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Abstract

Low temperature micro-solid oxide fuel cell (micro-SOFC) systems are an attractive
alternative power source for small-size portable electronic devices due to their high energy
efficiency and density. Here, we report on a thermally self-sustainable reformer — micro-
SOFC assembly. The device consists of a micro-reformer bonded to a silicon chip containing
30 micro-SOFC membranes and a functional glass carrier with gas channels and screen-
printed heaters for start-up. Thermal independence of the device from the externally powered
heater is achieved by exothermic reforming reactions above 470 °C. The reforming reaction
and the fuel gas flow rate of the n-butane/air gas mixture controls the operation temperature
and gas composition on the micro-SOFC membrane. In the temperature range between 505 °C
and 570 °C, the gas composition after the micro-reformer consists of 12 vol.% to 28 vol.% Ho.
An open-circuit voltage of 1.0 V and maximum power density of 47 mW cm™ at 565 °C is

achieved with the on-chip produced hydrogen at the micro-SOFC membranes.

Introduction

Miniaturized fuel cell systems are an attractive alternative power source for small size
electronic devices with a power range of 1-20 W. For polymer electrolyte membrane fuel cells
(PEMFC) such products are already commercialized by Horizon [1] and Intelligent Energy
Limited [2] and for direct methanol fuel cells (DMFC) products are announced by MTI Micro
[3]. PEMFCs require pure hydrogen as a fuel gas which involves expensive external fuel
reforming and storage. The drawbacks of DMFCs are the need for concentrated toxic
methanol to achieve appreciable energy densities. Micro-solid oxide fuel cells (micro-SOFCs)
operate at higher temperatures, and therefore, high-energy density and high specific energy

hydrocarbon fuels such as propane or butane can be used. ONEBAT™ is such a micro-SOFC
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system consisting of electrochemically-active micro-SOFC membranes fabricated on a micro
machined chip, a gas processing unit composed of a fuel reformer, an exhaust gas post-
combustor and a thermal management system and insulation [4-6]. Nectar™, a similar system
based on micro-SOFC membranes is announced for commercialization, however, so far the
product is not available [7]. A few patents about possible designs of an micro-power plant

based on micro-SOFC membranes are available 8, 9].

Planar free-standing micro-SOFC membranes consisting of an YSZ electrolyte and Pt
electrodes have been mostly tested [10-16]. Their power densities were measured in an
external furnace or on a hot plate with pure hydrogen or hydrogen diluted with inert gases as
fuel. A few publications report about anodes based on Pt, Pd or Ru, which were tested in fuels
consisting of methane or a methane-air mixture reformed in situ on the anodes [17-21].
Butane, one of the main constituents of liquid petroleum gas (LPG), has several advantages
over methane and hydrogen based fuels. At 4 bar pressure, butane is liquid at room
temperature which enables easy storage and results in a higher energy density than methane.
Additionally, butane is thermodynamically less stable than methane and is thus easier to
reform. Takagi et al. [22] recently published tests of micro-SOFC membranes under natural
gas (main constituents: methane) as fuel. They achieved a power density of 800 mW cm™ at
530 °C with in situ reformation at the Ru anode of humidified natural gas. An in situ
reforming means that the partial oxidation of the fuel happens at the anode which is
thermodynamically more efficient than ex situ reformation. The direct reformation uses
catalytic sites of the anode, which therefore cannot be used for the hydrogen oxidation [18]
reducing the power density of the micro-SOFC. A separation of the fuel reforming and the
micro-SOFC allows optimizing the reformation and should lead to a higher power density
[23-25]. As the full oxidation of the fuel to CO, and H,O leads to hot spots at the locations

