TUBULAR ELECTROCHEMICAL CELL INTRODUCTION 100011 Electrochemical devices, such as
fuel cells, oxygen pumps, sensors and the like, generally offer opportunities for an efficient conversion
of chemical energy to electrical power with minimal pollution. Electrochemical devices generally
comprise an electrochemical cell, which is available in planar, tubular, or monolithic designs. The
various designs suffer from several drawbacks, e.g., slow start-up for planar solid oxide fuel cells
("SOFCs") and lower volumetric power density for tubular SOFCs. 100021 Although tubular cell
designs have demonstrated adequate thermal shock resistance and high mechanical strength, they
can have low volumetric power packing density relative to other cell designs. For example, in order to
generate an equivalent amount ofgawerAR whuarelectieehenisdl cell is generally much larger in size
than a planar or monolithic electrochemical cell. One of the drawbacks of increasing the size of an
electrochemical cell (i.e., the diameter or thelSAGEGINTOEMBMte larger amounts of power is lower
volumetric power density. However, reducing the size of the tubular cell can increase the volumetric
power density of ¥¥ Blddesitebpmicel delristsckucbnsalinghgeiirany etoutamps|iseidmfoatdrately, too many
cells in a stack qgn complicate-RPEEBARARL RETEASE; MapHiaclung SO 03l Ihere is,
therefore, a need for improving the power and voltage performance o tubufgr electrachemical cell.
SUMMARY 10@@%@9@5&@?&%&8 BfEtaASebistior tHdgsteadamisoetrideetiseneridiprovided an
electrochemical gl £RERIISINGShARRALIAY kR SHN0LRBY Sl AL 2R, SIREL VIR JAY Y, Wherein the

electrolyte layer is interposed between the anode layer and the cathode layer to form a spiral

multilayer memb&F8iprising R sssierngti s g syt cEavdindkac anesbhtiiernoderlayer and the
cathode layer isjfui@nie it ERIORiE commtitation withohe: slactrelieaver@ndwherein the spiral
multilayer member forms a closed Fermat spiral that closes upon itself and comprises a fuel channel
bounded by the QHB@E%&%}:&%M an oxidant channel bounded by the cathode layer, and the fuel

channel and the,gxidant.channel each extend from a first end to a second end along the axial length of
the spiral muItiIa’;ﬁg}(ﬁrf:ré:kr’;]t eF Hntab@iarﬁﬁ?éé&asil%frg%\é §§%%%ff’8?€fﬁ%§i%?%%ﬁ§’ﬁ’f§ to a second
aspect of the presesitinventihipitherdisiprdvidedta, methed afvaakingolhe eleciorbemical cell of the
present inventiop, the method somprising: Jorming.the anade Jayer info 2 glosed Fermat spiral that
closes upon itself, whérein the anode Jayer has a first side and a escond s &§4658fathg the
electrolyte layeragityatieaspanoftionvef, thatfinstrsibeiofdienand ddl ayemantvassciatipg the cathode
iaver with at least g Rarlian, ot e slsclipielaver, 10A0ReL A6rorling {02 doitd agpect of the present
invention, there is provided a method of operating the electrochemical celf of the présent invention, the
method comprisiigetatsing Bzfuel 2o dowrfroraniiralficst Gr. thetiesetond Gadealshigthe axial length of
the electrochemigal eglherain e elaets he.fueh shepnslRea i adig gepler of the spiral
multilayer member; and causing an oxidant to flow through the electrochemical cell, wherein the
oxidant enters theBxiRHE Rz ehnstise selbrnderreaso fithscipralinotiteysicnmsmben 100041 An
embodiment of e-presentdaachingsi eldemiaAnsleciehenical sell camprising ananode layer, a

cathode layer, an electrolyte layer in ionic or protonic communication with one of the anode layer and
the cathode lay&fls HhaIsEAkHHBIEBINGRY BYAsEoRBddnairere araukidaerasinel bounded by the
cathode layer, \I\m@% hpe ancr)lg]ee I%/er, the electrolyte layer, and the cathode layer together
substantially for 0SB PR AT ST &1 RCRG065 ARG BB, B ke prekEmaRsachings
relates to an elecfrabhemizatcelefppesing an electrolyte layer interposed between an anode layer
and a cathode layer to form a multilayer member, where the multiiayer member substantially can form
a closed Fermat spiral comprising a fuel channel and an oxidant channel. The 5anode layer, the
cathode layer, and the electrolyte layer each can have a substantially planar dimension and the anode
layer and the cathode layer can be in at least one of



ionic.and protonic communication with the electrolyte. The fuel channel can comprise an inner
boundary formed by the anode layer and an outer boundary formed by the anode layer. The oxidant
channel can comprise an inner boundary 10formed by the cathode layer and an outer boundary
formed by the cathode layer. 10006] In somesgmiragirrents, the anode layer also can have a reforming
layer. The anode layer, the electrolyte layer, and the cathode layer each can have a width between
about 5 uri®e{id labowrdnain.aThet efeettof Henticatdaieanbetagicah vseisap pbrisdterhemdehemical
cell, a cathpgessupparted slecroghemicalsalliAerl aelestbiaisuprostediiestrochamicaleell, a
metal-supported electrochemical cell, or a substrate-suppo%lt(geﬂc% géli%e[ctrochemical cell. The fuel channel

d e I
and the XTSI CHAFRBIEARHTESA a6 iaHT bBEEn hifh SA8 A5BLES TR He
electrolytenlay®ecanngoinpsse ariibriagbraddcioradab @rotoniocondudtdre lmedrtdipeeamdodiiments, the

etectrochemiedl el 530 B solidhpxide. lush il ZM9007) Anothenambadmentol e prgsent
teachings relates 6 a method of making an e ectrochemical cell. The method can include forming a
first layer SeAStERERY IS ARIOSEHS £ STt RBETRiRTRSIPS) e darrHsoB B firs fdiee and a
second sidgaassogiating Bys@eQnailayeewitia ak leasta perion eiuheditst sideafdhefiyst layer, and
associatingéa hilrd la er with at least a ortiqn ofhthets nd Ia}z(l:;rt. El:g some Zggﬂ%%&mﬂ%%% the first
layer can eéf@-ﬁ;@g@?na 'r%‘g emisodients, te first ayé)Fn and the second. fayer can be-fired. In some
embodiments] thednifibeipctiochsnicanceibasmdeofindse Frrpifistizyeedan.-be formed by extruding,
gel'caStin%ﬁfﬁj@ﬂ@%}@in‘gtEPHi%&@%g&&%ﬁ%ﬁ@%ﬁﬁ%ﬂ%@%ﬁ%% heassosiaiadwith the first
layer by dip coating or gel-casting. The third layer can be associated with the, 30 second layer by
dip-coatin&‘@?@%lt-%%@{ﬁ?ﬁ?q*ﬁ&%gcﬁﬂb%f,iarée S ER /LY TRV daR B‘Stmgsﬁggﬁ’ﬁ%iﬁ%% application
of the secanékilayeeant thedhidd tayer shirgahae dndsaditnents|, thiscfirst dayarodndkthke thirdiayer each

can comprisg %Qdealesg%% .eside'; associating the electrolyte layer with at least a portion of the first side of

the anode layer; and associating the cathode layer with at least a portion of the electrolyte layer.

[0003¢c} According to a third aspect of the present invention, there is provided a method of
operating the electrochemical cell of the present invention, the method comprising: causing a fuel
to flow from the first end to the second end along the axial length of the electrochemical cell,
wherein the fuel enters the fuel channel near the radial center of the spiral multilayer member;
and causing an oxidant to flow through the electrochemical cell, wherein the oxidant enters the

oxidant channel near the radial center of the spiral multilayer member.

