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Abstract

Autothermal reforming of methane couples exothermal partial oxidation of methane
and endothermal steam or dry reforming of methane to achieve high energy efficiency,
which can be operated through solid oxide fuel cells (SOFCs) so that expensive oxygen
is not required and safety issue caused by CH4/O> mixture is avoided. In addition,
electric power is simultaneously generated. This study has demonstrated the efficient
electrochemical autothermal reforming of methane over a SOFC reactor integrated with
catalyst beds within anode channel structure. The catalyst bed reformer increases
syngas yield by a factor of about 6 owing to the increased methane conversion and
syngas selectivity. By numerical assessment, enhanced mass transportation is well
validated by high fuel accessibility at the electrode-electrolyte interface benefiting from
the integrated catalyst beds. Compared with conventional catalyst layer on anode
surface, the catalyst beds are more efficient for conducting methane reforming. After
the initial stabilization of cell microstructure, the SOFC reactor has demonstrated stable
cell performance and syngas yield during the test for 120 h. The integrated SOFC
reactor has demonstrated a promising application in performing catalytic reforming
reactions.
Keywords: Autothermal reforming of methane; SOFC reactors; Cogeneration;
Numerical assessment
1. Introduction

As fossil fuels are increasingly depleted, efficiently utilizing the fuels has attracted

intensive attention [ 1]. As an important fossil fuel, natural gas with the main component
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of methane can be catalytically reformed into syngas (H> and CO), which is a feedstock
for liquid fuel and chemical production via the Fischer-Tropsch process [2, 3]. For
example, the synthesized methanol feeds fuel cells to generate power with the higher
energy efficiency and the less environmental impact compared with conventional gas-
fired power plants [4-6]. Methane is generally reformed into syngas through the
following reactions:
Partial oxidation of methane (POM): CH4 + 0.50, -CO + H>» AH;=-35.6 kJ/mol
Steam reforming of methane (SRM): CH4 + H,O — CO + 3H; AH>=+206.2 kJ/mol
Dry reforming of methane (DRM): CH4 + CO2 — 2CO + 2H> AHz =+ 247.3 kJ/mol
POM reaction reforms methane with oxygen and generates a favorable H,/CO ratio
of 2 for methanol production [7]. However, oxygen is generated by an expensive
cryogenic process, and the exothermal reaction can induce hotspot formation within
catalyst beds [8, 9]. SRM and DRM are endothermal reactions, and generate syngas
with the H2/CO ratio of 1 and 3, respectively [10, 11]. Accordingly, autothermal
reforming of methane was developed by a combination of POM and SRM or DRM to
achieve high energy efficiency and adjustable H>/CO ratio [12-15].

As shown in Fig. 1, although the autothermal reforming has tackled the thermal
issue, it requires expensive oxygen, which also induces safety issue because of the
explosive CH4/O; mixture [16]. These two issues can be simultaneously solved by
employing solid oxide fuel cells (SOFCs) as an electrochemical reformer [17, 18].
Under the oxygen partial pressure difference between anode and cathode, oxygen is

extracted from air on cathode side, and then transported to anode side through
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electrolyte in the form of oxygen ion, which participates the autothermal reforming on

anode side to generate syngas. The electrochemical autothermal reforming reaction can
be presented as:

CH4 + xCO2 + (1-x) O*—2H; + (1+x) CO (x = 0~1) (1)

In addition, electric power is generated during the electrochemical reforming
process [19-21].

a Catalytic autothermal reforming b Electrochemical autothermal reforming

Explosive
/(CH4 ,02,C02)

%N

Catalyst bed

Power

2
=) H, CO
Fig. 1. Schematic comparison of (a) conventional autothermal reforming of methane

within catalyst bed reactors and (b) electrochemical autothermal reforming of methane

over SOFCs.