where the exothermic reforming reaction takes place, the resulting inhomogeneous
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temperature distribution at the micro-SOFC membranes lead to degradation of the anode
microstructure [23]. The separation of the reforming reaction of the fuel from the micro-
SOFC might overcome this drawback. Furthermore, a spatial separation of the reformer and
the anode reactions potentially makes the system more flexible for the use of different fuels
and the catalyst in the reformer can be adjusted accordingly independent from the anode
material and thus carbon poisoning of the anode can be minimized [23]. For the partial
oxidation of light hydrocarbons, Ni, Ir, Pt, Pd and Rh on different support materials were
tested as reformation catalysts [26, 27]. Platinum, the most commonly used electrode material
in micro-SOFC membranes, has a high tendency for dehydration and thereby forms hydroxyls
which lead to carbon deposition at the Pt. Overall, Rh was identified to have the best
conversion rate and the highest selectivity for H, production among the tested catalyst
materials [26]. The use of a Rh catalyst in the reformer enables Pt electrodes and still avoids

cracking products at the electrode.

In this work, the results of a thermally self-sustained reformer combined micro-fuel cell
assembly of the ONEBAT™ gystem are reported. The device was fueled with n-butane in air.
With an integrated heater, the device was started until the self-sustained partial oxidation
reaction of the n-butane in the micro-reformer kicks in. As reformer catalyst, 1.9 wt.% Rh on
Z195Ceos0, was used. An array of 30 individual free-standing micro-SOFC membranes
consisting of a Pt-3YSZ-Pt multilayer was fabricated on a silicon chip. The performances of
the micro-reformer as well as the electrochemical properties of individual micro-SOFC
membranes are reported. To the authors' knowledge this is the first demonstration of such

integrated micro power plant based on micro-SOFC technology.
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Experimental

Fabrication

Functional carrier

A functional carrier (Figure 1) was designed for gas feeding and start-up energy. It is
fabricated using thick-film techniques described in detail elsewhere [28]. The functional
carrier consisted of two borosilicate glass wafers (Schott AF32, Schott AG) with dimensions
of 14 mm % 75 mm % 0.7 mm. The Pt heaters (CL11-6109, Heraeus) were screen-printed at
the bottom of the carrier and the glass walls were fabricated between two glass layers using
glass frit (Ferro IP 760c, Ferro Corporation). Hermetic sealing was achieved after firing in air
at 700 °C for 20 min. This results in a cross-section of about 0.15 mm x 5.3 mm of the fluidic
channels. At the “cold”-end of the carrier, a ceramic plate connected the heater to the start-up

power supply.
Micro-reformer

The planar structure of the micro-reformer (Figure 1) allows a compact assembly design. The
micro-reformer was fabricated by anodic bonding of a 1000 um thick Borofloat 33 glass to an
etched 1000 um thick Si-substrate. The reactor cavity had a depth of 0.65 mm and a total

volume of 134.8 mm”.

The 1.9 wt.% Rh on CesZrys0; catalytic nanoparticles with an average diameter of 12 nm
were synthesized in a one-step process by flame spray synthesis [29]. The reactor cavity was
filled with a catalytic ceramic foam prepared by a one-step sol-gel process as described
elsewhere [30]. In short, 15 wt.% catalytic nanoparticles, 80 wt.% washed and calcined SiO»-
sand (Riedel-deHaén, average diameter: 200 um, puriss p.a.), 2 wt.% gelation agent

(triammonium citrate, Riedel-deHaén, purity >97%) and 3 wt.% ceramic binder (sodium
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metasilicate pentahydrate, Riedel-deHaén, purity > 97%) were mixed with the same mass of
deionized water (p > 18 MQ), stirred and placed inside of the reactor cavity. The filled reactor
was dried at 100 °C for 60 min and heated up to 650 °C for 20 min with a heating rate of

10 °C min™ to ensure the stability of the catalytic bed at high temperatures.