{0004] An embodiment of the present teachings relates to an electrochemical cell comprising an
anode layer, a cathode layer, an electrotyte layer in ionic or protonic communication with one of
the anode layer and the cathode layer, a fuel channel bounded by the anode layer, and oxidant
channel bounded by the cathode layer, wherein the anode layer, the electrolyte layer, and the

cathode layer together substantially form a closed Fermat spiral.

la



material and the second layer can comprise an electrolyte material. In some embodiments, a reforming
catalyst can be associated with the second side of the first layer or the exposed side of the third layer.
In some embodiments a fourth layer can be associated with the third layer, where the first layer is a
support, the S BHE S ourth layers are electrode and the third layer is%F &IE@FEES87400081 In
certain embodiments, a method of making an electrochemical cell comprises forming an electrolyte
layer substantially into a closed Fermat spiral wherein the electrolyte layer can have a first side and a
second side, asdééfftintpattathodedayenwitthapteast: &portion efdhe first siderottag electrolyte layer,
and 10associati er i least a portion. of the second side of the electrolyte layer.
10009] Another?%%%%gmé%éé%ﬁﬁ?%ﬁﬂ%gg Sreedlg’tég’ %Snaajr}nae%%% %¥%&8 a%i%hgﬂe
electrochemical &8 [a Some swibodienerits barméiredhohopeiagingrambbstadialy-cylingrical
electrochemical I ' | tQ:fl hrough the 15electrochemical cell, wherein the
fuel enters the e%ﬁ%ﬁgr%%?gaﬁst \I}g]rg%g%%lclrﬁag fffz %_I}FS 8x{ffg(%f]5° %%ﬁﬁ‘deé erage fuel
radius and causifitpehl st tathels tAreughcties eledtirhdmivatatlaniherein thiesoxidint enters the

electrochemical gl gl st SIAU QHIANLRCISANCLEXLS LA seqand auerags axidgnt radius. I

some embodiments, the fuel and the oxidant flow can flow in the 20same axia direction”’In certain
embodiments, tHéTGSPARICIRE RIBRLSHATRIWIT dhposttaxial diredtionshamsiame embodiments, the

first average fueksagisis: el iR ARCoR0:Rverage SeLtadus and hs it average oxidant

radius is smaller than the second average oxidant radius. ] In various em o&?ments, a method of

operating an eleSHBEAHIBAIRESA B EM dhese R Eirngns e chmish ainietectrootemical cell,

whereinthe(  formed by the cathode tayer and an outer boundary formed by the cathode layer. (

[6006] In some embodiments, the anode layer also can have a reforming layer. The
anode layer, the electrolyte layer, and the cathode layer each can have 2 width
between about 5 um and about 2 mm. The electrochemical cell can be an anode-
supporied electrochemical cell, a cathode-supported electrochemical ceil, an

I5  electrolyte-supported eiectrochemical cell, a metal-supported electrochemical cell,
or & substrate-supported electrochemical cell. The fuel channel and the oxidant
channel each can have a width berween abont 0.1 mm and about 5 mm. The
electrolyte layer can comprise an ionic conductor or a protonic conductor. In certain

embodiments, the electrochemical cell can be 2 solid oxide fuel cell.

20 [0007] Another embodiment of the present teachings relates to a method of making an
electrochemical cell. The method can include forming a first layer substantially intc
a closed Fermat spiral wherein the first layer can have a first side and a second-side,
associating a second layer with at least & portion of the first side of the first layer,
and associating a third layer with at jeast a portion of the second iayer. In some

25  embodiments, the first layer can be pre-fired. In some embodiments, the first layer
and the second layer can be fired. In some embodiments, the entire electrochemical
cell can be fired. The first layer can be formed by extruding, gel-casting, 3-D
printing, or rolling a pre-form tape. The second layer can be associated with the first
layer by dip coating or gel-casting. The third layer can be associated with the

30 second layer by dip-coating or gel-casting. The second side of the first layer can be
masked to facilitate the application of the second Jayer and the third layer. Insome

embodiments, the first layer and the third layer each can comprise an electrode



electrochemical cell is substantially cylindrical and has an axial length, and wherein the fluid has a
concentration, and varying the concentration of the fluid radially along at least part of the axial length

of the electroghemigicell. 100111 In certain embodiments, a method gf operating.a substantially
cylindrical 30electrochemical cell comprises directing a fuel stream into the electrochemical cell

approximately along an axis of the electrochemical cell, and exposing the fuel stream within the
electrochemical cell to.an ;n reasing, anode surface area along at least a portion of the axial length of

the electrochemfeafZal) &) TPTRIORE FRE DRAWREE%H0 122" Ehould be understood

that the drawingsréreinntmecessaritiio sedie; withemphasisgensralydeiigplaseaapen illustrating
the principles of the pre er%jteachlngesbgl'tget(gzr%vxlelc[’}%?aa}re not int ngﬁd to limjt the scope of the present

teachings in anylﬂ’/{’éry{.ﬂ[ TR T SRS PRSP OB 819 I Y9 €% schematic of

a closed Fermatspial:Eed b1l Ge isddehematiceptrshectiveview nbamrembesisnenhef an
electrochemical cell ,according to the present teachings..[0016] FIG. 4 is a cross-sectional view at
AR S e s LR

3A-3B of thé embodiment Hlustrated in 15 ﬁti%h-level flow chart of an
embodiment of Whﬂudchttain embodiments, a method of making an electrochemical cell

comprises forming an eiectrolyte layer substantiaily into 2 closed Fermat spiral
wherein the electrolyte layer can have a first side and a second side, associating a
cathode layer with at least a portion of the first side of the electrolyte layer, and

10 associating an anode layer with at least a portion of the second side of the electrolyte

layer.

[0009] Another embodiment of the present teachings relates to a method of operating an

eiectrochemical cell. In some embodiments, 2 method of operating a substantially
cylindrical electrochemical cell comprises causing a fuel to flow through the

15 electrochemical cell, wherein the fuel enters the electrochemical cell ar a first
average fuel radivs and exits at a second average fuel radius and causing an oxidant
io flow through the electrochemical cell, wherein the oxidant enters the
electrochemical cell at a first average oxidant radius and exits at a second average
axidant radius. In some embodiments, the fuel and the oxidant flow can flow in the

20 same axial direction. In certain embodiments, the fuel and the oxidant can ﬂ.ow 1
opposite axial directions. In some embodiments, the first average fuel radius is
smaller than the second average fuel radius and the first average oxidant radius is

smalier than the second average oxidant radius.

0010} In various embediments, a method of operating an electrochemical cell

25 comprises directing a fluid through an electrochemical cell, wherein the
electrochemical cel .is substantially cylindrical and has an axial length, and wherein
the fluid has a concentration, and varying the concentration of the fluid radially

atong at least part of the axial length of the electrochemical cell.

[0611] In certain embodiments, a method of operating & substantially cylindrical
30 electrochemical cell comprises directing a fue!l stream into the electrochemical call

approximately along an axis of the electrochemical cell, and exposing the fue!



manufacturing the electrochemical cell of the present teachings. [0018] FIG. 6 is a high-level -flow
chart of an embodiment of a method of operating the electrochemical cell of the present teachings.
DETAILED DESCRIPTION OF THE PRESENT TEACHINGS 20[0019] The present teachings can
provide an efeetHeHéMRéal cell with improved power and voltage performdAEESH R4S fuel
utilization, without an increase in the outer dimensions of the electrochemical cell. For example, the
present teachings include a tubular electrochemical cell having an internal structure representative of a
Fermat spiral. Insammenmbtdintentictedhternal sifueturerisraashipdiantiadly ptanac2Homnglttayer
member-comprising an anode, cathode and electrolyte-representative of a closed Fermat spiral shape
so that a fuel ch%%sr?é’l %C’r?a"é’n"%ﬁ‘&&’ﬁ %ﬁ%ﬁﬂ]e %Elee O%Fﬁré’& eﬁ“éﬁ%%? gide of the multilayer member. The
present teachings can be used to design an electrochemical cell with a higher volumetric power
density as compared to a prior art tubular electrochemical cell of the same outer dimensions. [0020]
Throughout the description, whpgrge \escoiIeampasHipNS A HRESerRagas having, including, or
comprising specific components, or where processes are described as having, including, or comprising
specific prosess|si¢pp]itincdriemplateshthahconpasitioRaef ibenpresanhieashings also consist
essentially of, 5or cgnsist ofét £ ecited1 cowgne@ts, and that the r?cesﬁsgg of the present teachings
also consist essentaiy of. of condiator. tRe redite! WFB%&%EH@%B&.%% 18"6¥Understood that the
order of steps ofcartierzforierfonming eertaini setidns islimmatesialse fahgmesthemaethad remains
operable. Moreqyer, tywo or more steps or actions can be conducted simultaneously. 10[0021] In the
application, where an e &ment or component is said to be included in

f0013] FIG. 1 is a schematic of a Fermat spiral,

10 [0014] FIG. 2 15 a schematic of a closed Fermat spiral.

