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Mef hod and Apparatus for:Vacuum Di ode- Based Devi ces wth

El ectri de- Coat ed El ectrodes. Technical Field The present

i nvent i wo $W15968 at ed t o vacuum di ode- based t hernoel ect ri c POF/ERITiIIEME, and
in particular to vacuum di ode-based thernoel ectric devices with

el ectrodes having a | ow work function. Background Art I n

Edel sonMetthed emd eAppPdeath¥OSF e Maduuld DE8deEBaber iBbLE d&at Punp
Devi ce and Met hod", serial nunmber 08/401, 038, two porous el ectrodes were 10

separ at Wad- Wy lebnsdersﬁmate@ Bleotnodes form an el ectrostatic heat
punp. In said device, evaporation and ionizatioen of a working fluid in
an electric . field provided the heat punping capacity. The use of

el ectrom®chBicAd Fiedgrking fluid is disclosed in that application.. In

Edel son u di.sc| f| I ed 1995 J titled "Mt hod and
Appar at E’Z ?,‘JQE%%CSW% BN qﬁe umsglr"ldal g?l%r‘rib'é? SFSPUYET89, an

i npr ovefdeHETH cerdnin rPéfFﬁfél‘lﬁ)rt% H%C““m ﬁ%@eo’Pa%ldeEﬁ@ﬁsl%@rﬂhéi%Fkﬁ WEtH | ui d
in a heateqyungenyaviong 8 Elowswakils Closaen . In this invention, a vacuum di ode
I's constructed using a |l ow work function cat hode. I n Edel son's
further_subsequent :di scl osure, filed 1995 Decenber 15, titled 20 "Met hod
and AppHRSKEEORBA AFEroved Vacuum Di ode Heat Punp”, serial nunber

08/ 573, 9J4Edgi%m?r£scf$ﬁ&£0rﬁjﬁf tﬂﬁﬁ rcﬁ 3/\’3-%&§P§cf'\~Eie%rostatL ig gﬁaé:()gﬁ!{p

t han t he unction of m ze

oper at i Bfvice and Hethqdsy *ﬁ?%éﬁ”"‘%‘iﬁb&éﬁ‘h‘é’n@-"% $¥P RAFPBS FlerBEPdEg OB Becenber
27, 30 t bemprated Pyt hodreurd inppatatg sateriad Vacieum & ellecteatatitnpedll plimglhi n

E:j | Im Abbatsada 26 vbkemenebdrael sh BRE ?%?Qeiuﬁoﬁ{e;sf al w@%ahgrleH%@ﬁDa%%ecGch and
e SOﬂ C n n 0 e cuun1 0 a wherein a
rrg?éﬁide? i Ae@g rr%i‘a“g’ns 0 B Was Ctrf’%ssé’éngfb fu

parti cuf PeShstr ucti on- was rther
i mpr ove %Fd‘d P oifs disclpget dils thatd 2prifcagion. In 'FﬁélﬁP&cﬁu?ﬁhBie@él@tat t he
heart ocﬂls@dekmm Eilddc LR Dhlgd 6, Helodle® UM tivmy aall SAppheat3 H6L Vaasurfl Diode

t her1s omd#: gamer, aE@:f:Laltxhﬁ:bQi: fdseugenaes, het WeenvbieadNBe AV ﬁ&%ohemgthe t hat
in the e%étédl%%m?{ h? dnl L0 QRL Cﬂ%e”erat Hea t{,‘e Gal hé’vme 15‘“%15‘1% Qa”

t he anode, Fows from a gl on oa 00 r'egi on.

t her ni offt &2 gérfé‘t”a’f‘ﬁ‘r"“r s? V@F‘F““kﬁbﬁ?ﬁ‘ﬁ Fﬁ %%ta‘ﬁted usingpa éex' gordq §E‘P‘6§8’Pe
filed 160%oMarch 6, titled "Method and Appar at us for a 35 Vacuum Therm oni ¢
Converter vm th Thin Film Carbonaceous Field Enissio eri.al nunber

08/ 610, 539 Edelsgncd B o U e HERS L aet sy e n %F‘éﬁf’f’ﬁe"ecember 15, titled

20 “Method and Apparatus for Improved Vacuum Diode Heat Pump”, serial number
08/573,074, the work function of the anode was specified as being lower than

the work function of the cathode in order to optimize efficient operation.

In a yet further subsequent disclosure, filed 1995 December 27, titled
“Method and Apparatus for a Vacuum Diode Heat Pump With Thin Film Ablated
25 Diamond Field Emission”, serial number 08/580,282, Cox and Edelson disclose
an improvement to the Vacuum Diode Heat Pump, wherein a particular material
and means of construction was disclosed to further improve upon previous:

methods and devices.

