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SOLID OXIDE FUEL CELL USING ZEOLITE-TEMPLATED
CARBON AS ELECTROCATALYST

Claim of Priority

[0001] This application claims priority to Greek Application No. 20210100468,
filed on July 14, 2021, and U.S. Application No. 17/497,521, filed on October 8, 2021,

the entire contents of which are hereby incorporated by reference.

Technical Field
[0002] The present disclosure is directed to enhancing the performance of solid

oxide fuel cells by using zeolite-templated carbon (ZTC) as electrocatalyst.

Background

[0003] Fuel cells are an alternative energy technology that generates energy
directly from the oxidation of fuels, such as hydrogen, light hydrocarbons, or alcohols,
among others. There are many types of fuel cells, but they all share a single common
design and process: a negative electrode (an anode) and a positive electrode (a
cathode) sandwiched around an electrolyte facilitate an electrochemical reaction to
produce an electric current. The electrolyte is an ion conductor that moves ions either
from the fuel to the air, such as hydrogen ions, or the air to the fuel, such as oxygen
ions, to create electron flow. Electrolytes vary among fuel cell types, and depending on
the electrolyte deployed, the fuel cells undergo slightly different electrochemical
reactions, use different catalysts, run on different fuels, and achieve varying
efficiencies.

[0004] Solid oxide fuel cells use a ceramic electrolyte that conducts oxide ions
from the oxidizer, such as air, on the cathode side to the anode side. At the anode side
the fuel combines with the oxide ions to form steam, carbon dioxide, or both. From the
reaction, the fuel cell produces electricity and heat. A solid oxide fuel cell operates at a
very high temperature, which allows the solid oxide to conduct the oxide ions and to
lower the kinetics of the reaction to proceed effectively. However, the high operating
temperatures are problematic for the materials forming the fuel cells, shortening the

lifespan.
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Summary

[0005] An embodiment described in examples herein provides a method for
making a solid oxide fuel cell assembly (SOFC). The method includes forming a
functionalized zeolite templated carbon (ZTC). The functionalized ZTC is formed by
forming a CaX zeolite, depositing carbon in the CaX zeolite using a chemical vapor
deposition (CVD) process to form a carbon/zeolite composite, treating the
carbon/zeolite composite with a solution including hydrofluoric acid to form a ZTC,
and treating the ZTC to add catalyst sites. The functionalized ZTC is incorporated into
electrodes by forming a mixture of the functionalized ZTC with a calcined solid oxide
electrolyte and calcining the mixture. The method includes forming an electrode
assembly, forming the SOFC assembly, and coupling the SOFC assembly to a cooling
system.

[0006] Another embodiment described in examples herein provides a solid oxide
fuel cell (SOFC). The SOFC includes an electrode assembly (EA), including an anode,
a solid oxide electrolyte, and a cathode, wherein the anode, the cathode, or both
includes functionalized zeolite templated carbon (ZTC). The SOFC includes a housing
that includes an inlet for a mixture of hydrogen and carbon monoxide, and an outlet for
a mixture of steam and carbon dioxide. The SOFC includes a power line coupled to the
cathode to provide current from the SO fuel cell to an external power user, and a return

line from external power supply coupled to the anode.

Brief Description of Drawings

[0007] Figure 1 is a schematic drawing of a solid oxide fuel cell (SOFC) using
ZTC supported catalyst at the interfaces between the anode and the solid oxide (SO)
and between the SO and the cathode.

[0008] Figure 2 is a process flow diagram of a method for making an SOFC
assembly.

[0009] Figure 3 is a plot comparing NH; TPD (temperature programmed
desorption) profiles of CaX and commercial NaX.

[0010] Figure 4 is a schematic diagram of the synthesis of the zeolite templated
carbon (ZTC)

[0011] Figure 5 is an XRD plot of the results for the different ZTCs formed.
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[0012] Figure 6A is a plot of N2 adsorption/desorption isotherms for the three
different ZTCs.

[0013] Figure 6B is a plot of the pore size distribution of the ZTCs using an
NLDFT algorithm.

[0014] Figure 7 is a plot of the N2 adsorption-desorption isotherms of zeolite-
carbon composite (without zeolite template removal) collected at the different steps of
the synthesis process.

[0015] Figures 8A to 8C show the N2 adsorption isotherms and XRD patterns for
the representative samples in Table 3.

[0016] Figure 9 is a drawing of a ZTC impregnated with catalyst particles forming
a functionalized ZTC.

[0017] Figure 10 is a schematic drawing of an electrode assemble with the
functionalized ZTC incorporated into the interfaces between the SO and the anode and

the cathode

Detailed Description

[0018] Solid oxide fuel cells (SOFC) are generally operated at high temperatures,
for example, about 700 °C to about 1100 °C. The high temperature CO: fuel provides a
techniques for the storage of COz. Further, the formation of a syngas stream provides a
feed stream for the production of other materials, such as synthetic hydrocarbon fuels.
However, the high temperatures are problematic as it may cause degradation of
materials and high corrosion rates. Further, as the fuel process is endothermic, higher
temperatures require more energy to maintain.

[0019] In various embodiments, the techniques described herein provide anode and
cathode electrodes formed as graded structured carbone-ceramic composites that
include a zeolite-templated carbon (ZTC) as an electrocatalyst. Functionally graded
materials (FGMs) may be characterized by the variation in composition and structure
gradually over volume, resulting in corresponding changes in the properties of the
material. The materials can be designed for specific function and applications. Various
approaches based on the bulk (particulate processing), preform processing, layer
processing and melt processing are used to fabricate the functionally graded materials.
There are many areas of application for FGM. The concept is to make a composite

material by varying the microstructure from one material to another material with a
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specific gradient. The electrocatalyst reduces a species on the cathode side and
oxidizes species at the cathode. In SO electrolytic cells, an oxygen ion O2- is diffused
from to the anode side of this process by a solid electrolyte, as described herein. the
use of alternative cathode materials such as composites made of a zeolite-templated
carbon (ZTCs) with a solid electrolyte, e.g. which behave effectively as mixed
conductors on macroscopic scale and the use of metal and metal oxide-containing
ZTCs. These materials exhibit high ion conductivity and electrical, which increases
the available area for CO2 reduction and in high oxygen surface exchange coefficients.
[0020] A reduction of the operating temperature of solid oxide fuel cells to about
600 °C, or less, is desirable for material stability and long term operational stability. It
requires the development of new generation of cathode electrodes with high
electrocatalytic activity for COz reduction.

