(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(10) International Publication Number

(43) International Publication Date WO 2020/123641 A1
18 June 2020 (18.06.2020) WIRPOIPCT
(51) International Patent Classification: (74) Agent: YUEN, Richard, Y. et al.; Phillips 66 Company,
HOIM 4/88 (2006.01) HOIM 8/2425 (2016.01) Intellectual Property - Legal, P.O. Box 421959, Houston,
HOIM 8/12 (2016.01) B01J 37/02 (2006.01) TX 77242-1959 (US).
(21) International Application Number: (81) Designated States (unless otherwise indicated, for every
PCT/US2019/065714 kind of national protection available). AE, AG, AL, AM,
(22) International Filing Date: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
11 December 2019 (11,12.2019) CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
e DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
(25) Filing Language: English HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
L , KR,KW,KZ,LA,LC,LK,LR,LS, LU, LY, MA, MD, ME,
(26) Publication Language: English MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI NO, NZ.
(30) Priority Data: OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
62/778,753 12 December 2018 (12.12.2018) US SC, SD, SE, 8G, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
16/710,698 11 December 2019 (11.12.2019) US TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(71) Applicant: PHILLIPS 66 COMPANY [US/US]; Intel- (84) Designated States (unless otherwise indicated, for every
lectual Property - Legal, P.O. Box 421959, Houston, TX kind of regional protection available). ARIPO (BW, GH,
77242-1959 (US). GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
, , UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
(72) Inventors: LIN, Ye; 1101 Tower Circle, Bartlesville, OK

74006 (US). LIU, Ying, 1223 Manor Drive, Bartlesville,
OK 74006 (US). LIU, Mingfei, 5817 Tallgrass Trail,
Bartlesville, OK 74006 (US).

TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

wO 20207123641 A1 | NN 0000 KO Y0 R 0 O 0

(54) Title: CATHODE FOR SOLID OXIDE FUEL CELL

(57) Abstract: A solid oxide fuel cell comprising an anode, an elec-

100 trolyte, and a cathode comprising PryCoyOs, wherein the ratio of x and

AN yare 1:1.
108
LOAD
FUEL T l AR
\ | i /
Hy —=
o=
———— et — 02
H2 O et pumd
EXCESS 104 106 102 GASES
FUEL out
FiG.1

[Continued on next page]



WO 20207123641 A1 |10 0000000 0 0 00 A

Published:
—  with international search report (Art. 21(3))



WO 2020/123641 PCT/US2019/065714

CATHODE FOR SOLID OXIDE FUEL CELL

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application is a PCT International application which claims the benefit of and
priority to U.S. Provisional Application Ser. No. 62/778,753 filed December 12, 2018, titled

"Cathode for Solid Oxide Fuel Cell,” which is hereby incorporated by reference in its entirety.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

[0002] None.

FIELD OF THE INVENTION

[0003] This invention relates to a novel cathode for a solid oxide fuel cell.

BACKGROUND OF THE INVENTION
[0004] Reducing operating temperature could effectively improve lifetime and lower the
material and operating costs of solid oxide fuel cell (SOFC) systems. To achieve this goal, new
materials with better electrochemical properties and structures with miniature features can be
used. It is generally agreed that SOFC performance is dominated by the oxygen reduction and
incorporation processes in the cathodes, especially at low operating temperatures (i.e., <650 °C).
At low temperatures, cathode performance is affected not only by its inherent characteristics
such as conductivity but also by its surface chemistry and morphology.
[0005] Most state-of-the-art cathode materials contain significant amounts of alkaline
elements (Ba, Ca, and Sr), which have the tendency to react with the CO2 and moisture present in
ambient air. In addition, chromium in the metal interconnects could easily vaporize and migrate
to the cathode surface and form insulating phases with Sr containing cathode materials during the
SOFC operation, forming insulators. There has been tremendous effort expended in developing
new cathodes that are able to function better at low temperatures in terms of both
electrochemical performance and stability. Generally, there are two approaches to improving

cathode performance. The first is to develop totally new cathode materials with higher bulk
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catalytic properties. However, it is extremely difficult, if not impossible, to develop totally new
material systems with much higher performance. The second is to modify the surface conditions
of the existing electrode materials by applying a thin layer of new materials with extremely high
electrochemical activity or surface area to backbones made of conventional cathode materials.
Modifying the surface conditions dramatically increases the number of active oxygen reduction
reaction sites (triple phase boundaries) and significantly reduces the electrode polarization
resistances, while preserving the high electrochemical properties of the backbone materials. In
addition, the stability of the backbone cathode can be improved because the highly reactive,
mobile alkaline elements in the backbone cathode will be isolated by the functional surface
coating.

