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Abstract

A metal-supported solid oxide fuel cell (MS-SOFC) consisting of infiltrated NiMo/CZ internal
reforming catalysts is operated under a direct ethanol feed condition at 700 °C with a steam-to-
carbon (S/C) ratio of 2. The additional catalyst functional layer is required to internally reform the
ethanol fuel into syngas while preventing the cell’s rapid deactivation due to unwanted carbon
deposits or coking. Our experimental results show that the cell with NiMo/CZ catalyst shows a
higher maximum current density of 0.355 A cm™ compared to 0.052 A cm™ for the cell without
catalyst at 0.4 V. The constant current stability performance was also improved. The cell with
NiMo/CZ can operate for 90 h and shows less carbon deposition than the cell without a catalyst.
Adding NiMo/CZ reforming catalyst into the MS-SOFC is a promising solution to enhance the

operating lifetime and coke resistance in the ethanol steam reforming fed MS-SOFC system.



. Introduction

Solid oxide fuel cell (SOFC) development in recent years has been focusing on the metal-
supported solid oxide fuel cells (MS-SOFC) to replace the conventional cermet-based anode-
supported SOFC due to its capability to handle rapid thermal cycles, thus making it more
suitable for mobile and vehicular applications [1]. Direct ethanol-fed SOFC has received
significant interest in recent years due to its use of renewable bioethanol sources, making it a
sustainable way to produce electricity [2-5]. However, MS-SOFC with a nickel (Ni) anode can
be deactivated due to the formation of carbonaceous species, commonly known as coking, if
the cell is operated under ethanol fuel. The presence of coking within the anode can lead to
mechanical stress within the cell structure, which eventually causes catastrophic failure in the
fuel cell stack. Coking can also block the fuel gas diffusion to the cell’s functional layer causing
mass transport limitation due to fuel starvation. One of the most effective solutions is
introducing a micro-reforming catalyst on the anode layer. The micro-reforming catalyst will
reform the fuel into H» and CO, a mixture called syngas, and then the anode will convert the
chemical energy of reformatted syngas into electricity. This method will improve cell power

output, stability, and coking resistance [6].

A supported noble metal catalyst such as rhodium (Rh), platinum (Pt), or palladium (Pd) on
ceria-zirconia (CZ) support has been recognized as an excellent catalyst for ethanol steam
reforming to produce syngas due to their high catalytic activity in C-C bond cleavage under
ethanol, and its resistance to coke formation [7-11]. Our previous work demonstrated that the
MS-SOFC with infiltrated Rh/CZ catalyst operating under ethanol fuel could maintain its
activity for more than 100 h without any significant coking [1]. However, its high cost makes
it unfeasible for mass-scale production or commercialization. Among many kinds of non-noble
metal catalysts, Ni-based catalysts have been studied as non-noble metal catalysts that can
show noble metal-like activity towards the ethanol steam reforming reaction at temperatures
over 600°C due its ability to efficiently break C-C, O-H, and C-H bonds, leading to high
hydrogen yields [12].

Ni-based catalysts are vulnerable to deactivation from coking. To overcome the coking issue
in the Ni-based catalysts, additional promoters, such as molybdenum (Mo), can be inserted

into the Ni lattice, resulting in a substitutional solid-solution species Ni-Mo [13]. Embedding



Mo in the Ni lattice increases the catalytic activity and stability of Niunder the partial oxidation
of isooctane, resulting in higher conversion and syngas yields than monometallic catalysts
(e.g., Ni/CZ). In addition, a monometallic Ni catalyst can be easily sintered at high
temperatures, decreasing its surface area due to agglomeration and leading to a decrease in its
apparent catalytic activity. However, adding Mo can promote the interaction between the Ni
nanoparticles and the CZ support due to the changes in the Ni-Mo electrical structures based
on the DFT calculation we showed in our previous publication [14]. This interaction can slow
down the sintering process and prevent the reduction of active sites on the catalyst surface

while also improving the overall metal dispersion and coking resistance [13-16].