For the catalytic partial oxidation (CPO) of n-butane (Eq. 1), a higher mole amount is present
at the reactor outlet according to thermodynamic calculations, leading to an increase in
pressure drop. The design of the micro-reformer minimizes the effect of increased pressure
drop along the reactor path by having a higher reactive volume towards the outlet of the
reactor and at the same time a larger outlet cross-section. In this way, dead volumes are

minimized.
n-C4Hip + O, —» 4 CO + 5H, AHoogx =-316 kJ IIlOl_1 (D)
Micro-solid oxide fuel cell membranes

Pre-etched 380 um thick silicon substrates consisting of 30 low-stress low-pressure chemical-
vapor-deposited (LP-CVD) SiNy membranes (Embedded Microsystems Bremen GmbH) with
dimension of 390 um % 390 um were used to fabricate the micro-SOFC membranes (Figure
1) [31, 32]. Deposition of fully crystalline columnar 3 mol% yttria-stabilized-zirconia (3YSZ)
thin films on the substrate was done at 700 °C by pulsed laser deposition (PLD). The PLD
target was sintered from 3YSZ powder (Tosoh Corp.) at 1400 °C for 4 h. The ablation was
performed in a PLD workstation (SURFACE systems+technology GmbH & Co. KG) with a
KrF Excimer Laser (26000 pulses at 10 Hz). The distance between the target and the substrate
was 5.5 cm. The depositions were performed at 0.27 Pa in an oxygen atmosphere. The
deposition parameters and the electrolyte composition were chosen to optimize the micro-
SOFC membrane electrical properties, microstructure and thermo-mechanical stability [33-

35]. After the electrolyte deposition, the underlying SiNy layer was removed by reactive ion
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etching (RIE 80, Oxford Instruments, Oxford). The etching was done in 50 sccm CHF; and
S5scem O; gas flow at 0.01 Pa and 100 W for 200 s. Finally, Pt (purity > 99.99 at.%,
Sindlhauser Materials) was deposited onto both sides of the 3YSZ by magnetron sputtering
(PVD coatings). The power was set to 100 W in 10 Pa with an Ar gas flow of 10 sccm. On the
top side (later the cathode side), a shadow mask was used to separate the individual
electrodes, whereas the bottom side (later anode side) consisted of one electrode for all micro-
SOFC membranes. The Pt-load for the active membrane area was 59 wt.%, this is calculated
on the basis of non-degraded electrode thickness of 60 =20 nm each. The electrodes were
contacted via Pt paste (C3605 P, Heraeus Holding GmbH) and flat-pressed Pt wires (MaTecK
GmbH) with a diameter of 80 um and were fixed with cement paste (TAKETSUNA

Manufactory CO., LTD) as described in reference [31].

Assembly

For the assembly, a micro-reformer was glass-sealed (Ferro IP760c, Ferro Corporation) to the
heated end (“hot”-end) the functional carrier. Hermetic sealing was achieved after firing in air
at 700 °C for 20 min with a weight of 80 g. The micro-SOFC chip was subsequently glued
with cement paste (TAKETSUNA Manufactory CO., LTD) to the underlying micro-reformer
(Figure 1). The dimensions of the glass carrier and of the micro-reformer are slightly different
to those reported in our earlier works [5, 11, 28-30, 36]. They were adjusted to meet the
dimensions of the chip containing the micro-SOFC membranes in order to avoid closing off

membranes by the cement paste used for bonding.

Testing setup

Insulation

For the gas composition as well as the electrochemical analysis, the assembled device was

insulated up to the gas inlet and outlet with two WDS-Ultra blocks (Porextherm Ddmmstoffe
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GmbH) and Fiberfrax® ceramic paper (Unifrax Corporation). Both, gas inlet and outlet at the
“cold”-end of the functional carrier, were always kept below 50 °C [28]. The temperature at
the “hot”-end was measured by a thermocouple touching the top of the Si-chip containing the

micro-SOFC membranes.
Gas composition analysis

The CPO performance of the micro-reactor was measured by assembling a Si-chip (without
micro-SOFC membranes) on top of the reformer. Catalytic partial oxidation reaction ignition
was accompanied by a temperature jump caused by the exothermic reaction. The jumps were
determined by two thermocouples placed on top of the Si-chip with an accuracy of + 4 °C.
The operation temperature, Top, is defined as the temperature at which steady-state conditions
were obtained. The effluent gas stream composition was measured by a gas chromatograph
equipped with a thermal conductivity detector (6890 GC, with a HP-PlotQ column, Agilent).
The molar product gas balances for C, H and O atoms were reproducible within 5 % for all
experiments. The CPO performance was measured in terms of n-butane conversion, hydrogen
and syngas yield as well as molar fractions of H,O, H, and CO in the outlet gas stream. The
syngas yield and the hydrogen yield are defined as g, =100 (nH; +1rCO)/9 and

vy = nHy/(5n - n-C4H ), respectively, where 7 is the total amount of moles of a substance.
Electrochemical characterization