[0006] There exists a need for a novel cathode material.

BRIEF SUMMARY OF THE DISCLOSURE
[0007] A solid oxide fuel cell comprising an anode, an electrolyte, and a cathode comprising
PrxCoyOs3, wherein the ratio of x and y are 1:1.
[0008] A solid oxide fuel cell comprising an anode, an electrolyte, and a multilayer cathode.
In this embodiment at least one cathode layer comprises Pr«CoyO3 and the ratio of x and y are

1:1.

BRIEF DESCRIPTION OF THE DRAWINGS
[0009] A more complete understanding of the present invention and benefits thereof may be
acquired by referring to the follow description taken in conjunction with the accompanying
drawings in which:
[0010] Figure 1 depicts a schematic of a fuel cell.
[0011] Figure 2 depicts electrical conductivity measurements of cathodes.

[0012] Figure 3 depicts stability tests of various cathodes.

DETAILED DESCRIPTION
[0013] Turning now to the detailed description of the preferred arrangement or arrangements
of the present invention, it should be understood that the inventive features and concepts may be
manifested in other arrangements and that the scope of the invention is not limited to the
embodiments described or illustrated. The scope of the invention is intended only to be limited

by the scope of the claims that follow.
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[0014] The present embodiment describes a solid oxide fuel cell comprising an anode, an
electrolyte, and a cathode comprising PrxCoyO3, wherein the ratio of x and y are 1:1.

[0015] In another embodiment, a solid oxide fuel cell comprising an anode, an electrolyte,
and a composite cathode comprising PrxCoyO3, and Ceo.9Gdo102 (GDC) wherein the ratio of x
and y are 1:1.

[0016] In another embodiment, a solid oxide fuel cell comprising an anode, an electrolyte,
and a multilayer cathode wherein at least one cathode layer comprises PrxCoyO3, wherein the
ratio of x and y are 1:1.

[0017] Figure 1 depicts a schematic block diagram of a conventional fuel cell 100. The
illustrated fuel cell 100 includes a cathode 102, an anode 104, and an electrolyte 106. In general,
the cathode 102 extracts oxygen (O2) from an input oxidant (e.g., ambient air) and reduces the
oxygen into oxygen ions. The remaining gases are exhausted from the fuel cell 100. The
electrolyte 106 diffuses the oxygen ions from the cathode 102 to the anode 104. The anode 104
uses the oxygen ions to oxidize hydrogen (Hz) from the input fuel (i.e., combine the hydrogen
and the oxygen ions). The oxidation of the hydrogen forms water (H20) and free electrons (e").
The water exits the anode 104 with any excess fuel. The free electrons can travel through an
external circuit (shown dashed with a load 108) between the anode 104 and the cathode 102.
When combined with other fuel cells 100 within a fuel cell stack, the power generation
capabilities of all of the solid oxide fuel cells 100 can be combined to output more power.

[0018] In one embodiment, additional cathode layers for the SOFC can be any
conventionally known cathode capable of converting oxygen (O2) from an input oxidant (e.g.,
ambient air) and reduces the oxygen into oxygen ions. Non-limiting examples of the cathode
material can be perovskite materials, lanthanum manganite materials, lanthanum cobaltite and
ferrite materials, ferro-cobaltite materials, and nickelate materials. Other more specific examples
of cathode materials can be ProsSrosFeOs.s; Sro9Ceo.1FeosNio20s-5; SrosCeo.1Feo7C00303:-5;
LaNiosFe0403-s; Pro.8Sr02Co00.2Fe0803-5; Pro.7S1r0.3C002Mno.803-5; ProsSro2Fe0s-s;
Pro6Sr0.4Coo08Fe0203-5; Pro4Sro6CoosFe0203-5; Pro.7Sr03C009Cu0.103-5; Bao.sSrosCoosFeo203-5;
Smo5S105C00s-5; and LaNiocFeo40s3-5. In one embodiment the cathode material is a mixture of
gadolinium-doped  ceria  (Ce09Gdo102) and lanthanum  strontium  cobalt  ferrite
(LaosSr04Co02Fe0803) or a mixture of gadolinium-doped ceria (GDC) (Ceo.9Gdo102) and