In previous work, our group demonstrated that NiMo(3%)/CZ shows improved coking
resistance under isooctane partial oxidation at 750 °C, since this catalyst is capable of breaking
the C-C bond and preventing coke formation in isooctane fuel [13]. In this work, we attempted
to use NiMo/CZ catalyst for MS-SOFC application as a non-noble metal internal reforming
catalyst for operation under the direct ethanol feed condition at 700 °C and steam to carbon
(S/C) ratio of 2. To the authors’ knowledge, this is the first time a NiMo/CZ catalyst has been
used in this specific application. The catalytic activity of the unmodified Ni/CZ and
NiMo(3%)/CZ catalysts were first screened and compared to check their stabilities in ethanol
steam reforming conditions. After performance screening, we applied the catalysts into the
button MS-SOFC by using a precursor infiltration method. Electrochemical performances

were measured and compared to the MS-SOFC without any modification.

. Experimental

2.1. Catalyst Synthesis and Characterization:

The Ni/CZ and NiMo/CZ catalysts for the initial screening were synthesized by the slurry
impregnation method. A commercially available ceria-zirconia (CeO2/ZrO> (CZ), Sigma-
Aldrich) was used as a support. Ni and Mo nitrate precursors ((Ni(NOs3),-6H20, Alfa
Aesar) tetrahydrate (NH4)6Mo070,-4H>0, Alfa Aesar)) were dissolved with CZ support in
nanopure water and stirred at 70° C until forming a thick solution. 11 wt.% of Ni is used
to prepare Ni/CZ catalyst, while 11 wt% of Ni and 3 wt.% of Mo are used to prepare
NiMo/CZ catalyst. The solution was then dried in a drying oven at 100°C overnight, then
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calcined at 500° C for 4 h at a ramping rate of 10° C min™!, followed by reduction at 750°
C for 1.5 h under 50% H2/Ar gas.

The catalyst performance evaluation for ethanol steam reforming was carried out in a fixed-
bed reactor using 100 mg of catalyst. The reactor was then heated up to 700 °C. A 45 vol.%
of ethanol solution (S/C ratio = 2) flowed into the reactor with a syringe pump at the flow
rate of 1.5 ml h™! using 50 sccm of N> was used as carrier gas. The reformed gas was
analyzed using a gas chromatography (SRI) system equipped with a TCD detector and two
packed columns (Molecular Sieve 13X and HayeSep D). The detailed schematic of the
reforming test setup is shown in Figure S1, while its performance data calculation are
described in a previous publication [11]. The crystalline structure of fresh and spent Ni/CZ
and NiMo(3%)/CZ catalyst samples were analyzed using X-Ray diffraction (XRD)
(Rigaku Miniflex 600) with Cu Ko radiation. Additonal Ni/CZ and NiMo/CZ catalyst
characterizations, such as BET surface area analysis, metal dispersion, and its chemical

state using XPS, have been discussed in our previous publication [13].

The amount of carbon deposit is measured using a Thermogravimetric analyzers (TGA).
For TGA experiments, 5 mg of the spent catalyst samples were placed on a sterilized Pt
pan and loaded into the TGA furnace. A gas mixture consisting of 40 sccm of N> and 60
sccm of air was indroduced to the samples. The samples were heated up to 800 °C at a rate
of 5°C min™!, while measuring their weight changes. Fresh catalysts were also subjected to

TGA experiment as a reference. The carbon formation rate is calculated according to Eq.

(D) [17]:

mass of coke oxidation (mg)

carbon formation rate = (D)

catalyst mass (g) X reaction time (h)

Mass of coke oxidation is the amount of carbon that combusted during the TGA test,
catalyst mass is the mass of the spent catalyst sample after the TGA test, and reaction time

is the time-on-stream used for the ethanol reforming reaction.