[0021] An electrocatalyst is able to participate in the electron transfer reaction and
increase the reaction rate and hence the current at a potential as close as possible to the
equilibrium potential. The ZTC electrocatalyst described herein may facilitate the
electron transfer and increase the efficiency of the kinetics which may lower the
operational temperature. SOFCs can be used with water gas fuel, for example, to
oxidize hydrogen and carbon monoxide to form steam and carbon dioxide. The
reactions are described with respect to Figure 1.

[0022] Figure 1 is a schematic drawing of a solid oxide fuel cell (SOFC) 100 using
ZTC supported catalyst at the interfaces 102 between the anode 104 and the SO
electrolyte 106 and between the SO electrolyte 106 and the cathode 108. In various
embodiments, the SO electrolyte is yttria-stabilized zirconia (YSZ), CeOz, or other
types of oxygen ion conductors. In contrast to proton exchange membrane fuel cells
which conduct positive hydrogen ions (protons) through a polymer electrolyte from the
anode to the cathode, the SOFC uses a solid oxide (SO) electrolyte to conduct negative
oxygen ions from the cathode to the anode. As used herein, the anode 104, SO
electrolyte 106, and cathode 108, with the ZTC supported catalyst layers, forms an
electrode assembly (EA) 110, which is supported in a housing 112.

[0023] An inlet in the housing 112 is used to introduce air 114, or other oxidizing
gas, to the cathode 108. Oxygen 116 reacts at the cathode 108 with electrons to form
oxide ions, which are conducted through the SO electrolyte 106 to the anode 104. The

half reaction at the cathode 108 is shown below.
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02 +4e — 207
Excess air 114, including inert gases such as nitrogen, exits the housing 112 through
an outlet as a waste oxidizer stream 118.
[0024] Another inlet in the housing 112 is used to provide fuel 120, such as
hydrogen, light hydrocarbons, or syngas, among others, to the anode 104. Depending
on the fuel used, a reforming reaction may take place at the anode 104. As the fuel, or
reformed fuel crosses the anode 104, it reacts with the oxygen ions from SO electrolyte
106, releasing electrons. If the fuel is a hydrocarbon, it is reformed to a syngas,
including carbon monoxide 122 and hydrogen 124. In this example, the half-reactions
at the anode 104 are shown below:

H> + 0> — H20 + 2¢e”

CO+0* - CO2+2e
The steam 126 and carbon dioxide 128 formed at the cathode 108 exit the housing 112
through an outlet. The electrons are provided to power an external device 130. If the
fuel only fuel 120 only includes the hydrogen 124, only the first half-reaction is
relevant.
[0025] While the steam 126 and waste oxidizer stream 118 may be used to remove
heat from the SOFC 100, in some embodiments, the housing includes a cooling system
132 for removing heat, such as steam generating coils, oil coolant coils, and the like.
Although not shown, in some embodiments, the cooling system 132 includes lines or
coils in contact with the EA 110 to remove heat. If the SOFC 100 is used in reversible
operation as an SO electrolytic cell (SOEC), heat generated during operation as an
SOFC may be stored for use during electrolysis. For example, in an embodiment, the
heat removed by the cooling system 132 during operation as the SOFC 100 is stored in
areservoir as a molten salt, which is returned to provide heat during the endothermic
electrolysis process.
[0026] The catalyst, supported on the functionalized ZTC located at the interfaces
102, lowers the activation energy of the half-cell reactions. As the functionalized ZTC
has a very high surface area, the catalyst may increase the efficiency, lowering the
operation temperature to about 600 °C.
[0027] Figure 2 is a process flow diagram of a method 200 for making a polymer
electrode membrane fuel cell. The method 200 begins at block 202 with the ion-

exchanging of an NaX zeolite with Ca>* ions to form a CaX zeolite. Although zeolite
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X is described in detail herein, other zeolites may be used in embodiments, including,
for example, zeolite Y, or zeolite BAU, among others. The selection of the zeolite, and
any treatments used, such as ion exchange, may be based on the temperature stability
and pore size of the zeolite.

[0028] At block 204, carbon is deposited in the zeolite to form a carbon/zeolite
composite. In various embodiments, a chemical vapor deposition (CVD) process to
deposit carbon in the zeolite by exposing the zeolite to an organic precursor gas at an
elevated temperature, which deposits carbon in the pores of the zeolite. After
deposition, the zeolite containing the deposited carbon is heated to carbonize the
deposited carbon, forming a carbon/zeolite composite. In embodiments described
herein, carbon is deposited in CaX zeolite by exposing the CaX zeolite to propylene,
ethanol, or acetylene in mixtures with helium. In various embodiments, temperatures
for the deposition and heat treatment range are between about 820 K and 1125 K. In
some embodiments, deposition temperatures are between about 820 K and about 975
K. In one embodiment, the deposition temperature is about 823 K. In another
embodiment, the deposition temperature is about 873 K.

[0029] At block 206 the carbon/zeolite composite is treated with an aqueous acid
solution that includes HF to remove the CaX template forming zeolite template carbon
(ZTC). In various embodiments, the aqueous acid solution includes HF and HCI, in
approximately equal amounts. In various embodiments, the aqueous acid solution
includes about 2 wt. % of each of HF and HCI, about 3 wt. % of each of HF and HCI,
or about 4 wt. % of each of HF and HCL

[0030] At block 208, the ZTC is treated to add catalyst sites, forming
functionalized ZTC. To serve as electrode or electro catalyst, an oxide, a metal or a
metal oxide is added to the ZTC. This can be performed by a number of techniques
known in the art, including wet impregnation, sputtering, sputter-deposition, doping,
chemical functionalization, thermal coating or electrochemical coating, among others.
In some embodiments, this is performed by an incipient wetness technique.