Using methane as a fuel for SOFCs has been widely studied. However, it is still
challenging to directly use methane for the state-of-the-art Ni-based anodes. The coarse
nickel particles of anodes formed during high-temperature sintering show low catalytic
activity for the electrochemical oxidation of methane and resistance to carbon
deposition [22, 23]. Many attempts have been made to improve the performance of

methane-fueled SOFCs. There are generally two strategies: adding reforming agents
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and applying reforming catalysts. Reforming agents (e.g. O2, CO2 or H>0) are added
with methane in feeding gas to reform methane into syngas, which acts as a fuel for
power generation [24, 25]. Thereby, methane is an indirect fuel for SOFCs, and it aims
at power generation. Although direct-methane SOFCs have demonstrated the feasibility
of power and syngas co-generation. Few studies focus on the performance of syngas
generation because the Ni-based anodes show low catalytic activity and syngas
selectivity is limited by gas diffusion within porous anodes. The SOFC reactors
developed for the electrochemical autothermal reforming in this study focus on syngas
generation, though they simutaneously generates electric power. The amount of
reforming agents including CO; and oxygen ions (controlled by discharge current) is
provided according to the stoichiometric amount of methane. Thereby, the new concept
of electrochemical autothermal reforming of methane can be realized.

Another strategy to deal with methane-fueled SOFCs is applying reforming
catalysts on anode side to improve reforming performance [23, 26]. The catalysts are
either coated on anode surface or deposited on porous anode frame surface [27].
Coating a powder catalyst layer over anode surface enables the pre-reforming of
methane before entering into porous anode layer. However, the porous catalyst layer
induces gas diffusion limitation and current collection issue due to its poor electronic
conductivity. The current collection issue can be eliminated by depositing nanocatalysts
within porous anodes through an impregnation process. As anode-supported SOFCs are
widely used, catalyst precursors readily accumulate near anode surface instead of

reaching the interface between anode and electrolyte [28], where carbon deposition
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greatly affects cell performance. In addition, the catalyst accumulation may cause gas
blockage [29, 30]. Our previous study has reported fibrous catalyst beds packed within
the channels of anode support of SOFC show the high catalytic performance of methane
reforming [27].

In this study, the SOFC reformer was employed to demonstrate the new concept
of the electrochemical autothermal reforming of methane for syngas production as well
as power generation. Moreover, the exothermal fuel oxidation and endothermal DRM
can be effectively coupled to realize autothermal reforming. The contribution of the
catalyst bed reformer to the autothermal reforming was investigated by comparison
with conventional SOFC reactors.

2. Experimental
2.1. SOFC preparation

SOFC reactors were prepared using the processes reported in our previous study
[27]. All ceramic powders were purchased from Fuelcell Materials in USA. Firstly,
NiO-Yo0.16Z10.8401.92(YSZ) anode supports were prepared by a mesh-assisted phase-
inversion process. Polyethersulfone (PESF, Radel-A300) was gradually dissolved in N-
methyl-2-pyrrolidone (NMP, 99%, Shanghai McLean Biochemical Co., Ltd., China) by
magnetic stirring to form a 15 wt% PESF/NMP solution. Then, 36.99 g of NiO (NiO-
F) and 24.66 g of YSZ (YSZ-TC) were dispersed in 28.32 g of the above solution by
ball-milling for 48 h in a planetary ball-miller (Kejing, China) with adding 0.432 g of
polyvinylpyrrolidone (PVP, MW = 40,000, Shanghai Dibo Biotechnology Co., Ltd.,

China) as a dispersant. Phase-inversion process was conducted in a mold assembled
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with mesh by applying water on the tope of slurry as a coagulant. After 1.5 h, anode
support green body was obtained after de-moulding, followed by drying in an oven set
at 55 °C overnight. To prepare SOFCs, anode support was pre-sintered at 1050 °C for
2 hours. A YSZ-Gdo.iCeo9O2 (GDC) electrolyte dual-layer was prepared by
subsequently dip-coating and sintering to ensure high open circuit voltage (OCV) and
prevent solid reaction between YSZ and perovskite cathode. YSZ (YSZ-U1) and GDC
(GDC-TC) powders were dispersed in ethanol by ball-milling for 24 h to obtain
uniformly electrolyte slurry, respectively. YSZ slurry and GDC slurry were dip-coated
subsequently on anode skin layer surface. After co-sintering at 1350 °C for 5 h, an
electrolyte layer was formed. Finally, a cathode layer of Lao.6Sr0.4Co0.8Fe0203 (LSCF)-
GDC was prepared by a spraying coating. 70 wt% of LSCF and 30 wt% of GDC were
dispersed in ethanol by ball-milling for 24 hours to obtain a slurry with a solid content
of 10 wt%. It was deposited on the electrolyte by spray-coating and sintering at 1050 °C
for 2 h to form LSCF/GDC cathode layer. The active area of the cathode is about 0.6

cm?.