2.2. Metal-Supported Fuel Cell Fabrication:
The detailed fabrication method of the halt-MS-SOFC has been described elsewhere [1,
18-20]. Lao.6Sr0.4Co03 (LSC) was used as the cathode material and was synthesized using
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the wet-chemistry method. The LSC ink is then deposited on top of the electrolyte layer

using screen printing [21]. The final active electrode surface area is 0.63 cm?.
2.3. Cell Testing:

The NiMo/CZ catalysts for the infiltration process were synthesized by mixing Ni, Mo, Ce,
and Zr metal precursors in 5 ml of nanopure water to form a nitrate solution with the Ce:Zr
molar ratio of 1:1. The Ni and Mo metal loadings are 11 wt.% and 3wt.%, respectively.
The detailed infiltration method and button cell preparation in our experiment
configuration are described in our previous work [1]. The cell was then mounted on a tube
furnace and heated to 765 °C with a ramping rate of 2 °C min™' . During the heating-up
process, 50 % of H> in N> flowed into the anode with a total flow rate of 100 sccm for in-
situ anode reduction, and 100 sccm of air flowed on the cathode side. The cell’s initial
electrochemical performances (electrochemical impedance spectroscopy/EIS and IV
sweep) were then measured under humidified Hz and 45 vol.% ethanol solution) at 700°C.
A peristaltic pump was used to supply the 45 vol.% ethanol solution (S/C ratio = 2) at a
flow rate of 1.5 ml h'!. The detailed schematic of the MS-SOFC test setup during the
ethanol steam reforming condition is shown in Figure S2. A constant current stability test
was conducted under the ethanol solution fuel at 700 °C. During the stability test, the
effluent gas was analyzed by gas chromatography (GC). The button MS-SOFC without
reforming catalyst is also tested under the same conditions as a reference cell.
2.4. Post-Test Cell Characterizations:

The spent cells were first visually examined to check for any structural damage or coking
on the cathode and anode surfaces. SEM imaging and EDS mapping were performed to

check the integrity of the functional layer and the presence of carbon deposits.

3. Results and Discussion
3.1. Catalyst Characterization:
3.1.1. Ethanol Steam Reforming Performances - The reforming performance of Ni/CZ
and NiMo/CZ catalysts in ethanol steam reforming at 700 °C is shown in Figure 1
(A & B). The conversion and syngas productions in Ni/CZ catalyst rapidly dropped
after ~10 h due to coking. Meanwhile, the NiMo/CZ shows a steady carbon



3.1.2.

conversion between ~88-95%, and the total syngas flowrate between ~17-20 sccm
within 100 h of the long-term test, even though a slight catalyst deactivation was
observed after the 50™ hour (~2 sccm of syngas production drop). Based on the
reforming data, NiMo/CZ produced a minimum of ~17 sccm of Hz, which
theoretically can produce 3.87 A cm™ in MS-SOFC (with an active cell area of 0.63
cm?). In this work, the button cell will operate at 0.7-0.8 V, which generally requires
a current density of less than 1 A cm™. Therefore, NiMo/CZ catalyst can provide
sufficient syngas to operate the MS-SOFC under ethanol steam reforming
conditions.

Catalysts Crystal Structures - XRD analysis was performed to investigate the
crystalline phase of the catalyst. The comparison between the fresh and spent
catalyst after the ethanol steam reforming’s long-term test is shown in Figure 1 (C).
The XRD spectra show all the CZ phase main peaks at 20: 29.50°, 34.13°, 48.76°,
and 58.15°. For the NiMo/CZ catalyst analysis, we compared its XRD spectra with
the unmodified Ni/CZ without Mo and exposed it to ethanol steam reforming
conditions. A graphitic carbon peak is observed on the spent Ni/CZ catalyst, while
it is not present in the spent NiMo/CZ catalyst, indicating the addition of Mo can
prevent graphitic carbon deposition within the catalyst. The fresh unmodified
Ni/CZ catalyst shows 2 main metallic Ni peaks at 20: 44.61° and 51.99°. When 3%
of Mo is added into Ni/CZ, individual Mo peaks are not observed due to the low
concentration of Mo. However, the main Ni peaks are shifted to the lower 2 0 angles