[0031] Incipient wetness impregnation (IW or IWI), also called capillary
impregnation or dry impregnation, is a commonly used technique for the synthesis of
heterogeneous catalysts. Typically, the active metal precursor is dissolved in an
aqueous or organic solution. Then the metal-containing solution is added to a catalyst

support containing the same pore volume as the volume of the solution that was added.
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Capillary action draws the solution into the pores. Solution added in excess of the
support pore volume causes the solution transport to change from a capillary action
process to a diffusion process, which is much slower. The catalyst can then be dried
and calcined to drive off the volatile components within the solution, depositing the
metal on the catalyst surface. The maximum loading is limited by the solubility of the
precursor in the solution. The concentration profile of the impregnated compound
depends on the mass transfer conditions within the pores during impregnation and
drying.

[0032] At block 210, the functionalized ZTC is incorporated into electrodes. This
may be performed by impregnation, suction impregnation, chemical crosslinking, or
mixing followed by calcination. For example, in an embodiment, the functionalized
ZTC is mixed with a calcined solid electrolyte, then the two are calcined together.
[0033] In other embodiments, an electrode can be prepared including a metal and
metal oxide anode by metal sputtering. The functionalized ZTC can be introduced into
the sputtering chamber. A thin metal film can be sputter-deposited first, and a second
layer of metal oxide including the functionalized ZTC can be deposited over the metal
film. In various embodiments, a magnetron sputtering system is used for the
depositions. High purity argon and oxygen can be used as sputtering and reactive gas,
respectively.

[0034] At block 212, an electrode assembly (EA) is formed. This may be
performed by firing a multilayer structure comprising the anode, the solid oxide, and
the cathode forming a single ceramic block. The functionalized ZTC may be
incorporated into ceramic layers between the anode and the solid oxide, between the
solid oxide and the cathode, or in the electrodes themselves. In some embodiments,
current collectors are formed into the block with the electrodes and SO.

[0035] At block 214, an SOFC assembly is formed. In various embodiments, this
is performed by mounting the electrode assembly (EA) in a housing, which has inlets
for fuel and oxidizer and outlets for excess oxidizer and for a mixture of CO2 and H20.
In some embodiments, the housing has coils for cooling, for example, by steam
generation, cooling oil, and the like. The EA is sealed to the housing, for example,
using a ceramic adhesive, followed by firing the part. This prevents gases from the
hydrogen side from contacting the oxygen side. In some embodiments, a number of

housing units are stacked to increase electric current and voltage. In various
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embodiments, a cooling system is coupled to the SOFC to keep the temperature of the

fuel cell at a target value, such as about 600 °C.

[0036] Examples

[0037] Electrode preparation steps:

[0038] Synthesis of Zeolite-templated Carbon (ZTC) on the electrolyte (ionic
conductors).

[0039] Carbon Replication of CaX zeolite

[0040] CaX zeolite was prepared by ion-exchanging NaX (commercial zeolite, not

ultra-large crystal) with Ca?* by stirring 10 g sample in 200 mL of 0.32 M Ca(NOs)2
solution for 4 h. Ca’* exchange can generate acid sites in zeolite which catalyze the
carbon deposition inside zeolite micropores and also increases the thermal stability of
zeolite template during the conditions used for the CVD.

[0041]
Desorption) profiles of CaX 302 and commercial NaX 304. The plot 300 shows that

Figure 3 is a plot 300 comparing NHs TPD (Temperature Programmed

the ion-exchange of an NaX zeolite with Ca>" can generate acidity. This helps with the
selective carbon deposition in micropores and enhances the thermal stability of zeolite
template.
[0042] In the plot 300, the CaX 302 shows two desorption peaks, at 473 and 653
K, indicating the presence of two types of acid sites. In contrast, the NaX tool for does
not show any desorption profile, indicating no acidity.

[0043] As shown in Table 1, the CaX zeolite also has a higher thermal stability
than NaX, wherein the crystallinity does not change at temperatures up to 973 K. The
thermal stability is useful, as the carbon deposition condition uses a chemical vapor

deposition (CVD) at temperatures of 873 ~ 973 K.

[0044] Table 1. Thermo stability of NaX, CaX zeolites
Tinit!! To 5L3
Sample A M
P (K) (K)
NaX 1 933 1043
CaX 0.93 983 1153

U1 Equivalent fraction of exchange cation in zeolite.

[2l Temperature at which structural degradation is first observed from the X-ray powder

pattern, in K.

Bl Temperature at which the structure is 50 % decomposed, in K.
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[0045] Carbon Deposition in Zeolites

[0046] The carbon deposition in the X zeolites was carried out in a conventional
plug-flow reactor. Typically, 1 g NaX or CaX sample was placed in plug flow reactor
and the temperature was increased to a specified temperature under He flow. For
example, a temperature range of about 823 K to about 973 K is suitable to selectively
deposit carbon in zeolite micropores. In some embodiments using NaX and propylene
the temperature is 973 K. After the temperature was allowed to stabilize for 30 min,
the gas was switched to an organic precursor gas. Three different organic precursor
gases were used for the carbon deposition. The organic precursor gases were
propylene, ethanol, and acetylene with respective kinetic diameters of 0.45, 0.45 and
0.33 nm. These were used in mixtures, with the propylene added as a 2% propylene/He
(200 mL/min-g) mixture. The ethanol was added as a helium gas flow (200 mL/min-g)
that was saturated with ethanol at room temperature, using bubbler, 6 kPa. The
acetylene was added as a 2 vol. % acetylene/He gas (200 mL/min-g) mixture. After
flowing the organic precursor gas for the specified time, the gas was switched to He
and the reactor was cooled to room temperature. The incorporation of the organic
precursor gas into the zeolite resulted in a zeolite/carbon composite.