2.2 Catalyst preparation

To improve anode catalytic activity, CeOz nanoparticle colloid (CeO2 (AC), Naycol
Nano Technology, Inc.) was infiltrated within anode support through microchannels
[31]. After drying at 70 °C and sintering at 750 °C, a nanocatalyst layer is formed.
Nanofibrous Ni/CeO>-Al,O; catalyst was prepared by an electrospinning process [32,

33]. 0.43 g of Ni(NOs)2-6H20, 0.20 g of Ce(NO3)3-6H,0, 1.08 g of AI(NO3)3-9H,0,
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1.00 gof PVP, 8.00 g of H>O and 2.00 g of ethanol were mixed to form uniform solution
under magnetic stirring. The prepared solution was spun into fibrous catalyst precursor
through an electrospinning device (Beijing Yongkang Liye Technology Co., Ltd.), and
catalyst precursor was sintered at 800 °C for 4 h to form a nanofibrous catalyst. The
catalyst was ground in a mortar jar into ceramic fibres with a length less than 10 pym
and then ultrasonically dispersed in ethanol (Fig. S1). The catalyst dispersion was drop-
filled into channels with the assistance of vacuum and drying, and the process was
repeated to achieve the loading amount of about 6.5 mg, which is controlled by cell
weigh gains. A porous CuO (45.1 wt%)-GDC layer was coated over the outer surface
of anode support to seal the fibrous catalysts within channels. For comparison, the
fibrous catalyst was also coated on anode surface [27].
2.3 Characterization and testing of SOFC reformers

NiO/YSZ anode was reduced by hydrogen, and then feeding gas was switched to
CH4/CO»/Ar mixture. CH4 concentration was set as 25% while CO; concentration was
tuned according to discharge current to ensure the total stoichiometric amount of
reforming agents (CO» and O*) equal to methane. Cell performance and anode effluent
gas composition were tested at different CH4/CO; ratios, current densities and
temperatures. An electrochemical workstation (Reference 3000, Gamry) was used to
test cell performance. Anode gas was analyzed using a gas chromatograph (Shimadzu
GC-2014). Scanning electron microscope (SEM, Zeiss Neon 40EsB FIBSEM) was
used to observe cell microstructure.

2.4 Model development
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A computational simulation platform (COMSOL V5.2) was used to simulate the 2D
concentration distribution of species in one exemplary channel of SOFC reactors with
and without catalysts embedded by finite element method (Modelling Methods,
Supporting Information) at a current density of 1.05 A cm™? [2]. Other operation

conditions for the modelled were set to be the same as experimental conditions.

3 Results and discussion

3.1 SOFC autothermal reformer

Electrochemical oxidations
at anode/electrolyte interface

0% +CH, — CO +H,
0% +C0 — CO,
0* +H, - H,0

Reforming reactions
within catalyst beds

CO, + CH, — 2CO + 2H,

H,0 + CH, — CO +3H,

CH; CO, H, CO Total reaction CH, +xCO, +(1-x)O,— 2H, + (1+x)CO
Fig. 2. Electrochemical autothermal reforming of methane over SOFC reactor
integrated with catalyst bed reformer. The SEM images show catalyst bed location

within channels and cell sandwich structure after test.

SOFCs with channeled anode supports were employed to perform the

electrochemical autothermal reforming of methane. As shown in Fig. 2, anode support
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has dendritic channel structure, with porosity of about 47.8% and channel size gradually
decreasing from 80-100 um on anode surface to 1-2 um at the interface between anode
support and electrolyte (Fig. S2) [27], which enables building catalyst bed micro-
reformer. Nanofibrous Ni/CeO>-AlbO3 catalyst was loaded into channels to form
catalyst beds for conducting methane reforming. Catalyst beds mainly located near
anode support surface during the test due to cell position and gas diffusion flow.
Methane and CO> are fed on anode side; oxygen on cathode side exposed to air is
reduced and the formed oxygen ions are transferred to anode side through electrolyte.
Methane is reformed either directly by CO; over catalyst beds or indirectly by oxygen
ions at the interface, as called electrochemical autothermal reforming of methane. Since
syngas (CO and H) generated by methane reforming is more reactive than methane for
electrochemical oxidation, syngas can diffuse to the interface and is then oxidized by
oxygen ions. The oxidation products of steam and CO> react with methane over the
catalyst beds to generate syngas. Accordingly, methane is likely reformed by oxygen
ions indirectly. The total reaction is electrochemical autothermal reforming of methane.