(44.09° and 51.29°). Bragg’s law (Eq. 2) states that:
nA =2dsinf (2)

Since the n 4 value is constant, the peak shift to the lower 20 angles is caused by
the change in interplanar spacing, d. Mo can form a substitutional solid solution
with Ni. Due to the larger atomic size of Mo (r ~1.45 A) compared to Ni (r ~1.35
A), the presence of Mo within the Ni crystal lattice will expand the interplanar

spacing, shifting the diffraction angle of Ni to lower 26 [14] as shown in Figure 1
(©).



3.1.3.

Carbon Formation Rate — TGA analysis was performed to quantify the amount of
coke on both spent Ni/CZ and NiMo/CZ catalysts, as shown in Figure S3. Using
Eq 1, the carbon formation rate of Ni/CZ catalyst is 142.53 mgcarbon. & catalyst . h°
! eaction, which is almost five times higher than that of NiMo/CZ (29.35 mgcarbon. &
Latalyst - Wl reaction). We then compared its carbon formation rate with the literature,
as shown in Table S1 [22-25]. It is difficult to make a direct comparison between
our NiMo/CZ catalyst and literature because of different operating conditions used.
However, in general, the carbon formation rate of NiMo/CZ is either comparable

or lower compared to other catalysts shown in literature.

3.2. Metal-Supported SOFC Performances:

3.2.1

Initial Electrochemical Performances - The initial button cell’s impedance data
with and without NiMo/CZ catalyst are shown in Figure 2 (A & C). Under
humidified H; at initial condition (t = 0 h), the cell with and without NiMo/CZ
catalyst show similar ohmic resistance of ~0.1 Q cm?. However, the cell without
catalyst shows lower polarization resistance of ~1.5 Q cm?, compared to the cell
with NiMo/CZ catalyst (~2.1 Q cm?). These differences in the polarization
resistance originate from the high kinetic resistance (high-frequency regions of
impedance) of the cell with the NiMo/CZ catalyst. The presence of the non-
conductive ZrO; in the NiMo/CZ catalyst may have increased the anode’s
conductivity and lowered the electrocatalytic activity of the cell. Upon switching
the fuel to the ethanol solution, the initial impedance (t = 0 h) in the cell without
the catalyst (Figure 2 (A)) shows a scattered low-frequency impedance, which
originated from the non-steady ethanol fuel flow using the syringe pump system.
Additionally, the initial impedance under ethanol in the cell with NiMo/CZ catalyst
could not be measured due to the highly fluctuating impedance signal. The IV
measurements of the cell are shown in Figure 2 (B & D). Under humidified H; at
initial condition (t = 0), the cell with and without NiMo/CZ catalyst shows a similar
OCV of ~1.10, indicating good sealing. At 0.4 V under humidified H» (t = 0 h), the

cell without the catalyst shows the initial maximum current density of 0.941 A cm’



3.2.2.

2 while the cell with NiMo/CZ catalyst shows a lower maximum current density of
0.667 A cm™ due to the higher polarization resistance. Upon switching the fuel to
ethanol (t = 0 h), the cell without the catalyst shows a very low maximum current
density of 0.052 A cm™ (at 0.4 V) due to poor reforming activity of the Ni anode
towards ethanol steam reforming. Meanwhile, under the same condition, the cell
with NiMo/CZ catalyst shows a significantly higher maximum current density of
0.355 A cm™ (0.4 V), originating from the excellent syngas production, as shown
in Figure 1.