The Vacuum Diode at the heart of Edelson’s Vacuum Diode Heat Pump may also be

30 used as a thermionic generator: the differences between the two devices béing
that in the operation of the thermionic generator, the cathode is warmer than
the anode, and heat flows from a warmer region to a cooler region. The

thermionic generator is well known in the art:

In Cox's'disclosure, filed 1996 March 6, titled “Method and Apparatus for a
35 Vacuum Thermionic Converter with Thin Film Carbonacecus Field Emission”,

serial number 08/610,599, a Vacuum Diode is constructed in which the

electrodes of the Vacuum Diode are coated with a thin film of diamond-like

carbonaceous material. A Vacuum Thermionic Converter is optimized for the
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el ectrodes of the Vacuum Di ode are coated with a thin filmof dianond-Iike

carbonaceous material. A Vacuum Therm onic Converter is oppicHgediésas the

m)st effl‘ﬁﬁ’@mﬁé%nerat ion of electri CI ty by util | 2| ng a cat hode and anode
ver mprk function. he r t.i.onshi unc |on

cat hode B SPeiflins GHREHEREs, oh S 4sE TRy s Blatedts Hathodd 80 oRe ot

functi onvézy dee Weirhi funftion. vﬁ?%ée-?aéaaﬁféa 123) tﬁ‘ﬁl R ﬁu’Eﬂ’fﬁP@-’nPfde#shW9 and

sat ur at | ebdat atdeha@sitbettk optimBERemAbhirthe vdtibode tvakanodeicn \BBr khd thiginumN

s as | opAs PORSLDA G0 Aehlh currdYabRIly | QOBE LIANLL e CaliOdE & WOT K
function  Wien this relationship i ned, the gney of the

ori gi mal CYBRFFRE 5 ¥ Fo‘i}”ié"damo e’ s "15’6% WE"?%&&‘?% °'é|aé5cf’?f) leediifoldgy,
par t'i cul any¥ yFagellgvwentthae cheeedthofiefgy vork fupatigpediher| thigndelrardpmehiexiensi ve
devel opnestaingd,t Rhebdfriaidncg | &S theiotfgidlpadtiics hed iapebvedirer ous patents
being issued. Work in the art has been focused on the devel opnent of
better ehdsyryke fupeticnuekestaend heghmoledys peritdcudarlof cold sgehrddetechasloqy,

el ect r oni€ pappéitigtindRsgoiagde@RhaGe devalobpels:, oiutftahazi.}ca&'tmes bé&iligh

devi CRy l‘é@héd %ﬁdfrﬁz?\ghfiﬁt {)Q'_%nltgtb%g tl%gugc?vhg?ﬁ ‘in ghé)%qgr atsobeen ocused

facilita the rons from cathode to ano sur aces Of very

| ow 15 \Aﬁ? KRR TR SRTE it PREFCoffiseite e“&‘“"a‘i‘r‘de%??é' BAYeIRpHfrs EARgRse of
el ectri dewchhdeeices ithiedeqnroper pplicatidisesand enpmasdsndtheds ddv Ehlopedtingt  of
the studyudd qealceat £ wel LGEr £bsicatingOintaysteal asticans rhaveadiees t he
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t he redum ng speci es o I ssol ved i n ammoni a, ~am nes,
and pol yESHeFRcHgnamat fies 6°’15ﬁ69\‘/ﬁ:ef"o P some AOKRICER® AGnF IR -t 8PY&is or
r adi ol yst@sobmneq@wds Al kali netal anions were pr oposed in the 1960's
to be dlama neti c species found in netal -anmoni a and netal - am ne

sol ut i onSPesRl RAMCHRSS Br¥e CrYRICRRE i ME RGIHhE T ahitAgYahtd 1otk - net al
ani on an@hraem#mlemnerhmylpﬁeate@ ahicdt ektiavestigrbirns\Vopann2Bg AK abamdes
of so0di UPheyD Qb2 Fhitdl peogtisdll Y 8Rdl re@Sdihd Sde2iBOVE K BRMMARLkAN matals Nunber of

crystal Sidduehed 85 Q@n\é 1&3" 5191 e”ax{de S’i;}é%ﬁers and Qe‘%‘étéls@eﬁn%eté% ¢