3.2 Reforming and power generation performance
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Fig. 3. Power generation and methane reforming performance at 800 °C over SOFC
with and without catalyst bed reformer with a feeding of 25%CHa4/x CO2/Ar mixture:

(a) Power generation; (b) Syngas yield; (c) Methane conversion; (d) H2/CO ratio.

The electrochemical autothermal reforming of methane was conducted over the SOFC
integrated with catalyst bed reformer as well as the SOFC without catalyst beds for
comparison. As shown in Fig. 3, the SOFC with catalyst beds generated the higher peak
power density of 0.83 W ¢cm™ than that (0.74 W cm) of the SOFC without catalyst
beds when a gas mixture of 25%CH4/25% CO»/Ar was fed into the cells. It is attributed
to the lower electrode polarization resistance of the SOFC with catalyst beds (Fig. S3),
which is because that more syngas was formed over the catalyst beds and presented at
the anode/electrode interface for electrochemical oxidation and syngas is more active
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than methane.

Syngas generation through the electrochemical autothermal reforming was
investigated at the different CO2/O? ratios via gradually replacing current with CO»,
and the total stoichiometric amount of CO> and O%* was retained the same as methane
amount to realize autothermal reforming. The discharge current is calculated according
to the corresponding O* amount. The SOFC with catalyst beds generated a much higher
syngas yield (above 6 times) than that of the SOFC without catalyst beds. For example,

at the current density of 1.05 A cm and CO; concentration of 10%, syngas yields are

5.49 and 31.16 sccm-cm™, respectively. The higher syngas yields are attributed to the

catalyst bed reformer, which doubles methane conversion and increases H selectivity
by a factor of above 3 (Fig. 3¢ and Fig. S4). As the discharge current was gradually
replaced by CO; as a reforming agent, methane conversion was increased, which is
attributed to the different flow directions of CO, and O* with methane (concurrent flow
vs. counter flow). Moreover, the SOFC with catalyst beds generates syngas with a large
range of Ho/CO ratio (0.81-2.00) by tuning CO»/O? ratio. In contrast, the H»/CO ratio
by the SOFC without catalyst beds is limited in a small range of 0.72-1.25. Therefore,
the catalyst bed reformer ensured the high performance of the electrochemical

autothermal reforming.

3.3 Effect of integrated reformer
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Fig. 4. Power generation and autothermal reforming performance at 800 °C over
SOFCs with a catalyst layer on anode surface and catalyst beds within anode channels:

(a) Power density; (b) Methane conversion; (c) H» selectivity; (d) H2/CO ratio.

To confirm the efficient reforming over the catalyst beds, Ni/CeO2-Al2O; fibrous
catalyst was also coated on anode surface as conventional anode catalyst layer for
comparison. 29.1 mg of Ni/CeO:-A2O; catalyst was deposited on anode surface to
form a catalyst layer with a thickness of 30-40 pm while only 6.5 mg of the fibrous
catalyst was used to pack the catalyst beds within channels (Fig. S5). The catalyst beds
generated the higher methane conversion and syngas selectivity in methane reforming

than the catalyst layer in Fig. 4, indicating the higher reforming performance of catalyst
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beds within channels. It might be because the gases have the longer contact time with

catalyst beds when diffusing through anode supports. In addition, as the less CO, was

used, the SOFC with catalyst beds generated syngas with the higher H»/CO ratio than

the SOFC with a catalyst layer (Fig. 4d), which is close to 2 when the partial oxidation

of methane by the SOFC was conducted. The higher reforming performance by the

catalyst beds resulted in the higher power output. Therefore, the catalyst beds within

anode support are more efficient than the catalyst layer on anode surface in the

electrochemical autothermal reforming.