The electrochemical performance of the individual SOFC membranes was measured in the
temperature regime between 400 °C and 600 °C using a stoichiometric mixture for the CPO
reaction (10 vol.% n-butane in air) fed to the reformer. The total inlet gas flow entering the
micro-reformer was varied between 50 sccm and 250 sccm, whereas static (laboratory) air
was used at the micro-SOFC cathode side. Electrochemical impedance spectroscopy and

current-voltage characteristics were measured by an impedance bridge (Zahner IM6,
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ZAHNER-Elektrik GmbH & Co0.KG). Three individually contacted micro-SOFC membranes
were measured one after the other between 500 mHz and 4 MHz using an oscillation
amplitude of 20 mV at open circuit voltage in air on the cathode and anode side. The current-
voltage characteristics were tested under static air on the cathode side and the in situ reformed

n-butane from the micro-reformer at the anode side.

The exchange current density was extracted by fitting the current response at low current

densities using equation (2) [37].
_ _ Jtjine _ -nJ
E(J)) = E, bxln—j JR —me 2)
0

In equation 2, E is the cell voltage at the current density J, Ey is the open circuit voltage, jiu 1S
the internal current density, jy is the exchange current density, R is the ohmic resistance of the
cell which was approximated by the electrolyte resistance and b, m, and n are fitting
parameter. In the results and discussion section, we extract and discuss the exchange current
density of the entire cell from equation (2). The electrolyte resistance was extrapolated using

the data from the impedance measurements performed during heating in air.

Microstructure analysis

Top-view micrographs of the micro-SOFC thin films after testing were acquired by a
scanning electron microscope (FEG-SEM, Zeiss LEO Gemini 1530) with an in-lens detector.
Transmission electron microscopy (TEM) in bright-field mode (BF) and scanning
transmission electron microscopy (STEM) in high-angle annular dark-field (HAADF) mode
were used to characterize the cross-sectional microstructure of the thin films after fuel cell
testing. The microscope was a FEI Tecnai F-30 (field emission gun) with an accelerating

voltage of 300 kV and a post-column CCD camera. The TEM lamella was prepared by
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focused ion beam (FIB) etching technique on a NVision 40 (Zeiss) with a gallium liquid metal
ion source, a gas injection system and a micromanipulator (MM3A, Kleindiek). After electron
beam deposition of carbon, thin films were protected by a carbon cap. The TEM lamella was
cut free with trenches from both sides with 13 nA and 3 nA at 30 kV. After the lift-out was
performed, the lamella was polished to ion transparency with currents down to 10 pA at
30 kV. Amorphization was diminished by low kV showering for several seconds at 5 kV and

2 kV.

Results and Discussion

In Figure 1a, images of the prefabricated components, i.e. micro-SOFC, micro-reformer and
functional carrier are shown on the left side. On the right side, a scheme of the assembly with
the used materials is sketched. A photograph of the device prior to testing is shown in Figure
1b. Here the gas inlet is already connected to the device. In this testing device, the "hot"-end
and "cold"-end of the functional carrier are far apart to be able to connect the gas supply line
directly to the device. In a commercial device, the gas tank would be integrated in the system,
which will allow a much denser packaging. Several publications exist on the feasibility of
entire system and possible energy sources for the start-up energy [5, 6, 38], here we focus
only on the subsystem — micro-SOFC, micro-reformer and heater gas-supply (functional

carrier).