COI'TpOUﬂdS cont al n| ngt eSt- | ectron.
J

Pi oneer i REPHWEPK 9™ 1€, P*bvélx%ﬁc?ﬁ gf&ﬁl‘étyéf‘e Tniberige y el mgtaf sntons

entirel ywma/vamsdon‘n the t1969lsete bt dimtrgontia Fpeciesufumdoin aebelraomeniger ve
30 as t hgndifieO41S-amOns @BPLASRS, OR1KENYREALaRd ysBhilinal $418S. cdntalthingabhi Cl e

o ot o EPER Meck? 900, 61 enaGer LIkl o6l crELAGLAT 630, Lahe Sahbs. Wrdgi;g e

El ectrons e chem str

and d&scrtipdddehet S°d’~é‘f‘e€f’F?sééch' A ‘b‘@’r 55’?&‘&“ ARY “§’He’6‘t"|"’Bgr
propert i wgnbek Qﬁ/\mre#t@ét stzuhesures haveAslsméeexatredoatﬂslve al kali et al s

di ssol ve_j n onl nunber of 35 . solv This i s, because they are
powver f ul Jr?&ﬁi:‘?‘%/fg aé"géﬁf‘é‘: SAPEAY ct°5‘ta:"m‘nf’e HF‘TJ'@EFI%?SWYJH* ABE" i of‘#/ec

sol vent selegticpni Phonesdiing olovk by ¥L.nBye Melpioen StaterYuivPEsHol visd §° But
t he rangenafresplﬁéen&&sab&;e shDesdivb&@) YeoildiConBirdt Saroints ofi éndceasm sefvd he

presefige, thg L% ngpq.g %ﬁ o§u @§te%. cionn ggtﬂ%ﬁsorln his QEYP&l@ngf

E/[egra:fl]se_l_t giréxfaf: 1%% % eglence, rtlz.ta:'led Electrides: Ionic Salts with %e):t;lonsrls
the Anions”, James Dye reviews the chemistry of electrides and describes the
electrical, crystallographic and spectrographic properties ‘of two electrides.

As :Lnd:.cated above, alkali metals dissolve in only a small number of
35_-.:'solvents This is because they are powerful reducing agents and tend to
‘ ".react directly with most ionic solvents, whilst not dissolving in most stable
organic solvents. But the range of solvents able to dissolve the metals is
'Iincreased in the presence of a complexing agent such as a crown ether or

' ‘cryptand, because the fellowing equilibria:

40 l M(s) =2 M + e 4y
M+ Cc &7 MC



Merr] + Clerr]Merr]C 2
in,which Cis the conpl exi ng agent, are shifted. These equi libria, together
vvlththefollovvlng equi i brium M s) eerr} M

enabl e wbesmssspar ati on of concentrated sol ution of M i nRPEIGIGA$M4such as
5 dinethyl ether in which the counterion is either Merr] or ef[err],
dependiingetarht hieds the cointliexhih®ragent C arat shi £0éd.C 0N saX edi( 1 AGHEIAL, t@eﬁﬂézal .

Where 4ben q;ggnf&rllogﬁd SqM18bF{um a crystalline al kalide nmay be obtained,
in which the crystal lattice structure contains conplexed netal cations

and free netal anians) Weerg &8 v counterion is e[err], a crystalline
el ectride can be prepared: here the crystal 10 lattice structure contains
conpl e»esbmatné p&apémsmm s&rlceat £t edl SSIUEDHS of MCTiE aCQdmleﬁﬁ(idilgh agent

used Rle resi st ant t% r§gduct|on by the solva ctron or alkali
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whi ch 20 enve otg co exe cat i on. |s rraé romt raw ngs,

in whi ¢he SoP g4t B TRS RS L 8T B s PP rEF S O Y E’f‘%cﬁ"ﬂfﬁf‘f pairs for
conpl eﬁi’-?&},mn or ah&altihee@d-r buirnppnd imget ke sketzongrenpuslf gemplexartl tei ngs.
One f eabiper eOfii tYOBRe HHESE st EOATHBENGIXaLS ridtal dalReyn.Showswnhernire Nira

em ss' pr&gnasm%&aéwsgs liarwneé aﬁ.g[ﬁ{errLQsehan;ega%?t@J tel €]

SCI 5 Anerican, Vo € suggests ﬁﬁat because

the ’f%ﬁ? and glectzid ‘?ﬁeakﬁ‘?sﬁﬁ‘tﬁ‘gl?ﬁzér%ﬁwwdesémhtaﬁe *F5EWhe used as
phot oséﬁ&éqylc%len and phdivers disydlici ednpdexantssaimilay gohorwpvands peiebsensol ar
ener gyusédwverters and as cathodes in batteries, but he does not teach
that this property may be used in thermonic or heat punping

appl i c&h¢ clefinixia heprpt ¢hahe apimglSOingdegamposd Mibrirde adlope teaicHesithhdnsh
OCCUT S otmdreNPefea bt 8S ot et ntl r4id h0@Rt hela in a vEhltthbeiwhiewactivity
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electronlc devices, 1nit pol y-aza exant s
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One feature of some these ionic compounds is that they show thermionic

emission at temperatures as low as -80°C. In his 1987 article in Scientific

25 American, Volume 257, pages 66 — 75 Dye suggests that because the electrons
are so weakly bound in electridés, they could be used as photosensitive
detectors in infra-red sensing photomultipliers, solar energy converters and
as cathodes in batteries, but he does not teach'that this property may be
used in thermionic or heat pumping applicafions. Although the rapid

30 decomposition of electrides which occurs at temperatures above 0°C, together
with their reactivity towards oxygen and moisture, are major barriers to
their use in electronic devices, initial work with poly-aza bicyclic
complexants similar to the cryptands suggests that it might be possible to
synthesize electrides that are stable both to decomposition and

35 decomplexation: for example an alkalide formed from hexamethyl hexacyclen-
complexed'potassium cations and sodium anions is stable at temperatures up to

40°C.