3.4 Temperature effect
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Fig. 5. Effect of operation temperature on power generation and methane reforming at

800 °C: (a) Power density; (b) Methane conversion; (c¢) Haz selectivity; (d) H2/CO ratio.
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Since the autothermal reforming includes exothermal fuel oxidation and endothermal
dry reforming, operation temperature would affect both power generation and methane
reforming. As operation temperature was increased from 700 to 800 °C in Fig. 5, the
maximum power density of the SOFC gradually increased from 0.42 to 0.83 W cm™
owing to the decreased cell resistance (Fig. S6). In addition, methane conversion and
H> selectivity increased with operation temperature because of the increased catalytic
activity of the reforming catalysts. Operation temperature also influences the effect of
CO»/O* ratio on methane conversion. Methane conversion increases with the CO,/O*
ratio at 800 °C as discussed above, while it gradually becomes decreasing as operation
temperature is decreased. It is because operation temperature has the larger influence
on extensive endothermal dry reforming than weak exothermal methane partial
oxidation. The H2/CO ratios of methane dry reforming are close to 1.0 at all operation
temperatures, and they are increased with decreasing CO2/O?" ratio because methane
partial oxidation plays more roles. Methane reforming at high operation temperatures
generates more hydrogen for electrochemical oxidation than that at low temperatures,
resulting in high H2/CO ratios.

To compare the methane reforming performance with conventional catalyst bed
reactors, the fibrous Ni/CeO;-Al,O3 catalyst was packed in a quartz reactor to test
autothermal reforming of methane [32]. Although a larger amount (38.6 mg) of catalyst
was packed in the reactor to form uniform bed, the reactant gases/catalyst ratio was

retained the same as that in the SOFC reactor. The fixed-bed reactor was tested under

15
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autothermal reforming and dry reforming with the feeding gases of
25%CH4/10%CO02/7.5%02/Ar and 25%CH4/25%CO,/Ar, respectively. Compared with
the SOFC reformer, the conventional fixed-bed reactor generated the similar methane
conversion of ~70% at 800 °C and the higher methane conversion at 750 and 700 °C
(Fig. S7), which might be related to more efficient thermal coupling effect. The
conventional fixed-bed reactor has efficient mass transfer by one-path flow through
catalyst bed while the mass transfer of the SOFC reformer mainly relies on gas diffusion.
Accordingly, SOFCs not only generates power, but also contributes methane reforming
through the catalytic activity of Ni-based anode. The conventional fixed-bed reactor
generated the lower hydrogen selectivity (especially during autothermal reforming) and
H»/CO ratios (0.6-1.6) than the SOFC reformer. Therefore, the SOFC reformer
generated comparable reforming performance as conventional fixed-bed reactors while

generating electric power and eliminating the need of expensive oxygen.

3.5 Stability
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Fig. 6. Stability performance of electrochemical autothermal reforming at 800 °C
over the SOFC integrated with catalyst bed reformer at a current density of 1.05 A cm’

2 with a feeding gas of 25%CH4/10%CO>/Ar: (a) Applied potential, cell ohmic
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resistance (Ro) and polarization resistance (Rp); (b) Methane conversion and H:
selectivity.

The stability of the autothermal reforming was investigate at 800 °C and a
discharge current density of 1.05 A cm™ with a feeding gas of 25%CH4/10%CO2/Ar.
As shown in Fig. 6, the cell voltage decreased within the initial 20 h, and then became
stable during the test for 120 h. The initial decrease is attributed to the increased ohmic
resistance (Ro) and polarization resistance (Rp), which might be caused by the
stabilization of cell microstructure, such as catalyst and Ni activation [34]. During the
test, methane conversion and syngas selectivity remained stable, indicating the stable
reforming catalyst.

3.6 Numerical assessment of enhanced mass transportation

To probe the advantages of internal reforming in term of mass transfer, i.e. the in-sifu
coupled chemical reaction and optimized fuel specie distribution, the modelling of
chemical and mass transfer in the integrated SOFC reformer was conducted and its
counterpart with no catalyst beds (from the anode surface to the electrolyte, schemed
by Fig. 7a).