Gas composition analysis

The performance of the micro-reactor was tested in a thermally self-sustained mode as

described elsewhere [30]. In order to have comparable conditions for the experiments with the
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integrated SOFC-chip, the temperatures at steady state was targeted between 500 °C and
570 °C. The total inlet flow rates were similar to those investigated with the micro-SOFC chip
assembly and ranged between 150 sccm and 190 sccm, which resulted in space times of the
reactants in the catalytic bed between 15 ms and 21 ms. The flow rate (amount of reactants)
and therefore the space time determines the measured temperature of the reactor. The start of
the CPO reaction was indicated by a sudden temperature increase caused by the released
exothermic energy (Eq. 1). The gas analysis results for the CPO of n-butane are given in
Table 1. The exhaust gas was analyzed after 15 — 20 min of reaction at the specified flow rate.
At 190 sccm, averaged values are given for four consecutive measurements. The conversion
rate of n-butane increases with increasing temperature; the temperature increase has a higher
impact than the increase in flow rate. The reactor generates 12 at.% to 28 at.% of hydrogen
which can be used as fuel and fed on the micro-SOFC membrane anodes. Earlier studies with
the same catalyst, but different geometry and flow rates showed similar hydrogen yields [10,
29, 30]. Pla et al. [39] reported on the design of a micro-reformer, which will convert ethanol

to hydrogen, however, no performance data are published yet.

Table 1: CPO results at different flow rates. At 190 sccm, averaged values are shown for four

consecutive measurements between 563 °C and 570 °C for a period of 95 min.

150 sccm 170 sccm 190 sccm

at 505 °C at 534 °C at 563 °C-570 °C
C4Hjo conversion, at.% 43.1 51.0 63.2+1.7
H, yield, at.% 31.9 44 .4 585+ 1.8
Syngas yield, at.% 30.6 40.5 549+ 1.7
x Hy, -V 12.2 19.2 28.4+0.9
x CO, -V 8.9 12.4 19.6+0.7
x H,0, -V 5.7 4.7 44+0.4

D Molar fraction.
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Thermal analysis

The device was heated up to 410 °C by the integrated heaters of the glass carrier. During this
start-up heating, a 50 sccm air flow on the anode side and static (laboratory) air on the
cathode side of the SOFC membranes was used. During this heating step in air, impedance
spectra of the symmetrical membranes were recorded. The Nyquist plot consisted of two arcs:
an electrolyte arc at high frequencies and an electrode arc at low frequencies. The electrolyte
conductivity was calculated to be 6.9 x 10° S cm™ at 245 °C and 1.9 x 107 S cm™ at 330 °C
which is in good agreement with literature data [35]. The 3YSZ conductivity also confirms
that the temperature measurement on top of the Si-chip reflects the temperature of the
membranes. At 410 °C, 10 vol.% of n-butane was added to the air flow. By gradually
increasing the total gas flow at the anode side and decreasing the voltage applied to the heater,
a self-sustained reaction was achieved at 470 °C. Afterwards, the heating of the device was
solely sustained by the exothermic partial oxidation of n-butane within the micro-reformer
and was independent of the external power supply, which was thus switched off. The
temperature was increased further by increasing the total flow rate to the reactor and therefore
the anode side. Thus the operation temperature of the micro-SOFC membranes could be
adjusted and controlled. Shao et al. [27] achieved in a very different set-up, namely a
macroscopic, single chamber solid oxide fuel cell with a thickness of about 0.8 mm and
reformed propane over catalytically active 10 um thick Ru-ceria layer, a similar thermally
self-sustained state with an internal indirect reformation; however, the start-up was done in a

furnace and not like in this work with an integrated heater.
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Electrochemical analysis