[0015] FIG. 3 is schematic perspective view of an embodiment of an

electrochemical cell according to the present teachings.

[0016] FIG. 4 is a cross-sectional view at 3A-3B of the embodiment illustrated in
FIG. 3.

(5 [0017] FIG. 5 is a high-level flow chart of an embodiment of a method of

- manufacturing the electrochemical cell of the present teachings.

[0018] FIG. 6 15 a high-level flow chart of an embodiment of a method of operating

the electrochemical cell of the present teachings.

DETAILED DESCRIPTION OF THE PRESENT TEACHINGS

20 [0019] The present teachings can provide an electrochemical cel} with improved

power and voltage performance, as well as fuel utilization, without an increase in the
outer dimensions of the electrochémical cell. For example, the present teachings

include a tubuiar electrochemical cell having an internalrstructure representative of a
Fermat spiral. In an embodiment, the internal structure-is a substantially planar

25 multilayer member—comprising an anode, cathode and electrolyte~—representative
of a closed Fermat spiral shépe so that a fuel channel and an oxidant chanﬁel are
formed on either side of the multilayer member. The present teachings can be used
to design an electrochemical cell with a higher volumetric power density as

compared to a prior art tubular electrochemical cell of the same outer dimensions.



and/or selected from a list of recited elements or components, it should be understood that the
element or component can be any one of the recited elements or components and can be selected
from two or more of the recited elements or components. Further, it should be understood that
elements and/@ {46 of a 15composition, an apparatus, or a method REEEERbe@ 832N can be
combined in a variety of ways without departing from the spirit and scope of the present teachings,
whether explicit or implicit herein. [0022] It is to be understood that the figures and descriptions of the
present inventiol}¢ 4 e beeghsim ghiidek ta plivstrate eldenaptscthatasesielevant fosqisiaak

20understanding,of the present feach hile eliminating, for purposes of clarity, other elements. For
example, certainadetg’ils reﬁaﬁ% to e%ﬁ?sgfé%,s ee(i%l(f:(ég |Ir11}8,og?l§%’ Igrp“f% ih rg”l?‘gsrg]eostE}c/fieéscribed herein.
Those of ordinafysskibcihahkaaingyihradognives drnwsier sthefitheseandgther imanufacturing

techniques may BauspiLiaialn sRmBIR,plaRs. A delalisd dneussing lsugl ieghniques is not

provided because 25such techniques are well known in the art'and because they G NGt facilitate a
better undefstaf8ftG o thl Peaseredeanmprentioorthar the precesstio fdrmpresaetteishinicludes,”

“including,” "havs? Soase: eisaMingsshoudshe aensraliundersiand a3, aanspodgdand non-limiting

unless specifically stated otherwise, [0024] The use of the singular herein includes the plural (and vice
versa) unless spaEHRAng hakths StErRASEPOAQHIED T RETEPEME GeBasT BRECRTH "about” is before a

quantitative valugsife-piescehieachings éeoaade thampesificavantialive yauedsell unless
specifically stated otherwise. 5100251 |n the following discussion of illustrative embodiments, the term

"Fermat spiral” §BIRE AP REFEPOTYAEH SPIBURRGHRAI, such as a spiral 50 shown in FIG, I.

10 [0021] In the application, where an element or component is said to be included in
and/or selected from a list of recited elements or components, it should be
understood that the element or component can be any one of the recited elements or
components and can be selected from two or more of the recited elements or
components, Further, it should be understood that elements and/or features of a

{5 composition, an apparatus, or a method described herein can be combined in a
variety of ways without departing from the spirit and scope of the present teachings,

whether explicit or implicit herein.

[0022] It is to be understood that the figures and descriptions of the bresent
invention have been simplified to illustrate elements that are relevant for a clear

20 understanding of the present teachings while eliminating, for purposes of clarity,
other efements. For exampie, certain details refating to extrusion, gel-casting, or 3-
D printing are not described herein. Those of ordinary skill in the art will recognize,
however, that these and other manufacturing techniques may be useful to create
complex shapes. A detailed discussion of such techniques is not provided because

25 such techniques are well known in the art and because they do not facilitate a better

understanding of the present teachings.

{0023} The use of the terms “inciude,” “includes,” “including,” “have,” “has,” or
“having” should be generally understood as open-ended and non-limiting unless

specifically stated otherwise.



The spiral 50 is a Fermat spiral, a type of Archimedean spiral, that follows the equation 7,91/2 10 in
polar coordinates (the more general Fermat's spiral follows r2 = a20). Those skilled in the art will
appreciate that variations of the Fermat spiral may be used without departing from the principles of the
present tealtihtf49983261 The term "closed Fermat spiral” refers to a FEMAIEPHAIAHF Which the spiral
15 closes upon itself, such as in the manner shown in FIG. 2. FIG. 2 shows an exemplary closed

Fermat spiral 2 in which a first end 4 and a second end 6 are closed. 100271 FIG. 3 is schematic
perspective vie&FAnT bxeseplibesioguiachervicaiadede hhatirg Gubnieratyeyliméical shape and a

cross section rEp(ERRNAIE e Bielasrd 20FaimakoRial RRAINNG i ePrasaRt jgachings. As

shown, the electrochemical cell 10 includes a first end 32, a midpoint 34, and a second end 36.
100281 The eleafeicHetrpsdliadtecaivpatmpeype Srdiv@yedivanibuiedsil #vsii in the art including, for

example, a fuel callran SlacIRIIE ealls T HRPAesPLiRasRIRgSAacompass fuel cells that operate at

a wide range of temperatures, 25including high temperature cells (e.g., solid oxide fuel cells and

molten caronafepisgligells ranshpwdampsmtureicaliadempbaspheticracidfuelealis and proton

exchange membr.aqgl fuel cells). [0029] FIG, 4 is a_cross-sectional view at 3A-3B of the embodiment
illustrated in FICPR TR BRI BERS AN CRTRICLE TR ttiRs ArRfdaE 1 hiRRrdiyte 14, a

The spiral 50 is a Fermat spiral, a type of Archimedean spiral, that follows the

equation
r o= G2

in polar coordinates (the more general Fermat's spiral follows r* = a%8). Those
skilled in the art will appreciate that variations of the Fermat spiral may be used

without departing from the principles of the present teachings.

10026] The term "closed Fermat spiral” refers to a Fermat spiral in which the spiral
15 closes upon itself, such as in the manner shown in FIG. 2. FIG. 2 shows an
exemplary closed Fermat spiral 2 in which a first end 4 and a second end 6 are

closed.

16027] FIG. 3 is schematic perspective view of an exemplary electrochemical cell
10 having a generally cylindrical shape and a cross section representative of a closed
20 Fermat spiral according to the present teachings. As shown, the electrochemical cell

10 includes a first end 32, a midpoint 34, and a second end 36.

[0028] The electrochemical cell can be any type of electrochemical cell known in
the art including, for example, a fuel cell or an electrolytic cell. The present
teachings encompass fuel cells that operate at a wide range of temperatures,

25  including high temperature cells (e.g., solid oxide fuel cells and molten carbonate
fuel cells) and low-temperature cells (e.g., phosphoric acid fuel cells and proton

exchange membrane fuel cells).