samarium strontium cobaltite (SSC), Smo.sSrosCoOs3.
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[0019] In one embodiment, the electrolyte material chosen for the SOFC can be any
conventionally known electrolyte capable of diffusing the oxygen ions from the cathode to the
anode. Non-limiting examples of the electrolyte materials that can be used include yittria-
stabilitzed zirconia, scandium-stabilized zirconia, gadolinium doped ceria, or lanthanum
strontium magnesium gallate. Other more specific examples of electrolyte materials can be
(Zr02)0.92(Y203)0.08, Ceo.9Gdo.102, Ceo.9Smo.202, LaosSro2Gao.sMgo 203, BaZro.1Ceo.7Y0.1Ybo.10s.
[0020] In one embodiment, the anode material chosen for the SOFC can be any
conventionally known anode material capable of using the oxygen ions to oxidize hydrogen (Hz)
from the input fuel (i.e., combine the hydrogen and the oxygen ions). Non-limiting examples of
anode material include mixtures of NiQO, yttria-stabilized zirconia, gadolinium-doped ceria, CuO,
CoO and FeO. Other more specific examples of anode materials can be a mixture of 50 wt.%
NiO and 50 wt.% yttria-stabilized zirconia or a mixture of 50 wt.% NiO and 50 wt.%
gadolinium-doped ceria.

[0021] PrCoOs cathode

[0022] The composition of the precursors for synthesizing PrCoOs (Pr:Co 1:1) is shown

below as table 1.

Solution concentration (mol/L) 0.25
Solution volume (mL) 50
Pr(NO3)3:6H20 (g) 5.438
Co(NOs)2-6H20 (g) 3.638
Citric acid (g) 1.609
IPA (g) 2.160

Table 1

[0023] PrCoOs powder was prepared by a sol-gel method. The appropriate amount of
precursors including Pr(NO3)3:6H20 and Co(NO3)3:6H20 were dissolved in deionized water.
Citric acid was added as a chelating agent. The molar ratio of metal ions/citric acid was kept at
1:2. The precursor solution was placed on a hot plate at 120 °C until it became a viscous gel. The
gel was transferred to an oven and dried at 160 °C overnight and the resulting brownish powder
was further calcined in a furnace at 800 °C for 5 hours, yielding PrCoOs raw powder with
homogeneously dispersed cations.

[0024] Test data of running a cathode of PrCoQOs v. other cathodes
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Figure 2 depicts the electrical conductivity data of PrCoOs together with those of several
common cathode materials. PrCoOs had higher conductivities than most state-of-the-art cathodes
including Lao.s5Sr03MnOs3, LaosSro4Coo.2Fe0s03, Lao.7Sr0.3FeOs, and Lao.9osNiosFeo40s3. Although
the conductivities of PrCoOs were slightly lower than those of Smo.sSro.sCoO3, which was well
known to readily react with the trace amount COz and H2O in air.

[0025] In another embodiment, a composite cathode ink (PC-GDC) was prepared by mixing
60 wt% PrCoOs and 40 wt% GDC with appropriate amount of ink vehicle (from
FuelCellMatrials.com) on a high energy mall mill for 2 hours. The resulting viscous ink was
applied onto the fuel cells by either brush painting or screen printing. The cathode was then dried
in an oven at 90 °C for one hour and was further sintered at a temperature between 800 — 1000
°C. In one embodiment the thickness of the composite cathode is around 15 um.