In his June 1988 article in the Abstracts of Papers of the American Chemical
Society, Volume 185, page 207, entitled “Thin-Film Fabrication of Cesium



35 deconpl exation: for exanple an al kalide formed from hexanet hyl
hexacycl en- conpl exed potassium cations and sodi um ani O??"‘@?ﬁs‘i{s‘?’ﬂl e at
t enper at urwe 9845268 40[ err] C. In his June 1988 art
Abstracts of Papers of the Anerican Chem cal Soci ety, Volume 195, page
207, enti Al pall i9FE | andFEl antEdssl” ¢ dAlvieoanh fowazkegsndemenstrate that the electrides
3 may beAekahdddesccaadenthestim. des”, Dye and cowor kers denopnstrate that
the el ectrides may be formed into a thin film I n Huang's 1990
articl e i AnCivargtalloPhasitisly épt@hernicaloPhyadcs Gt tAEvOEPLYMe 166,paymder 2,
é3]§- 136, th éﬁdsaL@g Eﬁrmea ag,uaereén 8%@55]«0)507876@1@&&5&&&@%&&99 ﬁ{l‘s§§dnon
rom | ectrides uan ere ow tenperature
Cher i ol & LERAER BRI 1O RS LA | HHR0S TSl PIR FEPOROIRY SFFRTE=and
Rb[err] (15hmlg)eft@p$z]og_ from thg@ledtridek K {IPe§rown-5)2e” and Rb*(15-Crown-5),e”
K[ err] ( 15268 0osme- 534684 Kker1s} crvutl- Rkeand RbSF16-0¥éwn5 5] 86T.] Rbecomposition of

Docomposi :h0R, Qheersail NE3CH IR FLIHSa WIS AL806RAT S LdOVGE LG cOUTse of
t he em ssion experiments. 6 article 1n the Journal of
Physi cal CHBFFEERYS- vol ume 100, Nurrber 9, pages 3395 - 3401 titled

" Opticgh- &QS}Q{sOEbé’ef‘ aQQPcl'SeIA ‘%ﬁ&'a%'& megkrﬁlygical chdiRlsety ] Q:Q?.%@ g@ 0, NulP&
and coworkers describ ycryst al e th pre

codeposi t iPorPESstithtum 324:% ‘a‘gﬁ‘? ar?Bflfai”‘?ﬂ“rptmnl A ﬁgfﬂre‘fé% Sﬁ&ﬁ‘é‘?"“ i°h

Jour nal ofvat fze22yNar,c age GnandcsakkRCHGicy b PgEFcrIBBT11Ebe t thiA0Fi ns Fpliapaged
group at g&rggdggggip&yglyfeggﬁ%, arﬁ.'g¥fm‘.Qnd{2€FO£]t an entirely new cl ass of

crystalliné electrides synthesized om zeol i tes. In their article of
May 1[err]in i394, 1993 paprdryin Gahrdfahest The yameak edre chémiRagesocietsh 7 Bagek 8087

Heyns QB %Io 965‘%0“ !Edvﬁgdg'r Q}‘é&%peta@eﬂﬁm;‘f?‘hgmtlﬂh%rél‘éﬁ}‘?tin%’ié‘ﬁd t Irgéoz%ngn ﬁ‘r'ltlrely

anchored them.to si] ver nventi on

Vacuum Di GO BRge PuBoT Rt L Eroseatrot SR PRLET &2 AETPGE8S of | ow wor k
LIU][]]E:te:‘ ggt fIQrtrf‘Jlfr' &ftﬁl@(i)% g&g%%% %gn Jé%ﬁr eﬂxvﬁﬁalytcbé‘a/l rcﬁ&l-asﬁ:?y Sl Ghd Qs‘éeﬁaJLaV' ng
cathode TS0 TaloRe YRRy ootk < BT vy rEhers elrs ot SRESREHES ena
resul ti ng arphened2thampe Piéverievrideeqaher eby anode and cat hode may be set at
a greater distance from each other than has been previously envisaged,

ther eby, SIS o HHQRRRAR!T O
The Vacuum Diode-based devices disclosed above require electrodes of low work
function for efficient operation. Moreover, they require electrodes having
different work functions so that contact potential difference between cathode
and anode may be set against the effects of space charge, resulting in an
25 improved device whereby anode and cathode may be set at a greater distance
from each other than has_been previously envisaged, thereby simplifying

construction.