In Figure 2a, representative current-voltage characteristics of one representative micro-SOFC
membrane are shown for two temperatures. An open-circuit-voltage (OCV) of 1.0 V was
achieved up to a temperature of 565 °C, which indicated that the sealing of the device and the
300 nm thick PLD 3YSZ membranes are gastight. For the generated gas mixture at 550° C, a
theoretical OCV of 1.07 V was calculated. This value is in good agreement with the measured
values (see supplementary material) and is based on the individual OCVs of the
electrochemically-active gas molecules H,, CO, CH4 and C4H,o and their possible reactions.
The second is also confirmed by the STEM analysis (Figure 3c). At higher temperatures, the
cement paste starts to leak which results in a lower OCV of 0.6 V (not shown). A drastic
temperature increase up to 600 °C within seconds, due to further oxidation of the fuel by the
incoming air through the leakages, was then observed. All micro-SOFC membranes survived
the testing procedure. This demonstrates that the free-standing 3YSZ membranes have
excellent thermomechanical stability under compressive stress [32, 34]. The cathode was
severely agglomerated after this high temperature as shown in Figure 3. The platinum cathode
consists of isolated islands whereas the anode is still a ~ 40 nm thin film and exhibits only the
very first stage of coarsening. This is in contrast to findings of Kerman et al. [20] who
reported faster diffusion and therefore agglomeration of platinum in hydrogen atmosphere. A
similar behavior of a Pt cathode was found by Schlupp et al. [40] on free-standing aerosol-
assisted CVD YSZ membranes. Their YSZ has a very similar microstructure to the PLD
3YSZ used in this study. The swifter agglomeration of the platinum cathode is ascribed to the
roughness of the electrolyte whose top-side exhibits tip-shape due to the columnar growth.
Below about 0.7 V, the current-voltage (I-V) curves are reproducibly unstable, even though

the temperature as well as the flow rates did not change. The I-V curves were measured in the
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potentiostatic mode only. Hanke-Rauschenbach et al. [41] call such behavior a N-shaped
negative differential resistance (N-NDR) type current-voltage curve. It is highly improbable
that fuel depletion caused this behavior as more than 10 vol.% of hydrogen was generated at
the reformer [42]. The high hydrogen content makes it unlikely for a competing reaction with
slower kinetics, like the oxidation of CO or n-butane, to occur at the anode [42]. Blocking
catalytically-active sites by another molecule with stronger adsorption to the Pt cannot be
ruled out [41]. A similar behavior was observed and modeled for polymer electrolyte fuel
cells and was related to condensed water of the system [43]. Even though our device runs at
higher temperatures, the gas outlet is at room temperature, which could have resulted in
condensation of the water in the gas outlet generated by the CPO as well as by the
electrochemical reaction at the micro-SOFC anode; however, no condensed water was
observed in the gas outlet after testing. Exchange current densities were calculated according
to equation (2) [37] for the entire cell for the low-current region (< 0.7 V) of the current-
voltage curves. An exemplary fit is shown in Figure 2a, while the exchange current density
plot as a function of temperature is shown in Figure 2b. All fitting results are included in the
supplementary material. The exchange current density of the entire cell shows a thermally
activated behavior with an activation energy of 4.8 eV. The fitting value at 595 °C is not
included here due to its very low OCV (discussed above). The exchange current densities are
compared to the data of flat and corrugated micro-SOFC membranes measured in hydrogen
fitted with the Tafel equation [11]. At temperatures of around 450 °C, the exchange current
densities are similar, even though the total power density measured by Chao, Hsu, Cui and
Prinz [11] is higher. At higher temperatures, the exchange current density of the entire cells
measured here is almost one order of magnitude higher than the exchange current density of
the nanostructured SOFC cells in reference [11]. The higher exchange current density but
lower power density measured here are most likely due to the voltage instability found in the