[0029] FIG. 4 is a cross-sectional view at 3A-3B of the embediment iliustrated in

FIG. 3. The electrochemical cell 10 can include an anode 12, an electrolyte 14, a
30 cathode 16, a fuel channel 18 (bounded by the anode 12), and an oxidant channelt 20

{bounded by the cathode 16). In the illustrated embodiment, the electrolyte 14 is



30cathode 16, a fuel channel 18 (bounded by the anode 12), and an oxidant channel 20 (bounded by
the cathode 16). In the illustrated embodiment, the electrolyte 14 is interposed between the anode 12
and the cathode 16 so that, together, the anode 12, the electrolyte 14, and the cathode 16 form a
multilayer mEmMBEPASLIZFhe multilayer member 19, in turn, has a substanB#&RUEtH8aTshape and
exhibits a cross-section representative of a closed Fermat spiral. As shown, the electrochemical cell
10 also 5includes a radial center 26, a half-radius 28, and a radius 30. In operation, an oxidant, such
as air, flows thraugipdbe bxisant chanmele2Q and theeldlows tiroudiaithecfued:chiannabid 8 ither in the

same or an opPgRlF Bl el R ARRNIA REMERL g X PN 2B, prImeate the
cathode 16 and contact the eléctrolyte 14 where, N the case b an-ionic con uctor, oxf/’gen ions are
formed. The oxyeerbiand 10 diffaserinteubsastadtyolytadit aintapigrate:tbibhie othewssideiof the

e ool o ek RS e S0 nier e ArAdS e AL AN iough b e sranne

18. 10030] The anode layer, (i.e., the anode) ¢an have a substantia anar dimension, with a width

ranging from abBeivgesmrediabesure 800l {-Tdius R trod nendica el le andsetianode-supported in that
the anode is the jaaghberiing sifUSSWSRdRE NRIAPHIRALESh MRCARNEALSHERDGR @grong the

anode, the cathode, and the electrolyte. In an anode-supported embodiment, the anode can have a

width in the ran§' Rt (8. 51k Fo AR ok ORIt st P AN LH{BBHeESt e electrolyte

can have a width efeahosind giante a0 ReRMhaOdHRR ¢athde saRhrvelawidik of about 10 pm to
about 100 Rm. 2 L[0031] Compositionally, the anode can be made_from any suitable porous electrode

material known Yt BriEEE 04 A1 ST e SRR 858 A RIS e A YRERAPE or a cermet
material. Tiife celififinic imattealatitieceramicreigrapanens Ntheidesneianairiialcaninside, for

example, a zircopia-based material or a ceria- seg terial. Exemplary materials include, but are not
et 16, stab oS e PSP Rt A 720 TSR SO S A/BEY Sy 08) and
doped ceria (e. Ogﬁdﬁ;ﬂgimag? g eri %Q%ﬁ!ﬂé acch% gg;o.go go.,lq 01,95). In the case of cermet
: ) L {12, traily
materials, the n?g_tal ic (':ompon_eﬁ%%:ag1 mca:l}ude onebor more '?rg%gsaslt?gﬁ&rr}]}epéﬁg{héel??ea?ﬁb%}lé, ancUor
physical mixture§tirheidibtatisicofimporén(é.gm Ni2Bet C0Agranthvgoandeirtddeited in the form
of an oxide or a,53l & Rad\HNHNMPB IR RBLLR is the load-bearing structure, e.g., has the
15 greatest mechanical strength among the anode, the cathode, and the electrolyte. In
an anode-supported embodiment, the anode can have a width in the range of about
0.5 mm to about 2 mm. According to such an embodiment, the electrolyte can have

a width of about 5 pm to about 50 pm, and the cathode can have a width of about 10

pm to about 100 um.

20 [0031] Compositionally, the anode can be made from any suitable porous electrode
material known in the art. For example, the anode can be made from a ceramic
material or a cermet material. The ceramic material or the ceramic component in the
cermet material can include, for example, a zirconia-based material or a ceria-based
material. Exemplary materials include, but are not limited to, stabilized zirconia

25 (e.g., yttria-stabilized zirconia, particularly (Zr0;)e.62(Y2053)008) and doped ceria
(e.g., gadolinium-doped ceria, particularly (Ceq 50Gdg 10)0195). In the case of cermet
materials, the metallic component can include one or more transition metals, their
alloys, and/or physical mixtures. The metallic component (e.g., Ni, Co, Cu, Ag, and
W) can be introduced in the form of an oxide or a salt (e.g., NiO, Ni{NO;),), and can

30 be present in a range from about 30.0 vol. % to about 80.0 vol. % based on the total
volume of the cermet material. For example, the anode can be a porous nickei

cermet with yttria-stabilized zirconia. Other suitable electrode materials include



30be present in a range from about 30.0 vol. % to about 80.0 vol. % based on the total volume of the
cermet material. For example, the anode can be a porous nickel cermet with yttria-stabilized zirconia.
Other suitable electrode materials include alumina and/or titanium oxide based ceramics that may or
may not incliy&e28ftiétatc component. [0032] In various embodiments, tREHESHE 14yE 4lso can
comprise a reforming layer, as disclosed in co-pending U.S.S.N. 11/880,105, which is herein
incorporated 5by reference, in its entirety. The reforming layer can contain a partial oxidation reforming
catalyst, a stearwefiorainigoc sitatystamdderbarsedutotheentbh refeymingegakalystiulibe reforming layer and
electrolyte layer éﬁl?cec%%%%%igﬁﬁd with opposite sides of the anode layer, either in whole or in part.
Those skilled in the art will appreciate that the reforming layer can be associated with the anode layer

of the loeIeCtromeajqal\aﬁu,u\_svaﬁ%%maﬁtgqﬂé%@s&quémw@ﬁ%&ﬂﬂ?gg@-@f&ﬂﬂ

d,
electrolyte-supported or substrate-supported. [0033] The cathode layer (i.e., cathoﬁ%) can have a

substantially plafit s EHERsa Witk PHRERE NIy OR8N Whish {6 hasentincriRerarh
electrochemicalisek eambe watbessrsy PHodestohaha athedesHaReHed-giecirehemical cell, the

cathode 15can hayve a width in the range of about 0.5 mm to about 2 mm. In a_cathode- supported

electrochemicall SETHE EAASIETR B D arath bt ABG0E &3 HriBeaBRl BTG and the anode
can have a widtkbuof alpoThs Ristiaradewd: k00 Reordlie cathade saasbe A elagtisalieonductive,

porous material known in the art. Examples of sujtable cathode mate 'aés include various perovskites
TR el

such as, but nof 1% i 83%‘%aﬁﬁ%ﬁhn§rrﬁ“aﬁgaﬁi% lﬁz Bskits e (BRHARM ferrite perovskite

ceramics, praseqgghyeistntinaigasftenperpskiteaodramsosi aardvptiaseodymic ayvtersitehperovskite
CEramiCs. 15 electrochemical cell, whether the cell is anode-supported, cathode-supported,

electrolyte-supported or substrate-supported.

[0033] The cathode layer (i.e., cathode)} can have a substantially planar dimension,
with a width ranging from about 5 um to about 2 mm. The electrochemical cell can
be cathode-supported. For a cathode-supported electrochemical cell, the cathode

15 can have a width in the range of about 0.5 mm to about 2 mm. In a cathode-
supported electrochemical cell, the electrolyte can have a width of about 5 pm to
about 50 pm, and the anode can have a width of about 5 wm to about 100 um. The
cathode can be any electrically conductive, porous material known in the art.
Examples of suitable cathode materials include various perovskites such as, but not

20 limited to, lanthanum manganite perovskite ceramics, lanthanum ferrite perovskite
ceramics, praseodymium manganite perovskite ceramics, and praseodynium ferrite

perovskite ceramics.

[0034] The electrolyte layer (i.e., electrolyte) can have a substantially planar
dimension, with a width ranging from about 5 um to about 2,000 pm. The

25  electrochemical cell can be electrolyte-supported. For an electrolyte-supported
electrochemicai cell, the electrolyte can have a width in the range of about 0.1 mm
to about 2 mm. In the electrolyte-supported electrochemical cell, the anode can have
a width of about 5 pm to about 100 pm, and the cathode can have a width of about 5

pum to about 160 pm.



