/CGO catalytic layer at
700 °C.

177



ECS Transactions, 103 (1) 169-178 (2021)

After cooling the system down to room temperature under nitrogen flow, a small carbon
depositin our fuel cell text fixture was observed. However, such carbon was ascribed to
amorphouscarbon that is possibly reoxidized during fuel cell operation. Further analyses are
underwayto study the stability of the fuel cell at 700 °C.

Conclusion

The combined experimental results of fuel cell testing and fixed bed reactor confirmed
that standard anode YSZ/Ni is unstable in direct ethanol at intermediate temperatures. At
600 °C, both the YSZ/Ni and the Ir/CGO deactivate very rapid due to carbon deposit
formation. On the other hand, increasing the temperature to 700 °C resulted in a much more
stable reaction of both YSZ/Ni and Ir/CGO. The comparison of the samples with and
without catalytic layer showed no apparent negative impact of the additional layer to the
fuel cell performance. The stability tests using Ir/CGO showed improved stability as
compared to the YSZ/Ni anode. The main results evidenced the need of a more stable and
active catalyst for fuel cells running at 600 °C.
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