I-V-curves of the system. The high exchange current density of our membranes is a promising
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result for the microstructure of electrodes before agglomeration. A maximum power density
of 23 mW cm™ and 47 mW cm™ at 500 °C and 565 °C were achieved, respectively (Figure
2a). This performance is rather low when compared to best micro-SOFC membranes
performance of 1.3 W cm™ at 500 °C [11]. Micro-SOFC operated with humidified natural gas
reformed directly at the anode showed power density of 800 mW cm™ at 530 °C [22];
however, this data was measured with an external heating source whereas the here reported
power densities are achieved with self-sustained heating and on-chip reformed hydrogen
which is directly fed to the micro-SOFC membranes. Considerably higher power densities are
expected in case more stable electrodes are used that do not show agglomeration as well as
the instability is prevented [20, 44, 45]. Also, different electrode materials than pure Pt are
promising, whereby most of them are based on metals [12, 21, 25, 45, 46] and metal-ceramic
composites [17, 25, 27, 47-49]. Pure ceramic electrodes [25, 50-55] show also encouraging
results. The total power density of the systems ‘hot’-end is around 2 mW cm>, this is
calculated on the rather conservative basis of one chip with 30 membranes and a total volume
of 1 cm’. Additional micro-SOFC chips would increase the total power density drastically
(2 mW per chip), but would only increase the total volume by a forth per chip. The high gas
flow rate of more than 150 sccm results in poor gas utilization as well as low electrical
efficiency. The high gas flow rates were used to ensure that the performance of the device is
not limited by the gas supply at the micro-SOFC membrane. The performance of the reformer
was tested at gas flow rates as low as 30 sccm and it showed excellent performance [30]. The
scope of this manuscript was to test and characterize the integrated system with micro-SOFC,
micro-reformer and functional carrier. In future the components will be optimized for a high

power generation.
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Conclusions

The assembly and operation of an integrated system of micro-SOFC membranes, a micro-
reactor and a functional carrier is successfully demonstrated in this paper. The system is
operated using n-butane in air, which are internally partially oxidized by the Rh-nanoparticle
based catalytic bed in the micro-reformer. In the reformer this exothermic reaction is
successfully ignited at 410 °C by an integrated heater. At temperatures higher than 470 °C the
system is self-sustained. With the internal reformation, a H, yield of up to 60 at.% is
achieved. The operation temperature is tuned by adjusting the n-butane/air flow to the
reformer. An open circuit voltage of 1.0 V was measured at the micro-SOFC membranes. A
maximum power density of 47 mW cm™ and an exchange current density of 50 mA cm™ at
565 °C for an individual membrane are achieved. All 30 micro-SOFC membranes are still

intact after testing; however, the electrodes degraded.
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Figures

Figure 1: a) Scheme of individual components and photographs of pre-assembled main parts:
micro-SOFC chip, micro-reformer and functional carrier. b) Photograph of the finished
assembly. The gas inlet is already connected to the "cold"-end of the functional carrier. See

references [5, 6, 38] for further details on the single components

a) Components Material
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Figure 2: Typical current-voltage and performance curves (a) and all exchange current

densities (b) of micro-solid oxide fuel cell membranes run on in situ reformed n-butane.
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Figure 3: Microstructural characterization after fuel cell testing: a) cathode and anode top-
view SEM micrographs, b) BFTEM and ¢) STEM cross-section view of a micro-SOFC
consisting of sputtered Pt anode (3550 nm)/PLD 3YSZ electrolyte (300 nm)/sputtered Pt
cathode (100-200 nm). The hair-like structure visible on the cathode Pt islands in the TEM
image comes from the ceramic paper used for insulation during testing.
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Figure captions

Figure 1: a) Scheme of individual components and photographs of pre-assembled main parts:
micro-SOFC chip, micro-reformer and functional carrier. b) Photograph of the finished
assembly. The gas inlet is already connected to the "cold"-end of the functional carrier. See

references [5, 6, 38] for further details on the single components

Figure 2: Typical current-voltage and performance curves (a) and all exchange current

densities (b) of micro-solid oxide fuel cell membranes run on in situ reformed n-butane.