[0047] Removing the Zeolite Template

[0048] To remove the zeolite template and format the microporous carbon, the
zeolite/carbon composite was treated with a water solution of HCI and HF (3.4 wt. %
HC1/ 3.3 wt. % HF) at room temperature two times for 1 hour each time. This formed
the microporous carbon. The resultant template-free carbon materials were filtered
from the solution, washed thoroughly with deionized water and dried at 373 K
overnight.

[0049] Figure 4 is a schematic diagram of the synthesis of the zeolite templated
carbon (ZTC). As used herein, the ZTC may also be termed microporous carbon. The
zeolite 402 may be treated, for example, with ion exchange, to form CaX. As shown in
Figure 4, the zeolite 402 has carbon deposited in the pores of the zeolite through
carbon infiltration and carbonization. This forms a carbon/zeolite nano composite 404,
The carbon/zeolite nano composite 404 is exposed to an acidic leaching using HCI/HF
to form the ZTC 406.

[0050] Optimization of organic precursor for carbon replication of CaX

PCT/US2022/073484



10

15

20

25

30

WO 2023/288176 PCT/US2022/073484

[0051] Figure 5 is an X-ray powder diffraction (XRD) plot 500 of the results for
different ZTCs formed. As used herein, XRD is used for phase identification of a
crystalline material and can provide information on unit cell dimensions. The material
to be analyzed is finely ground, homogenized, and an average bulk composition is
determined. XRD is the used to characterize the structure. To optimize the CVD
conditions for carbon deposition in CaX, two different carbon precursors, propylene
and ethanol, were deposited at different temperatures. In Figure 5, and the description
herein, the resultant ZTCs will be designated as CaX-tttNx where CaX indicates the
zeolite template, ttt indicates temperature of the CVD in kelvin (K), N represents the
organic precursor gas, e.g., P for propylene, E for ethanol, or A for acetylene. The term
x indicates the CVD reaction time in hours. Accordingly, CaX-973P5-C 502 is a ZTC
formed using CaX as the template at a CVD deposition temperature of 973 K, using
propylene as the organic precursor gas for a CVD reaction time of 5 hours. Further, if
the template has been removed, this is indicated by the addition of —C at the end of the
designation. Other ZTCs shown in Figure 4 include CaX-973E6-C 504 and CaX-
1073E6-C 506. As described with respect to the nomenclature above, the latter two
were both formed using ethanol as the organic precursor gas at a temperature of 973 K
and 1073 K, respectively.

[0052] As shown in the XRD plot 500, the ZTCs formed using the CaX as a
template have a broad peak around a 26 of about 5° to about 6° which indicates
presence of structural order in the arrangement of the micropores. The CaX-973P5-C
502 showed the most highly resolved peak at a 26 of about 5° to about 6°, indicating
the most faithful replication of the zeolite structure. As used herein, the reference
numbers in the XRD plot 500, e.g., 502, 504, and 506, refer to the particular structures,
and are used to indicate the same structures in the following plots.

[0053] Figure 6A is a plot of N2 adsorption/desorption isotherms for the three
different ZTCs. In each of these plots, and the following plots, filled circles represent
values collected during the pressure increase process, and open circles represent values
during the pressure decrease process. Each group of one filled circle and one open
circle represents one cycle of adsorption and desorption. Figure 6B is a plot of the pore
size distribution of the ZTCs using a non-local density functional theory (NLDFT)
algorithm. As known in the art, density functional theory (DFT) is a quantum

mechanical modeling process used to determine structural features from quantum

10
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mechanical calculations. Like numbered plots use the same reference numbers for
referring to materials as in Figure 5.

[0054] As shown in the N2 adsorption/desorption isotherms of Figure 6A (Table
2), the carbon materials showed dual porosity, with micropores of about 1.5 nm to
about 2 nm in diameter, and mesoporosity, with pores of about 2 nm to about 5 nm.
Since the initial CaX contained only microporous structure, the presence of mesopores,
e.g., less than about 0.40 cm’g™!, indicates a poor replication of the microporous
structure of the zeolite. The presence of the mesopores in the carbon replicas can be
attributed to incomplete filling of the zeolite micropores with carbon.

[0055] The organic precursor may not diffuse into the zeolite micropores above a
certain level of carbon filling, due to steric effects. Thus, better carbon filling, leading
to higher surface area and micropore volume, may be achieved using a smaller carbon
precursor such as acetylene. In Table 2, it can be noted that sample CaX-1023A2-C
exhibited much higher surface area (2567 m?g™!) than the samples prepared with
propylene (1900 m?g!) and ethanol (1792 m?g™!). Furthermore, CaX-1023A2-C

showed the highest micropore volume (1.09 cm3g-1).

[0056] Table 2. BET surface area and pore volumes of carbon replicas.

Sample SBEzT[_II] Vm,-cgo[il I/mes;[2_11 Vtota;m_l
(m°g™) (cm’g™) (cm’g™) (cm’g™)
CaX-973P5-C | 1915 0.75 0.34 1.09
CaX-973E6-C | 1596 0.58 0.48 1.06
CaX-1073E6-C | 1826 0.65 0.66 1.31
CaX-1023A2-C | 2567 0.95 0.42 1.37

1 Brunauer-Emmett-Teller (BET) surface area.
21 Micropore volume (Viicro) calculated using DR equation.

[0057] Optimization of CVD conditions for acetylene incorporation into CaX
zeolites

[0058] The results in Table 2 indicate that acetylene is most suitable for the
faithful carbon replication of zeolite. This is likely due to acetylene having the smallest
kinetic diameter (0.33 nm) and the highest C/H ratio. The carbon replica synthesized
by CVD using acetylene at 1023 K for 2 h showed relatively high BET surface area

(2567 m?g’!) and large micropore volume (> 1.00 cm?g™!). Such synthesis results,
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however, were difficult to reproduce especially when a larger amount of zeolite
template (> 1 g) is used for carbon CVD. The limitations in reproducibility and scale-
ups have been the main obstacles for the practical application of the zeolite-templated

carbon materials.