Cell Stability in Ethanol Steam Reforming - The constant current stability of the
cells and their reforming activity data are shown in Figure 3. A 25 mA ¢cm™ constant
current density, which corresponds to the cell voltage of ~0.7 V was applied to the
cell without the catalyst. The cell voltage was highly unstable, with a high deviation
between ~0.1 to 0.9 V during the 10 h of the test (Figure 3 (A)). During the constant
current stability test, the effluent gas was measured by GC and shown in Figure 3
(B). The GC data of the cell without the catalyst shows poor reforming performance
where the carbon conversion dropped to <5 %, and a syngas production of ~0 sccm.
This negligible syngas production of the cell without the catalyst is caused by the
low catalytic activity of the Ni anode towards ethanol steam reforming, which we
also observed in our previous work [1, 11]. Meanwhile, the cell with NiMo/CZ
catalyst was applied with the current density of 175 mA cm (corresponds to the
cell voltage of ~0.7 V). The cell could maintain its stability for up to 90 h before it
was permanently deactivated, as shown in Figure 3 (A). The catalytic activity of
the cell with NiMo/CZ catalyst (Figure 3 (C)) shows a fluctuated carbon conversion
(70-100%) in contrast with the prior reforming data shown in Figure 1 (B) where it
can continuously maintain >90% carbon conversion over 100 h. The unreacted
ethanol can diffuse into the anode functional layer, where it can lead to coke
formation. After 90" hours, the catalyst layer was still active to produce a sufficient
amount of syngas (13-15 sccm) to operate the cell. Hence, we speculate that the
rapid deactivation of MS-SOFC with NiMo/CZ catalyst at the 90" hour was mainly
caused by coking on the anode functional layer (instead of the catalyst layer).

Therefore, we still need to optimize our catalyst infiltration method to ensure high



conversion with significantly less fluctuations during the entire SOFC stability test.
The impedance and IV measurements were taken after 90 h of constant current
stability test in ethanol fuel (Figure 2 (C & D)). Under H», we did not observe any
change of ohmic resistance after 90 h of the test, indicating that the cell structure
was still intact and there was no issue in the electrolyte layer. However, the
polarization resistance (Rp) is significantly decreased. This decrease can be caused
by the accumulation of coke within the functional layer. Carbon is an electron
conductor, and its presence within the cell's functional layer can help improve cell
conductivity, which can be observed by the decrease in the cell’s impedance.
Meanwhile, the IV data after the 90 h of constant current stability test in ethanol
shows that the performance under H» and ethanol decreased. Under H», the
maximum current density at 0.4 V was dropped from 0.667 A cm™ to 0.340 A cm’
2. while under ethanol, the maximum current density at 0.4 V was dropped from
0.355 A cm™ to 0.100 A cm™. This performance drop after the long-term test was
caused by the OCV drop (~0.5 V) due to coke on the anode functional layer. We
summarized and compared the SOFCs performances that are operating under
ethanol fuel with different reforming catalysts (Table S2) [1, 11, 26-39]. Based on
this summary table, the cells that show longer stabilities (>100 h) tend to use milder
operating conditions for reducing the coke formations, such as higher operating
temperatures (> 750 °C) or lower ethanol concentrations by delivering ethanol
using a bath bubbler system (instead of directly feeding the ethanol into the cell).
Higher operating temperatures will improve the catalytic activity for the ethanol
steam reforming reaction while reducing the amount of carbon deposits according
to thermodynamics. However, the operating temperature higher than 750 °C can
lead to cell structure degradation for MS-SOFC due to stainless steel support
oxidation. Therefore, it is essential to keep the operating temperature of MS-SOFC
below 750 °C. Meanwhile, the lower ethanol concentrations can ensure the higher
ethanol conversions (thus the lower coking tendency) at the cost of a lower H»
production rate. A lower H> production rate could create a mass transfer limitation
in MS-SOFC as well as accelerate the stainless steel support oxidation. Therefore,

maintaining a sufficient H> production rate by operating the cell with a sufficient
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3.2.3.