The current invention provides electrodes either made from or coated with an
electride or alkalide material. Some of these have a very low work function,
30 leading to the copious emission of electrons at ambient temperatures. Table 1

gives several examples of electrides.

The two chief drawbacks to the use of electrides described above by Dye,

namely their’ reactiv1ty towards oxygen and moisture, are overcome in the

construction of Vacuum Dlode—based devices: these contain two electrodes
35:'separated by vacuum, so an electride coating on one or both of these

electrodes would not be exposed to either atmospheric oxygen or moisture.
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Cr own | EstaBretn-6) (15)-crown- Properties of the 17 MUS4AECE¢wr EBecf.ﬁ‘erﬂ,TS)
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Huang RH Eglin JL, Dye JL a Remarkable 6-Electron Ring Abst racts of
Paperg$ of the Anerican Chenical Wagner MJ, Huang RH, Eglin JL, Dye JL° Soci ety
(1994) 208(Ptl) 547-1nor Cs | 26 LW A PLSIAS] of the AmerifBf cﬁkﬁf&tures
Al kal ifdes and El ectrides . 2. Structure
Cesi ufn Bi s(15- Crown-5) El ect ri (i§°ciety (1994) 208(pel) 547-Inor ( Vol Cﬁ
Pg 183%s(13@gpwn-5). The Structures of AlLWdkideblandRbngrRiEs .2.

mei ster ME, Dye JL

| I ographi ca Section CCr
ure Communi cations (1994
i de El ectron Locations i

Q% I5t4g) Plg Ry 1990C‘fs(18 Crown-6) 2
W

Structure of Cesium Bis{15- C:ownéﬁﬁiﬁlectrlde

DETygﬂ§§g|qﬁheKuchenmelster ME, Dye JL

El ectji de [ Cs(18-Crown-6)[ err]] ActNarustajleneghicd Section C-Crystal []
gl.ll’ fl_e t | QJ_‘?‘_g[ um Mechani cal Mod ag\s_ructure Communications (1994) 50(Pt8') P.l% de
' u Cs?iﬂ-crown—S)z_ Electride Electron Locations in the Crystalline

Electride [Cs(18-Crown~-6),] - Nonuniqueness of
Current QuantﬁmrMechanical Models
Golden §, Tuttle TR
Physical ‘Review B-Condensed Matter (1994)
50(11), 8059-8062
Lithium Cryptand [2.1.1] Interesting Magnetism of the Material Lithium
Cryptand [2.1.1] Electride
Reldycedexgren KA, Dye JL, Mccracken J
Abstracts of Papers of the American Chemical
Society (1996) 212(Ptl) 337-Inor
In one embodiment the anode of the Vacuum Diode-Based device is constructed
from a conductive material coated with a very low work function electride or
alkalide. The cathode is similarly constructed but coated with a material
having a higher work function: this may be another electride, an alkalide, or
5 a different material. Thermal energy of the electrons in the cathode causes

thermionic emission.

a bulk current of electrons will tend to flow from cathode to anode,

the external circuit, and back to the cathode.

In the case that the cathode is warmer than the anode,

through

In this case, the device is a

5
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el ectri a [ r r s ner of the
ol et 1o et Bea e b 18 UenpBE e LBenssnll L S WL P2 (e
cat hode SeEPHRATIEE. FfaR T HEUEYodESCLosgd Y RILUSPR A drPraved tihapuabnthe usend
to fl owdir time eatboddyt spean el matwdaddh. the external circuit, and back to
the cathode. In this case, the device is a L Vacuum Ther i oni ¢
Conver t &Y, ORkeSke?f RAKFFSERT tA¥eRER Hhdoi PiAvdde drByoteierateripte fpy| e
specilPi edeheragien. of a Vaguumh@iogaskeathaumt be \Gauhwodthersiondol @nvehiax bdwdng
anode, a3RrEXIRS R4 ¥uapBlohed potential nay be used to cause current to
fl ow fromcat hode through the 5 vacuumto the anode. In this latter case,
t he devi cénwadvtangpes Fifetlas paedrngt invenpiorp isatisdr bt regphast ebdctaodianvmade

t enper at Urf@om ad¥d cbERAKLAY ahleldctaidd ghel1kalidLRREEALYIAviR$ RBpLMsOUS] Y

di scl osed hy Fdel anpssqgrq a| npr 0\4:<=éd érhrgu h the use of the presently

speci fied materials: KD jef:"’t’ oF 't hie present invention is to provide

I Mpr @¥ehnNBbRIdtabs thel pidiend Q nobMGilohOLe %006 rovi N Gl WaRdmO o ddeBda tPui OF