[0059] Properties of ZTC replicated from large crystallite CaX (LCaX)
[0060] The techniques described above were used to synthesize ZTC from CaX
having a large crystallite size, for example, between about 10 pm to about 20 um. The
zeolite itself is designated as LCaX 702 in data and plots herein. The resulting
structural properties are shown in Table 3. Hereinafter, the samples synthesized using
the larger-crystal CaX will be denoted with a prefix of LCaX to differentiate from
samples synthesized using CaX having small crystallites (about 2 um or less). Thus,
the samples will be denoted with the nomenclature of “zeolite template-CVD
temperature-CVD time-heat treatment-template”. For example, LCaX-873-4H-C
indicates a microporous carbon sample synthesized by CVD with acetylene at 873 K
for 4 h and heat treated, followed by removal of the zeolite template. LCaX-873-
4H4H-C sample is similarly synthesized by repeating the cycle of 4 h acetylene
CVD/heat treatment twice.
[0061] Table 3. Pore structural properties of the carbons replicated from of larger-
crystal CaX

gl Refi

Entry Sample (g Vnicrd® (€m3g 1) | Vipeso (cm®g ™) | Viera (cm®g!) | Nos. in
plots

1 LCaX-1023-2-CPBl 2567 0.95 0.42 1.37 8020
2 LCaX-1023-2-C ¥ 2156 0.83 0.43 1.26
3 LCaX-973-3-C B! 2381 0.93 031 1.24
4 LCaX-873-4-C Bl 841 0.33 0.12 0.45 70401
5 LCaX-873-4H-C Bl 3049 1.12 0.45 1.57 7065
6 | LCaX-873-4H4H-C 2830 1.10 0.23 1.33 70813
7 LCaX-873-4H4H-C ¥ 2840 1.12 0.21 1.33
9 LCaX-823-9H4H-C ¥ 2950 1.17 0.18 1.35

[ Brunauer-Emmett-Teller (BET) surface area.

21 Micropore volume (Viicro) calculated using DR equation.
Bl 1 g zeolite is used for acetylene CVD.

M5 g zeolite is used for acetylene CVD.
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B1Plots in Figures 7 are without zeolite template removal, plots in Figures 8A, 8B, and 8C are
after zeolite template removal.

[0062] The results in entries 1, 3 and 4 showed that higher CVD temperature is
useful for obtaining higher surface area and micropore volume. The carbon
synthesized at relatively low temperature (873 K, entry 4) showed significantly lower
surface area than other samples, which indicates that carbon structure is not
sufficiently graphitized (or rigid) at 873 K and thus collapsed after removal of zeolite
template. The result also shows that only highly graphitized carbon structure can retain
highly microporous structure. Unfortunately, such high-temperature acetylene CVD is
very sensitive to the starting amount of zeolite template, e.g., the bed thickness in the
fixed-bed reactor. If the amount of zeolite is increased from 1 to 5 g, as shown by the
comparison of entries 1 and 2, for CVD using acetylene, the BET surface area and
porosity of the resultant carbon decreased significantly.

[0063] To overcome this problem, a sequential carbon synthesis procedure is
described herein, which is composed of low-temperature acetylene CVD (< 873 K)
and high-temperature heat treatment (1123 K) under noble gas (He). Atlow CVD
temperature (< 873 K), carbon deposition occurs very uniformly over the zeolite bed.
After the micropore of the zeolite is fully filled with non-graphitized carbon, the gas
stream is switched to He and the temperature is increased to 1123 K for the
graphitization (densification) of the carbon structure. Such consecutive steps allow
uniform and selective deposition of high graphitized carbons inside the zeolite
micropores. In result, LCaX-873-4H-C (entry 5) shows very high surface area of 3049
m? g and micropore volume of 1.12 cm? g1, even surpass those of sample LCaX-
1023-2-C 802 (entry 1, Figures 8A-8C).

[0064] Figure 7 is a plot 700 of the N2 adsorption-desorption isotherms of zeolite-
carbon composite (without zeolite template removal) collected at the different steps of
the synthesis process. All measurements are in comparison to the microporosity of the
LCaX 702. After the acetylene CVD at 873 K for 4 h (LCaX-873-4 704), negligible
microporosity remains inside the zeolite template. This indicates that the zeolite
micropore is fully filled with the non-graphitized carbon framework. After thermal
treatment at 1123 K for 4 h under He (L.CaX-873-4H 706), c.a. 25% of the zeolite
micropore volume is regenerated. The result reveals that the thermal treatment led to

the densification and hence the volume shrinkage of carbon framework inside the
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zeolite micropores. Because the considerable fraction of zeolite micropores are
regenerated after the thermal treatment, a secondary CVD/thermal treatment cycle
using acetylene can be carried out to fill the remaining micropores. After repeating the
CVD-thermal treatment cycle twice (LCaX-873-4H4H 708), the micropore of zeolite
template are nearly fully filled with the graphitized carbon framework. After the
removal of zeolite template, the repeated CVD/thermal treatment cycles significantly
reduce the carbon mesopore volume while retaining the BET surface area: LCaX-873-
4H4H-C 708 (0.23 cm’g) showed significantly reduced mesopore volume than
LCaX-873-4H 706 (0.45cm’g™), as seen by comparing entries 5 and 6 in Table 3.
[0065] The result indicates that incomplete filling of zeolite micropores leads to
the formation of mesopores in the replicated carbon structure. It can be noted that the
sequential carbon synthesis procedure allows high reproducibility of the carbon
structure regardless of the zeolite amount (bed thickness) used for the carbon synthesis
(compare entries 6 and 7).

[0066] Decreasing the initial acetylene CVD temperature from about 873 K to
about 823 K, the carbon can be synthesized (entry 9) with slightly enhanced BET
surface area and micropore volume. Based on these results, an optimum temperature
range for initial acetylene CVD is between about 8§23 K to about 873 K. At CVD
temperatures lower than 773 K, the carbon deposition was too slow for practical
application.