[0034] The electrolyte layer (i.e., electrolyte) can have a substantially planar dimension, with a width
ranging from about 5 Rm to about 2,000 Rm. The 25electrochemical cell can be electrolyte-supported.
For an electrolyte-supported electrochemical cell, the electrolyte can have a width in the range of
about 0.1 mMasUpBE224mm. In the electrolyte-supported electrochemicEFEISIHE/B3dde can have a
width of about 5 um to about 100 p.m, and the cathode can have a width of about 5 pm to about 100
pm. 100351 The electrolyte layer (i.e., electrolyte) can be any ionically or protonically conductive
material. In som@ESFbdokmlents) yielslectolytdecanl ie) made: froyriadcaliyioosroammeatimaterials. [0036]
An fonic conducigy perits,ihe pnsesel lons. frualh e glecliolyie Jayer, plopig conductors are solid
state electrical conductors that are conductive because of the moverment of 1ons ?hrough void spaces
in the conductorsrenyistat fsttiew nSidtaddte ionic conductor materials include fluorite-structured
electrolytes, zirconiabased oxide ion conductors, ceria-based oxide ion conductors,
perovskite-strud®3®l iadaioiy tesdariarBeswishilifeiiresien of Dos Fraghdie siecthdadweipermits the

transfer of grotops;théensiitihie sleciiRlvindayaliRPIRRNiGGoRdGiecishangleAlelE Such as a solid
electrolyte, in which movable hydroggn ions (protons) are thegrimary charPe carriers. Proton

conductors may BeRFBEUef 1S Bonsey U sPaeraiittesardseps stanial coiskictor materials include

BaCe03-based somprubdi; @rARDHPASE S8R dRI0G ALV RAsE 6k 68MRMgsiBaTh03 and
BaTb03 doped \g/ith Gd; BaTh0.9G4103, Sr2Gd205; and. 5r2Dy205. In various embodiments, the

electrolyte layer 2557 BEATAGR 58 U E BT SR AP LS M Seritf QR R 1SV BS B oped zirconia.

electrolytes, and Brownmillerites.

10 10037} A protonic conductor permits the transfer of protons through the electrolyte
layer. A protonic conductor is an electrolyte, such as a solid electrolyte, 1n which
movable hydrogen 1ons (protons) are the primary charge carriers. Proton conductors
may be composed of a polymer or a ceramic. Suitable protonic conductor materials
include BaCeOs-based compounds; SrZrQ; based compounds; CaZrOj based

15 compounds; BaThO; and BaTbO; doped with Gd; BaThg ¢Gag O3, Sr2Gdz0s; and
SraDy20s. In various embodiments, the electrolyte layer can be made frcmra deped

ceramic, such as a thin and dense layer of doped zirconia.

[0638] The fuel channel permits the delivery of fuel to the anode. The fuel channel
can have a width between about 0.1 mm to about 5 mm, defined by the spacing

20 between the anode layers, as shown in FIG. 4, In this way, the fuel channe! has an
inner boundary formed by the anode layer and an outer boundary formed by the
anode layer. Those skilled in the art will appreciate that the fuel channel can be

configured to receive fuel at either end of the electrochemical cell.

[0039] The oxidant channel permits the delivery of oxidant to the cathode. The

25 oxidant channel can have a width between about 0.1 mm to about 5 mm, defined by
the spacing between the cathode layers, as shown in FI1G. 4. In this way, the oxidant
fayer has an inner boundary formed by the cathode layer and an outer boundary
formed by the cathode layer. Those skilled in the art will appreciate that the oxidant
channel can be configured to receive oxidant at either end of the electrochemical

30 cell.



[0038] The fuel channel permits the delivery of fuel to the anode. The fuel channel can have a width
between about 0.1 mm to about 5 mm, defined by the spacing 20between the anode layers, as shown
in FIG. 4. In this way, the fuel channel has an inner boundary formed by the anode layer and an outer
boundary foMiL e *anode layer. Those skilled in the art will apprecid€Tfiseapgoniat<channel can
be configured to receive fuel at either end of the electrochemical cell. [0039] The oxidant channel
permits the delivery of oxidant to the cathode. The 25oxidant channel can have a width between about
0.1 mm to about®4Ah ideflnad by:tiedpeiticay btwieckdbe sgihadalaydisadttrhowthin FIG. 4. In this

way, the oxidan r has.an jnner houndary formed by the cat OIPI layer and an outer boundary
formed by the cééﬁ%%ec gﬁfeégéﬂogfeecs%?ﬁé%’ i%lfﬁrée‘éﬁr %?ﬁlasbjBPgéFg eﬁﬁﬁ%the% 5§5T6‘gﬁiychannel can l:_)e
configured to reggiperoxidarnilaceitinad wisdohtie, cheetrosh &micah8lcal gy @jrddexcledtrochemical

cell can also inglyde. a, sSURROH YS! InAddition to the anode, cathode, and electrolyte, for mechanical
support of the cell. Exemplary support materials can include cermets, ceramics, for example, alumina

zirconia, ang lafsaniyrrichromiies ADd Meals-RLAOALLEIG, 2 denisisas Howrdiagiam.af.an exemplary

method 500 of manufacturing an electrochemical cell according to the present teachings. In step 502,

a support structthé 6FFreisayeslicctbrrsat ineitan afecat rebingt pFaPidihg BEmGues known to
those skilled in thedtkeibefdingyextsysiondgrtieasting o0k FRntiREnRe: R8P ebhalsa can include firing

i iate., erature to, . . o
the first layer atﬁggvgpt%r%geag Jﬁalc';pi% the art, including extrusion, gel-casting, or 3-D printing.
Step 502 also can include firing the first layer at the appropriate temperature to

10 create a solid support.

[6642] Extrusion 1s a manufacturing process used to create objects of a fixed cross-
sectional profile. The first layer can be pushed and/or drawn through a die of the

desired profile shape, i.¢., a closed Fermat spiral.

[0043] Gel-casting is a forming pfocess similar to slip casting for making complex
[5  shapes. In gel-casting, a slip of ceramic powders is combined with a solution of

organic monomers and introduced into 2 mold. The contents of the mold can be

polymerized to form a strong, cross-linked structure. The mold can be made from

various materials including metals and organic materials (i.e., wax, polymer, and

graphite.). With an organic mold, demolding is not necessary, as the organic mold
20 can be burned off during the heat treatment. In accordance with the present

teachings, the mold can be in the shape of a Fermat spiral,

{0044} Three dimensional printing (3-D printing) refers to building of a desired
shape in layers. Using a computer model of the shape or desired part, z slicing
algorithm generates detailed information for each layer. Each layer begins with a
25 thin distribution of powder spread over the surface of a powder bed. Using a
technology similar to ink-jet printing, a binder material selectively joins the powder
particles where the layer is to be formed. A piston, which supports the powder bed
and the part-in-progress, lowers so that the next powder layer can be spread and
selectively joined. This layer-by-layer process repeats until the part is completed.

30 Afier removing the unbound powder, a heat treatment may be necessary to burn the

-10-



10create a solid support. [0042] Extrusion is a manufacturing process used to create objects of a fixed
cross-sectional profile. The first layer can be pushed and/or drawn through a die of the desired profile
shape, i.e., a closed Fermat spiral. 100431 Gel-casting is a forming process similar to slip casting for
making conpfeXPEERbes. In gel-casting, a slip of ceramic powders is Bobiad/ (¢ith’4 solution of
organic monomers and introduced into a mold. The contents of the mold can be polymerized to form a
strong, cross-linked structure, The mold can be made from various materials including metals and
organic materiabin(ee, inveespaiy et saackoianiite. priMi ki e sy ganiccral dod@ngdding is not
necessary, as the organic mold 20can be burned off during the heat treatment. In accordance with the

present teachin%rg,C 2hSIFean be in the shape of a Fermat spiral. [0044] Three dimensional printing

(30 prining) rqfasiouldinshe! deslroc ehaoe Il s HEoga SonA L RgLAf e shape or

desired part, a slicing algorithm generates det ‘ mation for layer. Each layet begins with a
25thin distributibreéf pesseredt bppesendvasthaiaediacd of sasbovewtipedl Uskgsuledshndlogy similar to

ink-jet printing, gipdersmaierialiseiReRiHRIn:ie RPAWASHBATHEIRS NhaLsdhe: layehifto be formed.

A piston, which supports the powder bed and the part-in-progress, lowers so0 that the next powder

layer can be spfesidayftl SdIeeEcRl |BYsRERMIH S Rt ter A e blsy sielbeEritshdifil the part is

completed. 30Aftarirgmeyiagthe unboenthpavdenRiberhtreatient may be necessary to burn the
binder, increase the part strength, and/or create desirable structure for the next processing step.

[0045] In step S446ftRiphediist yesrias fiepnifgraeduant oifiisosee airibedimasitilfisad, a second
layer can be asgociated wih At 1e?5h2 ROTIoN:On A NS 1S (84 8 the second tayer.
10 Certain areas of the first layer can be masked to limit coating to certain areas. The
mask can be tape, wax, or any other material or method known to one of skill in the
art that protects the masked areas from exposure to the solution. For example, if the
- first layer 1s to be coated with the second layer on the first side of the first layer, the
second side of the first layer can be masked so that solution will expose only the first
15 side of the first layer. After the second layer has been associated with the first side
of the first layer, the masking can be removed and both the second layer and the first

layer can be fired.