Vacuum ni er.t havi ng very | ow work functions. An
advant agé%%%ﬁgs%%gglrﬁlelg%\’fenti on is that it enploys el ectrodes nade

from or moshR@Et\Wof RhanpAlsest lindentional Kabi sk>viiad &f Vaduugl Yidie THEHMOGE c
el ect r ong QL 530 3 3 Ve8MGLaldNSS- 15 An object of the present

invention is to provide a Vacuum D 0de Heat Punp wi th inproved
ef fi ci enrgyobject &N thbj Pfdsenf ihkenfioaSEniclimitantithe héed Goprad¥tUe adid Vacuum

Di OdQOTr@.&Hmitcfabrng&/o%r {:gc{hn\ﬁﬁﬁ& irgPJt%\éego %EL' éija%ﬂ(@/ 'hetweenAQn&Qj th of
t he presen&oc}egv ntion to e need for d 20 difficult

elimnate th r. costly an
fabri cat$s Ehnt 388" ot deth R YperHE ?Wé@?‘g"aﬁ%‘bl" ThAtr cat hode
of a Va_CU‘A'E‘ &\%‘i’x%a&‘@%tf Eﬁ%’r@!en,\éaEMI&?E@ QILCLEORVEIBE1ity of verfMow
advant age of t‘%}de;‘f resent invention 1S that the avail ilb lity of very |low .
vork functiPoh THRETThFEteRiRhnE LRH" (Bt SAEAHD PLRETHAL (YT S Ute S TRERR Nt he
el ect r odesleftxasdes \o fhem BGicowe Diadedraped Redriee) tof PEfset pace dhasyeféedtset s,

25 thereby allowing a greater distance between the cathode and anocde of a
Vacuum Diocde Heat Pump or Vacuum Thermionic Converter than was previously

regarded as practical,

Still further objects and advantages will become apparent from the ensuing

description.

30 Brief Description of Drawings

__Figure 1 shows the structure of 18-crown-6 {I), cryptand [2.2.2]) (II) and
hexamethyl hexacyclen (III) ' ' '

'F:i_gu're 2 shows a schematic represéntation of a Vacuum Diode-Based Device

”13¢fefence Numerals in the Drawings

35 1 Cathode.

2 Anode



25 thereby allow ng a greater distance between the cathode and anode of

a - .Vacuum Di ode" Heat* Punp or Vacuum Thermioni ¢ Converter than was
previ ously regarded as practical. Still furt her obj ects and

advant OIS becone apparent from the ensuing descrFoF )Pﬁ?f’ N4 pyj of
Descri ption of Draw ngs Figure 1 shows the structure of 18-crown-6 (1),
crypt arld [faEh"ﬂe E?“‘l‘)m&nd hexanet hyl hexacyclen (111) Figure 2 shows
a schematic representation of a Vacuum Di ode- Based Devi ce. Ref er ence
Nuner ali@ i mnbde chredrgngs 35 1 Cat hode 2  Anode .

6 11 Cat hode coating 12 Anode coating. 21 Vacuum
22 Quten cagbig. of the Vacuum Di ode 5 31 External circuit: Best
Modes for Carrying Qut the Invention The invention provides inproved-

mat er i %I s for the electr des of a Vacuum D ode Heat Punp or Vacuum
Ther ni 6fi ¢ “BbTH SPEERY RAVIRGG R PisRewor k functions. The Vacuum Di ode

(see Figure 2) is conpri sed of a cathode (1)
5 31 External circuit

Best Modes for Carrying Out the Invention

The invention provides improved materials for the electrodes of a Vacuum
Diode Heat Pump or Vacuum Thermionic Converter having very low work
functions. The Vacuum Diode (see Figure 2) is comprised of a cathode (1)

10 separated from an anode (2) by a vacuum (21) and encased in an outer casing
(22). Either or both the cathode (1) and -the anode {2) are coated (11, 12)
with these improved materials, and are connected by an external circuit (21).
The circuit (21) contains either a power source or a load, depending on
whether the vacuum diode is being operated as a Vacuum Diode Heat Pump or a

15 Vacuum Thermionic Generator, respectively.

In one embodiment, the.anode (2) is coated-With an electride or alkalide
material w1th a low work function (22) and the cathode (1) is coated w1th
another electrlde, alkalide or a different material, w1th a higher work
function (21).

20 In another embodiment the electrode is coated with the electride material by
vapor deposition. This process, which yields thin electride films of '
controllable thickness and composition, involves placing the complexant and
alkali metal in separate containers under high vacuum. By manipulating the
temperature of the containers, the metal and complexant are evaporated aﬂd

25 deposited simultaneously onto a quartz surface at an adjustable rate. 'Au'
solid state reaction between the complexant and metal produces the electride
film. In a further embodiment , the electrides or alkalides could be layered

onto diamond or sapphire by vapor deposition in a similar manner.