As shown in Fig. 8b, methane reforming is significantly enhanced after integrating
the catalyst bed. The consumption of COz s also greatly reduced when species approach
the electrolyte-electrode interface (E-E interface). As a result, the H> concentration
profile is lifted. It should be noted that the CO concentration are the most enhanced,
this is because the H» electrochemical oxidation at the E-E interface is assumed to be

the dominating reaction over the CO electrochemical oxidation in the model. Looking

17
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at the interplay of channel and wall in enhancing the mass transportation, the species

flux of CHs, CO2 and H> are marked by arrows in Fig. 7c-e. The magnitude of flux is

represented by the size of arrow. It can be observed the existence of channels serves as

a highway for H> and H>O product diffusion (see the black and cyan-colored arrows

near the E-E interface). This clearly proves the internal integrated catalyst bed can

facilitate the mass transportation due to the shortened diffusion pathway.

a b
Computational mass
Itransg:mrtation domain - Periodic Boundary |
5] 2
£ 5
5 £
(=} g —
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e
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Distance to the E-E interface, L (um)

Fig. 7. Numerical modeling results of the integrated SOFC reformer with catalyst beds
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embedded (not to scale): (a) Schematic of the computational domain with boundary
marked; (b) Comparison of species concentration from anode surface to electrode-
electrolyte interface along the inner wall; (c-e) Contours of species concentration (unit:

mol/m?®) with its total flux marked with arrows for the integrated SOFC reformer.

To better evaluate the effectiveness of integrated catalyst bed design in mass
transportation, we defined a characteristic fuel accessibility factor () for the anode by
quantify the easiness of transporting reformed products (taking H> as the tracing species)
to reach the anode/electrolyte interface. The y factor is developed from the classis
Thiele modulus (¢) as shown by Eq. 2 [35], which is defined by the ratio of reaction
to the diffusion rate. The % is the first order reaction constant of individual reaction, L
is the characteristic length and D,/ is the effective diffusion coefficient. Since the
kinetic model used for reforming reactions is not first order, we modified the Thiele
modulus expression to be as Eq. 3, using the total local generation rates of Ha (Ry,) to
replace the first order reaction constant £. In addition, we apply the integral of modified
Thiele modulus to fully assess the whole electrode in fuel generation and delivering,
defined by the integral of the distance to anode/electrolyte interface, species fraction,
the divided by diffusion coefficient.

0= Vs = PPy o

x = [[Ru,L?/Desy ds 3)

Based on the simulation, the y for integrated SOFC reactor is calculated as ca. 84.33,

higher than that of the counterpart without catalyst (~64.30). Since this factor can be

19
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used as the criteria for evaluating the fuel accessibility in case of combined catalytic
reaction and mass transportation in porous medium, it can therefore verify that better
fuel availability is achieved at the key anode/electrolyte interface of the integrated
SOFC reformer, where majority of the electrochemical reaction occurs, and thus the
concentration polarization is reduced. This is in good agreement with the enhanced
power density in the experimental results of Fig. 4a, indicating the effectiveness of the
unique anode structure not only in optimizing the reforming and enhancing, but also in

enhancing the mass transportation.

4. Conclusions

This study has creatively employed the integrated SOFC reactor to perform the
autothermal reforming of methane, and the electrochemical autothermal reformer
eliminates the need of expensive oxygen and safety issue caused by CH4/O2 mixture in
conventional autothermal reforming and generates electric power simultaneously.
Catalyst bed reformer was integrated into channeled anode support to ensure the
efficient methane reforming. Compared with the SOFC without the catalyst beds, the
integrated SOFC increased syngas yield by a factor of about 6 times owing to the
increased methane conversion and syngas yield by the catalyst beds. By simulation, this
enhancement is successfully validated by a new proposed fuel accessibility factor as
86.9 (integrated SOFC reactor with catalyst beds) vs. 68.2 (that without catalyst beds).
Compared with conventional catalyst layer on anode surface, the catalyst beds within

anode channels are more efficient in methane reforming, resulting in higher syngas
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yields and cell performance. The SOFC reformer demonstrated the stable autothermal
reforming performance during the test for 120 h. Therefore, the integrated SOFC

reformer is promising for conducting methane reforming with additional benefits.
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