[0026] The effect of cathode sintering temperature is shown in Table 2. All of the cells had a
cathode thickness of 12 pm and LSCF was used as the cathode contact paste. The 900 °C
sintered PC-GDC cathode generated the highest power densities at 0.8V were 230, 323, and 404
mW/cm?, 650, 700, and 750 °C, respectively.

Table 2
. Power .
Material Cathode sintering Power Densi,ty at Density at Power Dens1oty
e : 0.8V, 650°C Y1 ato.8v, 750°C
compositions | temperature (°C) (mW om?) 0.8V, 700°C (mW om?)
(mW cm?)
PC-GDC 850 153 233 316
PC-GDC 900 230 323 404
PC-GDC 950 213 307 392
PC-GDC 1000 157 247 306

[0027] When SSC was used as the cathode contact layer, the power densities at 0.8V of the
cell with a 900 °C sintered cathode produced 281, 391, and 518 mW/cm2, 650, 700, and 750 °C
respectively. Further reducing cathode thickness to 8 um yielded even higher powder densities of

274, 415, and 562 mW/cm2 at 0.8V, 650, 700, and 750 °C, respectively.

[0028] In the accelerated stability testing with 1.6% CO: in air, the PC—GDC cathode

showed no degradation in 50 h of testing, while all the other cathode materials, including
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PBSCF, SSC-GDC, and PNF-coated SSC-GDC, suffered from rapid performance degradation.
The PNF-coated SSC—GDC did show better stability than the other two advanced cathode
materials, PBSCF and SSC—GDC. The initial performance of the new PC—GDC cathode was at
the same level as that of the SSC-GDC cathode, but with much better stability in a COz
environment. Optimizing the PC-to-GDC ratio, cathode thickness, and microstructure could
further improve the cathode performance.

[0029] The XRD patterns of the mixtures of Cr203 and different and cathode materials
including PC, SSC, LSCF, LSM and LSC were also tested. These test results indicated that
SrCrO4 peaks could be clearly observed in SSC, LSC and LSCF mixtures with Cr203 oxide, after
aging at 700 °C for 50 hours. However, no SrCrOs peaks were observed in PC and LSM
mixtures. Thus, PC didn’t react with Cr20s.

[0030] Table 3 compares the power densities of SOFCs with PC-GDC and LSM-YSZ as
cathode materials. The PC-GDC showed much higher performance than LSM-YSZ cathode.
[0031]  Table3
Material Power Density at 0.8V, | Power Density at 0.8V, | Power Density at 0.8V,
650°C (mW cm?) 700°C (mW cm?) 750°C (mW cm?)
PC-GDC 274 415 562
LSM-YSZ 133 209 311
[0032] In closing, it should be noted that the discussion of any reference is not an admission

that it is prior art to the present invention, especially any reference that may have a publication
date after the priority date of this application. At the same time, each and every claim below is
hereby incorporated into this detailed description or specification as an additional embodiment of
the present invention.

[0033] Although the systems and processes described herein have been described in detail, it
should be understood that various changes, substitutions, and alterations can be made without
departing from the spirit and scope of the invention as defined by the following claims. Those
skilled in the art may be able to study the preferred embodiments and identify other ways to
practice the invention that are not exactly as described herein. It is the intent of the inventors
that variations and equivalents of the invention are within the scope of the claims while the

description, abstract and drawings are not to be used to limit the scope of the invention. The

invention is specifically intended to be as broad as the claims below and their equivalents.
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CLAIMS
A solid oxide fuel cell comprising:
an anode;
an electrolyte; and
a cathode comprising Pr«CoyO3, wherein the ratio of x and y are 1:1.
The solid oxide fuel cell of claim 1, wherein the cathode is a bilayer cathode comprising
both PrxCoyOs3 and a different cathode layer.
The solid oxide fuel cell of claim 1, wherein the different cathode layer is selected from
the group comprising of: gadolinium-doped ceria, lanthanum strontium cobalt ferrite, and
a mixture of gadolinium-doped ceria and samarium strontium cobaltite.
A solid oxide fuel cell comprising:
an anode;
an electrolyte; and
a multilayer cathode, wherein at least one cathode layer comprises Pr«CoyO3 and the ratio

of x and y are 1:1.
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