ethanol concentration is important for ensuring the high performance of MS-SOFC.
Our NiMo/CZ catalyst has excellent reforming stability over 100 h (based on the
data shown in Figure /(B)). When it is applied to MS-SOFC, it allows to operate
the cell for 90 h, which is comparable to other SOFCs with different catalysts
operating under the direct ethanol feed condition (instead of a bath bubbler system).
Post-Test Cell Characterizations - Figure 4 shows SEM images and EDS elemental
carbon maps of the anode surface of the spent cell with and without NiMo/CZ
catalyst. The SEM image of the cell with NiMo/CZ (Figure 4 (A)) shows no
structural damage within the cell’s functional layer. The elemental carbon map of
the cell with NiMo/CZ catalyst also shows that some coke was formed on the anode
and the metal support/catalyst interface (Figure 4 (B)). According to the reforming
data in Figure 3 (C), the catalyst was still actively producing syngas after 90 h. This
data suggests that the cell deactivation was caused by coke formation on the anode
instead of the coking on the reforming catalyst layer. During the long-term
operation with ethanol fuel, the unreformed ethanol might have penetrated into the
anode and formed coke. Meanwhile, the cell without the catalyst shows the
presence of elemental carbon within the entire cell (Figure 4 (D)). Additionally, the
magnified SEM image of the functional layer of the cell without the catalyst in
Figure 4 (E) revealed a few cracks in the interface between the anode and the
electrolyte, while no cracking was observed on the cell with NiMo/CZ catalyst
(Figure 4 (F)). Based on the shape of the cracks, the cracks were possibly initiated
from the anode and then propagated into the electrolyte and the metal support.
These cracks might have been caused by the accumulation of coke on the anode.
Since the cracks were penetrating through the electrolyte layer, it is possible that
the cell voltage fluctuation observed in Figure 3 (A) was caused by these defects.
Therefore, under ethanol steam reforming operating conditions, the cell without the
catalyst can rapidly deactivate due to coke formation, which causes cracks within

the anode functional layer.
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4. Conclusions

The metal-supported solid oxide fuel cell has been modified by infiltrating NiMo/CZ reforming
catalyst and tested under ethanol steam reforming conditions at 700 °C and an S/C ratio of 2. The
cell performance was compared to the cell without the reforming catalyst. The cell with NiMo/CZ
catalyst shows excellent stability for 90 h under applied current density, while the cell without the
reforming catalyst shows highly fluctuating cell voltage under 10 h. Voltage fluctuations in the
cell without the catalyst were caused by the combined factors, starting from the low catalytic
activity of the cell, which eventually led to accumulating coke formation on the anode and cracking
at the anode-electrolyte interface. The results show that the NiMo/CZ reforming catalyst can
significantly improve cell performance under ethanol steam reforming conditions. After a
prolonged test, the cell with NiMo/CZ catalyst was permanently deactivated after 90 h, even
though the reforming data measured from the effluent gas showed stable syngas production, which
indicates the catalyst is still active. The permanent deactivation of the cell with NiMo/CZ catalyst
is possibly caused by the anode functional layer blockage from the carbon formation during cell
operation, as indicated by SEM and EDS analysis. Therefore, to improve the cell lifetime, future
study needs to focus on preventing carbon formation within the cell’s anode functional layer or
removing the deposited carbon on the anode functional layer, for example, by performing in-situ

cell regeneration with air pulsing.
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Figure 1 Catalytic activity of (A) Ni/CZ and (B) Ni-Mo(3%)/CZ catalysts in a fixed-bed reactor
under ethanol steam reforming using 45 vol.% of ethanol solution (S/C = 2), and at 700 °C , and

(C) The XRD analysis of both catalysts.
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Figure 2 Impedance and IV performances of the MS-SOFC at the initial condition and after long-
term stability test under H and 45 vol.% ethanol solution at 700 °C: (A) EIS of the cell without
the catalyst, (B) IV of the cell without the catalyst, (C) EIS of cell with NiMo/CZ catalyst, and

(D) IV of cell with NiMo/CZ catalyst.
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Figure 3 (A) Constant current stability of the cell with and without NiMo/CZ catalyst under 45
vol.% ethanol solution at 700 °C , (B) catalytic activity of the cell without the catalyst during
stability test, and (C) catalytic activity of the cell with NiMo/CZ catalyst during stability test.
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