Figure 3: Microstructural characterization after fuel cell testing: a) cathode and anode top-
view SEM micrographs, b) BFTEM and c) STEM cross-section view of a micro-SOFC
consisting of sputtered Pt anode (35-50 nm)/PLD 3YSZ electrolyte (300 nm)/sputtered Pt
cathode (100-200 nm). The hair-like structure visible on the cathode Pt islands in the TEM

image comes from the ceramic paper used for insulation during testing.
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Supplementary information

The exchange current density fitting results

The exchange current density was extracted by fitting the current response at low current
densities using the equation below which includes the open circuit voltage, the charge transfer

overvoltage, the ohmic resistance and mass and a species transport limitation term [37].
_ _ Jtjine _ -nJ
E(J) = E, bxln—j JR —me (2)
0

Where E is the cell voltage at the current density J, Ej is the open circuit voltage, ji, 1s the
internal current density, jy is the exchange current density, R is the ohmic resistance of the cell

which was approximated by the electrolyte resistance and b, m, and n are fitting parameter.

Table 1: Fitting results for all measured current-voltage curves of the two membranes.

Cell Top E() b j() jint m n

°C A% A% mA cm” mA cm” \Y cm? mA™

Membranel 440 1.04 0.07 +£0.01 04+£0.1 0.9+£0.2 4E-03 + 2E-03 0.21 £0.03

Membranel 455 1.05 0.14 +0.01 1.3£0.3 2.0£0.3 4E-04 + 2E-04 0.51 £0.05

Membranel 470 1.05 0.13+0.01 1.5+£0.2 2.1+£0.3 3E-04 + 3E-04 0.32 +£0.04

Membranel 485 1.04 0.17+0.01 2.6+0.3 29+04 1E-04 = 7E-05 0.59 +£0.05

Membranel 500 1.05 0.15+0.01 6.1£0.7 6.5+£0.7 1E-04 = 1E-04 0.19 +£0.02

Membranel 520 1.05 030+£0.04 | 21.5£39 | 222+4.0 4E-07 + 8E-07 0.41 +£0.06

Membranel 550 1.05 0.27+£0.02 | 329+3.1 | 355+33 7E-09 + 2E-08 0.24 +£0.03

Membranel 565 1.05 0.36+0.03 | 50.1£5.0 | 543+£52 7E-06 = 6E-06 0.13 +£0.01

Membranel 595 0.69 0.16 + 1.87 0.1£14 0.1£14 3E-03 £4E-02 | 30.98 £90.25

Membrane2 440 1.05 0.05+0.01 0.2+0.1 0.7+0.1 1E-02 + 4E-03 0.16 £ 0.02

Membrane2 460 1.05 0.09 +0.01 1.1£0.1 1.6 £0.2 3E-03 = 2E-03 0.18 £0.02

Membrane2 470 1.04 0.14 £ 0.01 1.8+£0.3 2.1+£0.3 2E-04 + 1E-04 0.57+£0.05

Membrane2 485 1.05 0.09 +0.01 1.9+£0.2 1.9+£0.2 1E-03 £+ 6E-04 0.24 +£0.03

Theoretical open circuit voltage (OCV)

In the Figure S1, the theoretical OCV for the electrochemical oxidation of hydrogen, carbon
monoxide, methane, and butane between 100 and 900 °C is shown. The OCV was calculated

using thermodynamic tables in reference [56] and the following equations:
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AG(T)

n(T) = N7

AG = AHaut - AHin - T(Asout - ASm)

ocv(ry = Er) =290

)

(4)

)

Where n(7) is the thermodynamic efficiency, AG(T) is the Gibbs free energy and E(7) is the

theoretical potential at temperature 7, AH,, and AH,,, is the input and output enthalpy, AS;,

and AS,,; is the input and output entropy, # is the number of electrons transferred and F is the

Faraday constant.

Theoretical potential [V]

1.3 =

-

N
T
&

=y
-

CH, +20,——C0,+2H,0

1.0+

0.9

C,Hyy +6.50, ==4C0, +5H,0

200 400 600 800
Temperature [°C]

Figure S1: The individual theoretical potential of the electrochemically active gas species

found in the gas mixture after the reformer.

The theoretical OCV of the gas mixture at 550 °C is 1.07 V, which was calculated with the

mol% of the individual gases. The difference between the measured OCV and the theoretical

OCYV can be explained by the different electrochemical oxidative reactions and the presence

of inert gases like H,O, CO; and N; on the anode side.
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