In a further embodiment, the electrode is bonded to dehydrated zeolite and
30 exposed to potassium vapor, which results in stoichiometric amounts of
potassium cations and electrons being incorporated, or “dissolved” into the .
solid zeolite host. Said zeolite material is then coated onto the electrode
surfaces, or coated on the electrode surfaces prior to exposure to the

alkaline metal vapor.

35 1In another embodiment, a metal electrode, preferably a silver electrode, is

treated with a modified crown ether having thiol functionalities which allow

7



10 separated from an anode (2) by a vacuum (21) and encased in an outer '

casi ng (22). Either or both the cathode (1) and the angd@uéed}iedfac
coat ed (WO,98/15965 with these inproved materials, and are connected by an
external circuit (21). The circuit (21) contains either a power source

or a | oadt Hepeniérngidized to \fhet Hidiver Hirfagtufreli R3S ¥ Beluidon jechritress a
Vacuum Diragetidmabe Risep tor camplex\&idalm chlreons dnke tBenimabolizedespaat etiriry,
In one end@iERlectdD8e ANRYEEELid1S.COated wWith an el ectride or alkalide
material with a low work function (22) and the cathode (1) is coated with
anot her otiebtRafdeencal kealfideren, asalietdrezatplrst of i ladoyn Wichnhlexing gdyentsworde
functign dndkd. TRésd Branehieoeshagdh PBAL nbbea gk ectihadeyes ORI MiLH t he
el ectride ma serwhglh tI)myi be vggcf)r deposition. This process, which yields thin
el ectri d€FTThe of YcontFol'l abl e t hi ckness and conposi tion, involves
E! aﬁl ng tphsrmé&ws?ﬁ{agt hatsﬁéféﬂt&?a&t aba%éa ﬁfﬂ?%?fﬂz&gﬁtt%!engfe%ty%‘%er

i gh vac mani pu i,n e enper at.ure o e contai ner.s, e
net al angy @osﬁgygxan%\ %?tgmg‘\é/gso‘r:%‘.ftee& "él_ﬁt& 35° °lél‘§1p%r§i°tfe§’esfgﬁttré§%dﬁsI y onto a
quartz suiethelemaneAnddixgstetbite pighevacunm, whegPuRpnsthe #oleantt prPasateseen
t he camplweadingaadtitat et the cleeesidehen aheciurfdee of Baidnelédatradéurt her
enbodi nent , the electrides or al kalides could be | ayered onto di anond
or sapphire by vapor deposition in a simlar nmanner. In a further
enbodi nenkndustriale dRideabiliditied to dehydrated zeolite and 30 exposed to
pot assi um,v which results in stoi.chi I C, anmun f Qt assi um
cations a@r'fd | %gt sreg'rr]'s.gf)oé‘} %ﬁe iar§1)8‘69f b%rs% %&,lgrgftth’a%iitshseg v%n%io?endt 31?%5"33 solid
zeol i te HBSEriadg proydde ifos thet eprsiruridiopheh edSsterEesntd vaavB Sdeobrsed
sur f aces,degicesoabicth bavd hevelyeltow ocek stwnkaies prior to exposure to the
al kaline netal vapor. 35 |In another enbodinent, a nmetal electrode,
pref ertdbliP EbgProEsrred cmbpdipent | descrifede abite i) edefigdori & cer et vtther
havi ng t I 615 el Rhd nwledt te sondtirght ad Waguum diode based device with improved
7 efficidnkyl 0 be immobilized to the silver surface. Gas phase or
sol ution techni ques may then be used to conplex alkali cations into the
i mobi | i Zeda churkhergliewrs of poskdpls egbalisents.ddiffdeentetlectmide. materidis may

Rﬁferengebe.t Qsﬁ.gw&sl,m@eu@&ammf t agxaii kRewn maaimhwfaaeemes are 5
shown. .e_neant .t X | n t S c exl ng_
agent gom%?’glﬁle%égbaeg%ﬁéemﬁs 54 %rg%f)r%?rérc%&ﬁl:éé'{rgqgéiéﬁgﬁf as Efé%)elgt r oHesé’cggt ed
with a fiFRT-t PR hepapathyydexacyglsp, | CoReliaf 3ents Ay ,ihFgBeTad Bdat ed
With a solestribedods tchelial ectmolseydlic (beiny hgingsi ore joimed eiquss e cheterdivghic
vacuum WheiPaborksh 8t ¥ c8¥SRO kSR 1€he) ir@hdH))Oma thtibrdBa0E 1if3@nds

el ectri de(cgﬂpotubsgs Scl'gbfa ee on fo%:%!i.gg %\lu?\gzt.glngOnds to a metal ion).