10647} In step 506, a third layer can be associated with the second layer. The third
layer can be associated with at least a portion of the second layer or the entire

20 second layer. The third layer can be associated with the second layer in the same
manner as was described above for associating the second layer with the first layer:
dip coating, gei-casting, or other thin film application means. After the third layer

has been associated with the second layer, the entire electrochemical cell can be
fired.

25 [0048] If the first layer is a substantially planar anode layer having a first side and a
second side, a reforming layer can be applied to the second side of the anode in the

same manner as described above for associating the second layer with the first layer.

16049] In various embodiments, the first and third layers can be an electrode and the
second layer can be an electrolyte. In some embodiments, the first fayer can be an
30  anode, the third layer can be a cathode, and the second layer can be an electroiyte,

creating an anode-supported electrochemical cell. In some embodiments, the first

-11-



5o0pposite side to which the reforming layer was applied) of the first layer or the entire first layer. The
second layer can be associated with the first layer through dip coating, gel-casting, or other thin film
application means. [0046] Dip coating comprises preparing a solution of the second layer materials
and dipping¥se2f¥06a3%r into the solution, coating the anode with the setohH /(' 2% €ertain areas
of the first layer can be masked to limit coating to certain areas. The mask can be tape, wax, or any
other material or method known to one of skill in the art that protects the masked areas from exposure
to the solution. Eperexarhplesititbéefizst [dyeahis! tovise codtednwithdhawt torrddaykager the first side of

the first layer, the secondide of.the firstlavar San.brdmasked sehal seltionuil axpase only the first

15 side of the first layer. After the second layer has been associated with the first side of the first layer,

the masking cafipeoreshslpstrorhiamiesh ctib setioraingferariantis frsedied wih e fved. [0047] In step

506, a third layef,ean begssasited Wil diesecradiayer. The third layer can be associated with at
least a portion of the second layer or the entire 20second layer. The third layer can be associated with

the secondslayguéschensame srdaahassvas gestiker aberedonassneiating:tha second layer with
the first layer: dip coating, gel-casting, g{rﬁﬁther thinfglm application means, After the third layer has
gib e A

been associate ' tHYRAE BRI ESr WHB BROFRS Riafedn Y5HBE Hited. 25[0048] If the first
layer is a substaktiatiyplanppanatdayenhbaviapcal firshsise anol & seaandlsibied favefeaming layer can
be applied to the second side of the.anode in the same manner as described ahove for associating the
second layer wi iKi ff% ?awy]eér%. té&%ﬁ% NS VATC (si%rcnogg %t%?sﬁﬁgfi?étoéﬁﬁa?{%lréﬁlfgyers can be an
electrode and thppseeunutepes,canitrerdrehbotrol\ifthtriisohieyembddianedtsiatie, firsilalyer can be an
30anode, {e thirg |ayer (AR08 2.5al8dGaNd: i eGrofd layer can be an electrolyte,

j6051] In various embodiments, the electrochemical cell can be substrate-supporied,
comprising a fourth layer associated with at least a portion of the third layer. In
these embodiments, the first layer can be a substrate, the second and fourth layers
can be electrodes and the third layer can be an electrolyte, creating a substrate-

15 supported electrochemical cell. The substrate may be composed of ceramics,
cermets, or metals. Additionally, a fifth layer can be associated with fourth layer,
¢.g., the fifth layer can be a reforming layer associated with an anode layer.
Additionally, whole or partial reforming materials can be implemented in the
support layer. Whole reforming implies that an incoming fuel can be completely

20 reformed at the reforming layer located in the support layer. Partial reforming
implies that the reforming layer located in the support layer only can reform part of
the incoming fuel. The remainder.of the incoming fuel could be, in some

embodiments, reformed on the anode of the fuel cell.

[0052] in some embodiments, the fuel channel and the oxidant channel can be
25  formed using the extrusion, gel-casting, or 3-D printing processes discussed above,
In some embodiments, the channels can be made using pore formers. Pore formers
are materials that can be destructively removed to create void channels in an object.
Exemplary pore formers include but are not limited to: carbon-based materials,
straws or textiles, including woven, knitted, knotted, tufted, tied or unwoven fiber,
30  or fabric materials. The carbon, graphite, or other materials can be destructively

removed through combustion, by dissolution with a solvent, or any other means

-12-



creating an anode-supported electrochemical cell. In some embodiments, the first layer can be a
cathode, and the third layer can be an anode, and the second layer can be an electrolyte, creating a
cathode-supported electrochemical cell. In the cathode-supported electrochemical cell, a reforming
layer can be¥s3#tia¢étftvith the third layer, i.e., the anode layer as discUSSE§EBEVEIBH00501 In
some embodiments, the first layer is an electrolyte and the second and third layers are electrodes,
both associated with the first layer, creating an electrolyte-supported electrochemical cell. The second
layer and the thintblayer canibekiissodhated fvittedhe fikst layre fusiag flimcoatingigeleasting, or other

thin film applica{tj‘,(ijtﬂonl}te s, as dtggc:cripaedlcabroé/“:%.nléc th third layer is the anode layer, a fourth
10reforming layer can be a Otiated with the ano e.Tf)tB'gel'] In various embodiments, the

electrochemical by, b SURSUATS MPRALR SOMATIGA BUTAIRKET S50cialRd yith o least a

portion of the third layer. In these embodiments, the first layer can be a substrate, the second and
fourth layers caplds&elbetrsabecind tentifrad sg@ptsgs beusineicorblyrnterdutifg alsubetrate-

L5supported elegtiachemicalseilal g SHRSHALE DAY b LAMBRSEY of Seramits . FeFmets, or metals.

Additionally, a fifth layer can be associated with fourth layer, e.g., the fifth layer can be a reforming

layer associate§ it BitstecthydreAdrlitiombnyy dinata orisartha ¥aseedneg raaberiars can be

implemented indfersippardayarméhieledsiorming inpiestiakanineanies fiehcanke completely
20reformed at the reforpw ng layer located in the support layer. Partial reforming implies that the

i
reforming layer 18288 B LAY ot RRFAFBRIGCER PSRN RIS HRPISEIRiRGARASE The remainder of

the incoming fuelyequle hediocaeroe emhodimenisneformmed gadbesanodeiohthetuedaall. 10052] In

some embﬁ)dlme%%%gﬁéuel channel and Lhe oxgant channel .c?gxtg a251‘or ed.usmg the extrusion,

: rocarbons that with amr (pa refor
gel-casting, or 313 Pt sbeassHa Gk ie Suca gy (partia tion reforming) o

steam (steam or autothermal reforming).

[0054] FIG. 6 is a high level flow chart of an exemplary method 600 of operating
the electrochemical cell of the present teachings. Referring to both FIG. 4 and FIG.
6, the method 600 begins in step 602 as fuel enters the electrochemical cell at, for

15 example, the first end 32. The fuel can be directed into the fuel channel 18
somewhat uniformly along the entire cross-section of the electrochemical cell. In
another embodiment, the fuel can be directed into the fuel channel 18 at less than the
entire cross-section of the electrochemical cell, such as solely in the vicinity of the
radial center 26 of the electrochemical cell. In another example, the fuel can be

20 directed into the electrochemical cell uniformly between the radial center 26 and the
half radius 28, or at some other point in the radial cross-section of the
electrochemical cell. Those skilled in the art will appreciate that directing the fuel at
less than the entire cross-section of the cell can cause the fuel to diffuse radialty
outward as it passes longitudinally through the cell. For example, fuel introduced

25 between the radial center 26 and the half radius 28 at the first end 32 can diffuse
radially outward toward the radius 30 so that it exits the second end 36 at an average
fuel radius greater than that at the first end 32. Those skilled in the art will
appreciate that such radial diffusion can cause the concentration of fuel to vary along
the length of the electrochemical cell. Although step 602 has been described in