[0067] Figures 8A to 8C show the N2 adsorption isotherms and XRD patterns for
the representative samples in Table 3. It is noteworthy that the most faithfully
replicated carbon structure (LCaX-873-4H4H-C 708) shows a Type I isotherm with
small amount of N2 adsorption at high pressure regime (P/Po > 0.1). LCaX-873-4H-C
706 sample synthesized by single cycle of acetylene CVD/thermal treatment showed
even higher total pore volume than the sample of LCaX-873-4H4H-C 708, but the
enhancement is only due to the presence of secondary mesoporosity, as indicated by
the more pronounced adsorption at P/Po> 0.1. The samples synthesized by subsequent
acetylene CVD-heat treatment cycle, LCaX-873-4H-C 706 and LCaX-873-4H4H-C
708, showed much narrower and more intense pore size distribution in the micropore
regime (W <2 nm). It can be noted that the replicated carbon (LCaX-873-4H4H-C
708) showed a very sharp peak at 26= 6.3° in XRD. This indicates that the replicated

carbon has ordered microporous structure like zeolite. Therefore, the presence of the
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sharp XRD peak at 26 = 6.3° can be used as an indicator for evaluating the replication
of zeolite structure, e.g., the efficiency of the carbon deposition.

[0068] ZTC Functionalization.

[0069] Figure 9 is a drawing of a ZTC 902 impregnated with catalyst particles 904
forming a functionalized ZTC 906. In the example described herein, wet impregnation
can be used to load a noble metal, such as platinum, onto a ZTC 902 support to
function as a catalyst. For example, to impregnate Pt, a solution of Pt(NH3)(NO3)2 can
be prepared using the desired amount. In various embodiments, the amount can range
from 0.1 wt% to 5 wt%. In some embodiments, 3 wt% is used, a solution volume
equivalent to the pore volume of the ZTC 902 used is added to wet the ZTC 902. The
impregnated ZTC is dried in oven at 80 °C overnight. The dried Pt/ZTC is then
calcined under a N2 flow at a flow rate of 50 ml/min. This can be performed at 500 °C
for 12 hours to decompose the metal nitrates. After decomposition of the metal
nitrates, the Pt/ZTC can be reduced in flowing hydrogen, for example, at a flow rate of
50 ml/min for 2 hours at 500 °C, to produce dispersed Pt or catalyst particles 904 on
the ZTC 902, herein termed functionalized ZTC 906.

[0070] In some embodiments, a strong electrostatic adsorption (SEA) method is
used. In this method, impregnation is controlled by adjusting the pH of the
carbon/water/precursor slurry to the adequate value to increase the electrostatic
interactions between the metal precursor and the support are maximized.

[0071] Incorporating functionalized ZTC into electrode

[0072] After impregnation of the catalyst particles, the functionalized ZTC is
added to the electrodes. In an embodiment, the functionalized ZTC is added to the
surface of the anode or the cathode, or the solid oxide electrolyte before calcination.
[0073] In various embodiments, a calcinated YSZ powder, or other solid oxide
electrolyte, is wet milled in a suitable solvent, such as propanol, for a period of time,
such as 2 to 3 hours. The functionalized ZTC is then mixed with the milled YSZ, and
calcined in a two-step process. A first calcination is carried out at about 900 °C to
about 1000 °C for about 12 hours, followed by wet milling, and then a second
calcination at about 1000 °C to about 1100 °C for about 10 hours.

[0074] In some embodiments, the electrode is impregnated with the functionalized
ZTC by sputtering. For example, the functionalized ZTC can be introduced into the

gas in a sputtering chamber.
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[0075] Electrode assembly (EA) preparation:

[0076] Figure 10 is a schematic drawing of an EA 110 with the functionalized
ZTC incorporated into the interfaces between the SO and the anode and the cathode.
Like numbered items are as described with respect to Figure 1.

[0077] SO Fuel Cell Assembly

[0078] The final SOFC assembly 100, shown in Figure 1, is made by mounting the
EA 110 (Figures 1 and 9) into a housing 112.

[0079] As described herein, in various embodiments, cooling systems 132 in the
EA 110 are used to removed heat from the SOFC 100. These may also be used to add
heat to the EA 110 to bring the temperature into the operating temperature range
during startup.

[0080] Embodiments

[0081] An embodiment described in examples herein provides a method for
making a solid oxide fuel cell assembly (SOFC). The method includes forming a
functionalized zeolite templated carbon (ZTC). The functionalized ZTC is formed by
forming a CaX zeolite, depositing carbon in the CaX zeolite using a chemical vapor
deposition (CVD) process to form a carbon/zeolite composite, treating the
carbon/zeolite composite with a solution including hydrofluoric acid to form a ZTC,
and treating the ZTC to add catalyst sites. The functionalized ZTC is incorporated into
electrodes by forming a mixture of the functionalized ZTC with a calcined solid oxide
electrolyte and calcining the mixture. The method includes forming an electrode
assembly, forming the SOFC assembly, and coupling the SOFC assembly to a cooling
system.

[0082] In an aspect, the CaX zeolite is formed by ion exchanging a NaX zeolite
with calcium ions. In an aspect, the CVD process uses propylene, ethanol, or
acetylene, or any combinations thereof, as an organic precursor gas. In an aspect, the
CVD process uses acetylene as an organic precursor gas. In an aspect, the acetylene is
added as a 2 vol. % solution in helium. In an aspect, the CVD process is performed at a
temperature of between 823 K and 1123 K.

[0083] In an aspect, the CVD process includes depositing carbon in a matrix of the
CaX zeolite at a first temperature using a gas stream including acetylene, switching the
gas stream to a helium stream, and increasing the temperature to a second temperature.

In an aspect, the first temperature is less than 875 K. In an aspect, the first temperature
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is about 823 K. In an aspect, the second temperature is greater than 1120 K. In an
aspect, the second temperature is about 1123 K.