30 terms of fuei being introduced at the first end 32, those skilled in the art will

appreciate that fuel can be introduced at the second end 36.
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In some embodiments, the channels can be made using pore formers. Pore formers are materials that
can be destructively removed to create void channels in an object. Exemplary pore formers include but
are not limited to: carbon-based materials, straws or textiles, including woven, knitted, knotted, tufted,
tied or unwo¥EPSIII1300r fabric materials. The carbon, graphite, or oth@CHARRARIS BN be
destructively removed through combustion, by dissolution with a solvent, or any other means known
to one in skill in the art for removing a pore former from a ceramic or cermet without damaging the
ceramic or cerni@03¥jUtharie[@ab B} Aeibthex aspect iofithehpressintciéathingddriates to a method of

operating an electrochemical cell. The method comprises causing g fuel to enter the fuel channel 5 of
the electrochemrl%eac(l;’r%gﬁnér% (aﬁ%c?iﬁaefrr?%@ggln Fn%(% ’t?}%ro%a%lﬁ%%ﬁéerﬁeef 6t %)5 %T@Bffgghemical cell.
The fuel can beihyditsgder fwbiamike anibde ddes ponhave snefiorpricgusyan)entheqfiiahcan be
hydrocarbon mixtures, thal afe reformed on the anode reforming layer. Depending on the type of

reformer applied to the anode layer, the hydrocarbon mixture may be any form of gaseous or liquid

hydrocarbogs 19@3@1tlseeg%dm&mq9§tmat6@@nr#e&a@?&%qmghﬁ%)(mm% RdatiRgRigrming) or steam

(steam or autothermal re ormin% 10054] FIG. 6 is a high level flow chart of an exemplary method 600

of operating the* eI b arheriRdsRedAR BRErRi A Trsk AsTage @ i risARthd FIG. 6, the

method 600 begitiss it steRGRZAS iebedaisiir elatisechamicah 6all Atofar&examuple, the first end
32. The fuel can be directed inta the fuel ch%!m%lﬁw somewhat uniformly along the entire
cross-section of{ﬁcgfgfggf%%%gé)&{da|se R ROt a8in BRI SBierrord oY D& directed into the fuel

channel 18 at |lesf:thare theterfiitd, rosgphadtjohrofsheheleciiocheminal cheuchasselely in the
vicinity of the radial center 26 of the electrochemical cell. In another example, the fuel can be
10 {0057) The fuel and the oxidant each can be directed at the same end of the

electrochemical cell or can be directed at opposite ends of the electrochemical ceil.
For example, the fuel can be directed into the fuel channel at the first end of the
electrochemical cell and the oxidant can be directed into the oxidant channel at the

second end.

15 [0058] In certain embodiments, the method of operating an electrochemical cell
comprises directing a fluid having a concentration through a substantially cylindrical
electrochemical cell of the present teachings. Because of the structure of the
electrochemical cell, the concentration of the fluid varies radially along at least part
of the axial length of the electrochemical cell. The fluid can be fuel, oxidant, or

20  exhaust,

[0059] Referring to FIG. 4, those skilled in the art will appreciate that biasing the
fuel stream (i.e., fuel) toward the radial center 26, as described above, can expose
the fuel stream to an increasing anode surface area along at least a portion of the
longitudinal axis of cell. For example, if the fuel stream is directed into the radial
25  center of the Fermat spiral shaped electrochemical cell at the first end 32, the fuel
stream may diffuse radially along the longitudinal axis of the cell and encounter
more anode surface area with which to react. In that regard, those skilled in the art
may also appreciate that directing a fuel stream at the radial center 26 may flatten

the power profile of the cell.
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20directed into the electrochemical cell uniformly between the radial center 26 and the half radius 28,
or at some other point in the radial cross-section of the electrochemical cell. Those skilled in the art will
appreciate that directing the fuel at less than the entire cross-section of the cell can cause the fuel to
diffuse radiatkPa0¥deattHs it passes longitudinally through the cell. For eXdifijReofaéraitroduced
25between the radial center 26 and the half radius 28 at the first end 32 can diffuse radially outward
toward the radius 30 so that it exits the second end 36 at an average fuel radius greater than that at
the first end 32. [T erskiledhimehibealft williappet disiertbatizudberadiaddifusien gan cause the

concentration o vary. along the length of the electrochemical cell. Although, st 02 has been
described in BOtﬁélgr%Bsitag 1%%3? “é‘fﬁ%ﬁ%‘i?ééﬁ%’é’ i3 %h?g |% é%{?%&él?l?@égge %ﬁiﬂf? l}]ﬁ%ﬁ%ecesz} gvill appreciate
that fuel can be $anddizced et akampdsohthe g 136d 00088 Fhirtgelicarm besddiered tadiie
etectrochemical.galby i anyfliian rReRARIAND A 008 B 1 fog,attborample, the fuel
can be delivered into the electrochemical cell via a fuel pump or using t e pressure contained within
the fuel containépdsradm Vdtbp a6 0 sfdisk aersen of tBOocthclliaetidzansingidanbridesistddlow through

an electrochemigalgallavihereln 1o Qxidaniantpiseha dstiavareds AxidRat (adis.and.exits at a

second average oxidant radius. The oxidant can be introduced into the electrochemical cell in

substantially thd$dtheatafiries el desetori ekt retidkn e o tensentishn eypieatly through the
oxidant channehif tbp, Geymalispinah dLRRRAHHoAh B upkand tﬁéefé}éi%gt %%ﬁh/&%@itl?& girected at the
SO

same end of the_electrochemical cell gr can be directed at (i)fposite en the electrochemical cell.

For example, th$JR¢ i B Girdatta THRssinecn b EhalHinaddhahdncanssibihesidrochemical cell
and the oxidantreath heddigeiechipieathe xidantahanselkatthe; SREARE A8 of thermal

shock to the electrochemical cell. As the oxidant and fuel move radially outward
along the spiral, their respective velocities decrease. This decrease in velocity
increases the resident time that the fuel and the oxidant have to react with the anode
and cathode. Additionally, as the fuel and oxidant disperse radially, each is exposed
15 to more electrochemically active surface area with which to react. Thus, the reaction
rate at the center of the cell is not significantly higher than at outer edge of the cell.
Because the reaction rate is directly related to the operating temperature of the
electrochemical cell, the radial temperature profile of the electrochemical ceil can be
somewhat flatter than in a standard tubular cell. Additionally, the spiral shape of the
20 electrochemical cell can accommodate radial expansion of the cell when the

temperature of the cell increases during operation.

[0061] Embodiments of the present teachings also can significantly increase cell and
stack volumetric power density relative to a standard tubular cell of similar outer
dimensions. Because the fuel and the oxidant have an increased electrochemically
25 active surface over which to react when compared with cells of similar outer
dimensions, a larger percentage of fuel will react, thus producing more electricity
with the same outer dimensioned electrochemical cell. For example, depending on
the design, the electrochemical cell of the present teachings can generate an
increased power output in the range of about a 50% to about a 300% power increase
30 at the same operating conditions (i.e., fuel and oxidant flow rates, temperatures,

electrical loading, and pressure.)
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15100581 In certain embodiments, the method of operating an electrochemical cell comprises
directing a fluid having a concentration through a substantially cylindrical electrochemical cell of the
present teachings. Because of the structure of the electrochemical cell, the concentration of the fluid
varies radiafyCt8tfat2¥ast part of the axial length of the electrochemica@ €EIUSIHE/ MAH €an be fuel,
oxidant, or 20exhaust. 100591 Referring to FIG. 4, those skilled in the art will appreciate that biasing
the fuel stream (i.e., fuel) toward the radial center 26, as described above, can expose the fuel stream
to an increasingCibeidanhodiuentyea along at least a portion of the longitudinal axis of cell. For
example, if the fuel stream is directed into the radial 25center of the Fermat spiral shaped

electrochemicaljggézat the st Anca3Rnie iHelestraamm aay sliftsgeragially, alopg the longitudinal axis

of the cell and encounter more anode surface area with which to react. In that regard, those skilled in

the art may alsS'iseiaRomrdhodtiAgrarting Samdhs sritlorssaniia i sendigFlatten the power

profile of the cethete&60jHeTEREbMEren HhaiRIRAk SRt MesionoidhaRieatirahemizalcell can
modulate tr%e tergé)erature a comp?red, to a standard tubular electrochemical cell of equal size. For

example, if the fUEFEHY %ﬂﬁﬁfﬁf}gfé JrEeanies e eeiroEngndesr s Setpe r3aE&nter of the
electrochemicaltice frékhanhighesbaandentrafiomnaf tyuehcamnadrddannwilthe aidheyagdial center of the
cell. The fuel an%roxidgn%\e/vill .altso be ?gY'%% at atgi her velo i.t){ t the radial center of the
electrochemical &TF thah St tHE radial edgs oF fis B8 CELHE BHA MSFARE BUIEMSA not react at the
center of the cellgdesisiteythéthighatoneeninatichad thbeaudeotédhberelatively high velocities of the fuel
and the oxidant. Therefore, the likelihood that the center of the cell will 10reach excessive
temperatures decreases, thus, reducing the likelihood of thermal shock to the electrochemical cell. As
the oxidant and fuel move radially outward along the spiral, their respective velocities decrease. This
decrease in velocity increases the resident time that the fuel and the oxidant have to react with the
anode and cathode. Additionally, as the fuel and oxidant disperse radially, each is exposed 15to more
electrochemically active surface area with which to react. Thus, the reaction rate at the center of the
cell is not significantly higher than at outer edge of the cell.



Because the reaction rate is directly related to the operating temperature of the electrochemical cell,
the radial temperature profile of the electrochemical cell can be somewhat flatter than in a standard
tubular cell. Additionally, the spiral shape of the 20electrochemical cell can accommodate radial
expansion of the cell when the temperature of the cell increases during operation. [0061]
Embodiments of the present teachings also caﬁ%%ﬁantly increase cell and stack volumetric power
density rel?tivet aﬁte%ng)crg n%’c% Iaﬁceglof.?iénilar ou rldimensi ns, I?ecaus%the {uel j\nd the oxidant
have an increased electroc emlcaﬁFy SEagve sarace sverwhich 1o F’eggr\?v%nenmclgrﬁ%traoé%f; with cells of

similar outelERNANGREALRSICENAAR ALl cengl. U risg%% TG secticlly with the

same outer dimensioned electrocheniical cell. For examp epending on t esign, the

eIectrochew@a{&%hﬁfat%grgrﬁﬁg@tagﬂaaﬁﬁmg&%@&ﬁ%@g%@aﬁ&i NGIERSHE PAVIEH iYL, the range of

about a 50% to about a 300% power increase 30at the same operating conditions (i.e., fuel and

oxidant flovéatesetamperaitras! tleciicld 03ding ipndiPessuith. QiherEnedimants.100621 The
present teachings can be embodied in other specific forms, not delineated above, without departing

from the spitittorigsdenttahcharacteristics thereof The foregoing embodiments are therefore to be
considered in all respects 5illustrative rather than limiting on the present teachings described herein.
Scope of the preséutim/édnatipmalsnhiairedivaebebiothve appeadEchoktimeaiadme ckban ippthe foregoing
description, and all changes that come within the meaning and range of equivalency of the claims are
intended td Y avdSRIBRE R & il channel bounded by the anode layer and an oxidant channel

bounded by the cathode layer, and the fuel channel and the oxidant channel each extend from
a firstend to a second end along the axial length of the spiral multilayer member and

comprise a spiral cross-section
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CLAIMS 1.An electrochemical cell comprising an anode layer, a cathode layer, and an electrolyte
layer, wherein the electrolyte layer is interposed between the anode layer and the cathode layer to
form a spiral multilayer member comprising an axial length and a radial center, and one of the anode
layer and the cathode layer is in ionic or protonic communication with the electrolyte layer; and
wherein the spiral multilayer membey, forms, a closed Fermat spiral that closes upon itself and
comprisés a fuéﬁ%ﬁ%ﬁ%‘f’ BEY & A de VAT A tieAn dlidart HEBRRFIBBHAE by the cathode
layer, and the fuel channel and the oxidant channel each extend from a first end to a second end along
the axial’l ﬂﬁmriﬁ]ﬁ??rspiral multilayer member and comprise a spiral cross-section refoiming layer. 3.

The electrochemijcal cell of claim 1 or 2, wherein the anode layer, the electrglyte layer, and the
cathode fayer egt?ﬁ HEETQ BRI EhABBUL ST ™I SB ke 2088 lawsT @W%Cé@é%chemical cell
of any one of claims 1-3, wherein the electrochemical cell is an anode-supported electrochemical cell,
a cathodd¥&lipPHiLa SRarSLRLTh A B BRI EEIHR PO Rt e A MY LBY, a
metal-supported electrochemical cell, or a substrate-supported electrochemical cell. 5. The
electroch mica@@lf’%ﬁ%%ﬁé%ﬂ ERlh 2 ORG A R Se e FISETRha Al THE Berisw eRhimel each
have a width between about 0.1 mm and about 5 mm 6. The electrochemical cell of any one of claims
1-5, wheTBifP{HE SRR S5Er RS 68t MO LoNRRIBEDFIeTTotSRRIER et 7. The

| cell of any one of claims 1-6, wherein the electrochemical cell is a solid oxide fuel cell.

electrochemic {
8. A metﬁ%ﬁ%ﬁ?ﬁ%ﬁmﬁ’?ﬁ@%ﬁﬁm&%ﬁ%}l e pFatUPRARSH StRTECERFE ARG 6Fing the anode

layer into a closed Fermat SPiraI that closes_upon itself, wherein the anode layer has a first side and a
second S ’trate—supported electrochemical cell.

5. The electrochemical cell of any one of claims 1-4, wherein the fuel channel and the
oxidant channel each have a width between about 0.1 mm and about 5 mm,

6. The electrochemical cell of any one of claims 1-5, wherein the electrolyte layer
comprises an 1onic conductor or a protonic conductor.

7. The electrochemical cell of any one of claims 1-6, wherein the electrochemical cell is

a solid oxide fuel cell.
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associating the electrolyte layer with at least a portion of the first side of the anode layer; and
associating the cathode layer with at least a portion of the electrolyte layer 9. The method of claim 8
wherein foimuing the anode layer comprises extruding, gel-casting, or 3-D printing, and optionally
using pore formers to create voids in the electrochemical cell. 10. The method of claim 8 or 9, wherein
associating the electrolyte with at least a portjon of the first side of the anode, layer comprises dip
coating ot gel-cAsTRG. Hrit MASHRRY e SECSRETLTR BT Siidae 14)/BMeRed FRERASHE of claim 10
comprising unmasking the second side of the anode layer and assqciating a reforming catalyst with
the second side TS SHot 224 HAH P ot AR EnEPTRL IS 8549 U HRdFESH BB RG the
cathode layer comprises ip-c_oatin% or gel-casting. 13. A method of operating the electrochemical cell
of claim F99Ag adiibridRgnd @ $588hY% fuel to flow from the first end to the second end along
the axial length of the electrochemical cell, wherein the fuel enters the fuel channel near the radial
center of the sp??ﬁ?%}ﬂ%é?r Fﬁ‘g&e Lavgr Witk at LAY ARYHORAE IBSEI fifsRIHh 80 trochemical
cell, wherein the oxidant enters the oxidant channel near the radial center of the spiral multilayer .
member ‘@459 method of claim 13, wherein the fuel and the oxidant flow in the same axial direction.

15. The method of claim 13, wherein the fuel and the oxidant flow in opposite axial directions.
assoclating the cathode layer with at least a portion of the electrolyte layer

9. The method of claim 8§ wherein forming the anode layer comprises extruding, gel-

casting, or 3-D printing, and optionally using pore formers to create voids in the

electrochemical cell.

10.  Themethod of claim & or 9, wherein associating the electrolyte with at least a portion
" of the first side of the anode layer comprises dip coating or gel-casting, and masking the

second side of the anode layer.
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11.  The method of claim 10 comprising unmasking the second side of the anode layer and
associating a reforming catalyst with the second side of the anode
12. The method of any one of claims 8-11, wherein associating the cathode layer
comprises dip-coating or gel-casting.
13. A method of operating the electrochemical cell of claim 1, the method comprising:
causing a fuel to flow from the first end to the second end along the axial length of
the electrochemical cell, wherein the fuel enters the fuel channel near the radial center of the
spiral multilayer member; and
causing an oxidant to flow through the electrochemical cell, wherein the oxidant
enters the oxidant channel near the radial center of the spiral multilayer member
14, The method of claim 13, wherein the fuel and the oxidant flow in the same axial
direction.
15 The method of claim 13, wherein the fuel and the oxidant flow in opposite axial

directions.
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