[0084] In an aspect, the method includes repeating the CVD process by cooling
back to the first temperature, switching the gas stream back to the gas stream including
acetylene, depositing carbon in the matrix of the CaX zeolite at the first temperature,
switching the gas stream to the helium stream, and increasing the temperature to the
second temperature.

[0085] In an aspect, the method includes forming the functionalized ZTC using an
incipient wetness technique. In an aspect, the method includes dissolving an active
metal precursor to form an aqueous solution, adding an amount of the aqueous solution
to the ZTC corresponding to a pore volume of the ZTC forming a metal/ZTC
composite, drying the metal/ZTC composite, and sintering the metal/ZTC composite to
form the functionalized ZTC. In an aspect, the method includes incorporating the
functionalized ZTC onto an anode, a cathode, or both by sputtering.

[0086] In an aspect, the method includes forming the electrode assembly by firing
the anode with the incorporated functionalized ZTC to form a ceramic anode, firing
the solid oxide electrolyte (SOE) to form a ceramic SOE, firing the cathode with the
incorporated functionalized ZTC to form a ceramic cathode, assembling the ceramic
anode, ceramic SOE, and ceramic cathode into an assembly, and firing the assembly to
form the electrode assembly.

[0087] Another embodiment described in examples herein provides a solid oxide
fuel cell (SOFC). The SOFC includes an electrode assembly (EA), including an anode,
a solid oxide electrolyte, and a cathode, wherein the anode, the cathode, or both
includes functionalized zeolite templated carbon (ZTC). The SOFC includes a housing
that includes an inlet for a mixture of hydrogen and carbon monoxide, and an outlet for
a mixture of steam and carbon dioxide. The SOFC includes a power line coupled to the
cathode to provide current from the SO fuel cell to an external power user, and a return
line from external power supply coupled to the anode.

[0088] In an aspect, the SOFC includes a cooling system to remove heat from the
SOFC. In an aspect, the SOFC includes a layer of functionalized ZTC disposed at the
interface between the anode and the SO, the interface between the cathode and the SO,
or both. In an aspect, the solid oxide electrolyte includes yttria-stabilized zirconia

(YSZ).
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[0089] Other implementations are also within the scope of the following claims.
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Claims
What is claimed is:

1. A method for making a solid oxide fuel cell assembly (SOFC),
comprising:
forming a functionalized zeolite templated carbon (ZTC), comprising;
forming a CaX zeolite;
depositing carbon in the CaX zeolite using a chemical vapor deposition
(CVD) process to form a carbon/zeolite composite;
treating the carbon/zeolite composite with a solution comprising
hydrofluoric acid to form a ZTC; and
treating the ZTC to add catalyst sites, forming the functionalized ZTC;
and
incorporating the functionalized ZTC into electrodes, comprising:
forming a mixture of the functionalized ZTC with a calcined solid oxide
electrolyte; and
calcining the mixture;
forming an electrode assembly;
forming the SOFC assembly; and
coupling the SOFC assembly to a cooling system.

2. The method of claim 1, wherein the CaX zeolite is formed by ion

exchanging a NaX zeolite with calcium ions.

3. The method of claim 1, wherein the CVD process uses propylene,

ethanol, or acetylene, or any combinations thereof, as an organic precursor gas.

4, The method of claim 1, wherein the CVD process uses acetylene as an

organic precursor gas.

5. The method of claim 4, wherein the acetylene is added as a 2 vol. %

solution in helium.
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6. The method of claim 1, wherein the CVD process is performed at a
temperature of between 823 K and 1123 K.

7. The method of claim 1, wherein the CVD process comprises:

depositing carbon in a matrix of the CaX zeolite at a first temperature using a
gas stream comprising acetylene;

switching the gas stream to a helium stream; and

increasing the temperature to a second temperature.

8. The method of claim 7, wherein the first temperature is less than 875 K.

9. The method of claim 7, wherein the first temperature is about 823 K.

10. The method of claim 7, wherein the second temperature is greater than
1120 K.

11.  The method of claim 7, wherein the second temperature is about 1123

12. The method of claim 7, comprising repeating the CVD process by
cooling back to the first temperature;

switching the gas stream back to the gas stream comprising acetylene;
depositing carbon in the matrix of the CaX zeolite at the first temperature;
switching the gas stream to the helium stream; and

increasing the temperature to the second temperature.

13. The method of claim 1, comprising forming the functionalized ZTC

using an incipient wetness technique.

14, The method of claim 1, comprising:
dissolving an active metal precursor to form an aqueous solution;
adding an amount of the aqueous solution to the ZTC corresponding to a pore

volume of the ZTC forming a metal/ZTC composite;
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drying the metal/ZTC composite; and
sintering the metal/ZTC composite to form the functionalized ZTC.

15. The method of claim 1, comprising incorporating the functionalized

ZTC onto an anode, a cathode, or both by sputtering.

16. The method of claim 1, comprising forming the electrode assembly by:

firing the anode with the incorporated functionalized ZTC to form a ceramic
anode;

firing the solid oxide electrolyte (SOE) to form a ceramic SOE;

firing the cathode with the incorporated functionalized ZTC to form a ceramic
cathode;

assembling the ceramic anode, ceramic SOE, and ceramic cathode into an
assembly; and

firing the assembly to form the electrode assembly.

17. A solid oxide fuel cell (SOFC), comprising:

an electrode assembly (EA), comprising:
an anode;
a solid oxide electrolyte; and
a cathode, wherein the anode, the cathode, or both comprises

functionalized zeolite templated carbon (ZTC);

a housing comprising:
an inlet for a mixture of hydrogen and carbon monoxide; and
an outlet for a mixture of steam and carbon dioxide;

a power line coupled to the cathode to provide current from the SO fuel cell to
an external power user; and

areturn line from external power supply coupled to the anode.

18. The SOFC of claim 17, comprising a cooling system to remove heat

from the SOFC.
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19. The SOFC of claim 17, comprising a layer of functionalized zeolite
template carbon disposed at the interface between the anode and the SO, the interface

between the cathode and the SO, or both.

20. The SOFC of claim 17, wherein the solid oxide electrolyte comprises
yttria-stabilized zirconia (YSZ).

22



WO 2023/288176 PCT/US2022/073484

1110

114

©w
h
g
% @
= . ay ™
@ 38
=
3o &
8 -
v
<
<
o O
e [ o
ud = o —~ ™~ 8
de] < Y
7 ! ° | =
b h
o
2 < =
¥ ]
v oy -
-
EE -
oo
N Vel o~
N ey N -
\""»g_-- <
o \\
o]
5 N
—

120



WO 2023/288176 PCT/US2022/073484

2/10

Functionalize Zeolite for Stability and Acidity

- 202

:

Deposit Carbon in Zeolite and Heal to Form Carbon/Zeolite Composite

204

;

Treat Carbon/Zeolite Composite with HF Solution to Remove
Zeglite Template to Form Zeolite Template Carbon (Z7C)

L~ 208

!

Treat ZTC io Add Catalyst Sites, Forming Functionalized ZTC

208

¥

incorporate Funclionalized ZTC Info Electrodes

—~210

:

Make Electrode Assembly

212

:

Make SO Fuel Cell Assembly

214

200

FIG. 2



WO 2023/288176 PCT/US2022/073484

3/10

TCD Signal {a.u)

Temperature (K)

300

FIG. 3



PCT/US2022/073484

WO 2023/288176

4/10

Buiyoes 41

HONBZIIOgIRT

affsssssssssssssssssssssssssssnssssssy

uonesu|
Jisenicly!




Intensity {a.u.)

WO 2023/288176

5/10

PCT/US2022/073484

‘ 506

A *oanon
e F1Y s s
Yxomnxmrgand Spund®E s,
~,
o,

.
™
"“k.,o&‘n

‘o,
e wnovaoe,
Rl TN PR P T L £y

""""""""

30

26 {Degree)

200

FIG. 5

50



PCT/US2022/073484

6/10

WO 2023/288176

49 'Olid V9 'Old

Caid

007

00¥

+ 009

- (08
o wf%u& :
BUG00Z 18S0 gt

nnnnnnnnnnnn

(418 ‘L_ 6911;:}} IUNOWY DRCJOSDY

o i.&\&‘ b.

>
%
: - 000}
% £
3 ﬁss mg e o i *
[} o, 34 3 o Prelistan
M & o, el Q“.:\uaxh\
%
LY
s
k3
?
»,

B .Wwa 067 11880

0021



WO 2023/288176 PCT/US2022/073484

g sTR)

3

Adsorbed Amount {cm

7710

300

702 ~

250 -

200
150
100 4

50




PCT/US2022/073484

WO 2023/288176

8/10

TIRA R S 2 PR AR 8 Vit 6 5 € £ 5 e
et snne
%R0 mnn
20 4 e,

...............
LI

-
e
!

VL L
mooANNLAL}

{'n'e) Ansuaiuy

gL B O

| 00z
L 00v
- 009
- 008

- 0001

(18, B, wo) junowy pagiospy



WO 2023/288176 PCT/US2022/073484

9/10

902 -




WO 2023/288176 PCT/US2022/073484

10/10
130 %
EP
906 a06
110~y
A -
o &
¥
Anode Cathode

‘TOZ@/} 108/}

FIG. 10



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2022/073484
A. CLASSIFICATION OF SUBJECT MATTER
INV. HO01M4/88 HO1M4/90 HO1M8/04007 HO1M8/0637 HO1M8/1253
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

HO1M

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category”

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X YANG H N ET AL: "Effect of

electrodes in PEMFC",

ELSEVIER, AMSTERDAM ,NL,
vol. 152,
pages 148-156, XP028443342,
ISSN: 1387-1811, DOI:
10.1016/J.MICROMESO.2011.11.042
[retrieved on 2011-12-02]

functionalization for carbon molecular
sieve (CMS) synthesized using zeolite
template on the incorporation of Pt
nanoparticle and performance of the

MICROPOROUS AND MESOPOROUS MATERIALS,

21 November 2011 (2011-11-21),

* Experimental, pages 149 and 150 *

-/—

|__K| Further documents are listed in the continuation of Box C.

‘z‘ See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance;; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

document of particular relevance;; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

wyn

"&" document member of the same patent family

Date of the actual completion of the international search

3 November 2022

Date of mailing of the international search report

10/11/2022

Name and mailing address of the ISA/
European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk
Tel. (+31-70) 340-2040,
Fax: (+31-70) 340-3016

Authorized officer

Nemes, Csaba A.

Form PCT/ASA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2022/073484
C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT
Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A WO 2006/044313 A2 (TRUSTREES OF THE 1-20
UNIVERSITY OF [US]; GORTE RAYMOND J [US]
ET AL.) 27 April 2006 (2006-04-27)
the whole document
A US 2004/202918 A1 (MARDILOVICH PETER [US] 1-20
ET AL) 14 October 2004 (2004-10-14)
the whole document
A WO 2008/008409 A2 (UNIV PENNSYLVANIA [US]; 1-20

GORTE RAYMOND J [US] ET AL.)
17 January 2008 (2008-01-17)
the whole document

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2



INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2022/073484
Patent document Publication Patent family Publication
cited in search report date member(s) date

WO 2006044313 A2 27-04-2006 Us 2006234855 Al 19-10-2006
WO 2006044313 A2 27-04-2006
US 2004202918 Al 14-10-2004 ca 2453856 Al 10-10-2004
EP 1482583 A2 01-12-2004
JP 2004319491 A 11-11-2004
KR 20040089536 A 21-10-2004
W I338969 B 11-03-2011
Us 2004202918 A1 14-10-2004
WO 2008008409 A2 17-01-2008 Us 2008090127 A1 17-04-2008
WO 2008008409 A2 17-01-2008

Form PCT/ASA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - wo-search-report
	Page 35 - wo-search-report
	Page 36 - wo-search-report