25 Although the description above contains many specificities, these should not
be construed as limiting the scope of the invention but as merely providing
illustrations of some of the presently preferred embodiments of this
invention. For example, electride materials having a different alkali metal
substituent may be used. The complexing agent used may also be varied. Thus

30'-th¢ scope of the‘invention should be determined by the appended claims and

| their legal equivalents, rather than by the examples given.



I ndustrial Applicability It may be seen fromthe above description

that these inproved el ectrode materials provide for the construction of
el ectrodes for vacuum di ode- based devi ces which have a ¥ﬁ@¥9+%¥\44mr k
functi onwo 98nsbes t he preferred enbodi nent .descL.i ove,P e 1ec rode is

coated with K [err](15C5)[ err] e-reme=5Sai {0 o@aEN
based device with inproved ef fi A
possi bl ecaeiad nents, different el el
may have different alkali netal sub:

uct a vacuum di ode
t her group of

i\ be used. These
20 conpl exi ng agent

ents and the

may be ofh®2ifhan cryptand [2.2.2], such as 18- CROM-6, 15-. CROM\- 5, or
hexamet hyl" hexagycl.e gl‘ﬁ[gg ' agept Ye 1d3 Lagl be descri bed as
cyclic o?ﬂ po ycy%’lglhcgh(dbe nglaﬁgnggro_r ] ol?gne ?i nalgg hgt erocyclic (havi ng

at ons ot her thanacagdwan cfica_aaj Y chitddei §i)Shid Mkt @nbdd Geingandshermal
(compoyinds capablogy Qe fchl DGuldy! Lich EnANISd Redt HBIE beOftmoved ol 2o
t he descr.iption above contal ns man}}/ ,sge,m f%CI tges, t hese shoul-d r}:ot . . be
construed as | i nPfi g YRFUER SHRIB PR ™ FRFTROnSHTE s R ri M5 h vt Ry
i | lustrations of ssbdrtheat isheo peeswurnikg, Fadd cratbedse o otiiderrayumf didde shaving
invention. For exang¥ie sufdte6d Idoflei sBahe rwithScdpavifGlacekionl enigRtomldtatie Met al
substituent may he used, The S%?.Epllﬁe{il g&nﬁgﬁféh He&d 198y, %Lspenia@ea/ar s&p- Thus
n shou e d t dc

30 the scope of the | nvent i o eterm nedfL e appende ai ns
~and 10 their | eGAFRPGUPIRI TP TSR FET™ AL ABPIT RY BXATHI s 2§Fven.

CLAIMS 1. b) Aansudpdd cfhdleghgaralt powémcapahiei of sheptyicgngrdrshpgt

a) a vacuum disQfieapia mt&@@oo;aiaab&mmgi ode be! ng in thermal
contact W iNene smorovement widr0AP Beld ThilaiN AAl0clBind Sokfls BErL YEOYPA, an

anode of sai 5h$/ac u ng 1 n thermal contact wt

mass to whi cl§regir@dpesnlerted; Srof the g5rRR coBgtring of said anode andifgdd of

sai d ¥&cuum eatigdeiehavi ng a work function consi stent with copi ous

el ectron em ssion at the tenperature of said nass fraom whi gh heat is to be
§a"fq§°§

renoved, 23aj APEJI9TAR ABE) pasrp af 2P omt ffde BFPRY% deubitrteanthen
b) a supplspidfaneect ri cal power capable of supplying current at suitable
vol tage to sai d vacuum di.ode, 't he i nprovenent wherein being

that a caypoand MerKPHSME apparatus of clailfl cangliekeshisl kadilc emdpalinddsi ons

forms part Of; ol RlyeeidOdte %gé\ﬁfztcggsjs'i:ggé td3€alkalides and elecEfi@dR. CONSi sting
of said anode and sal d cat hode.

20 4) The method and apparatus of claim 1 in which said ionic conip'oﬁnd has a
lattice structure comprising alkali metal cations complexed by a
complexing agent selected from the group consisting of crown ethlers, aza-
crowns, cryptands, aza-cryptands, poly-aza bicyclic complexahts and '

zeolites, and a counterion.

25 5) The method and apparatus of claim 4 in which said counterion is selected

from the group consisting of solvated electrons and alkali metal anions.

6) The method and apparatus of claim 1 in which 'sa1§ ionic compéunldm has a
lattice structure comprising alkali metal cations complexed by 15-CROWN-

S5, and a counterion.

30 7 The method and apparatus of claim 6 in which said counterion is selected

from the group consisting of solvated electrons and alkali metal anions.

8) A method and apparatus of claim 1 in which said ionic compound is an
alkalide selected from the group consisting of K'(15-CROWN-5) K and
Rb* (15-CROWN-5) ;Rb™.

This Sheet Has Been Replaced
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2. The net hod and appar at us of claim1 in which said cat hode is cooler’

t han sai d anode. Th 110 ) ratus of claim said
conpound |‘¥°§§’F§9€§ed from t fetHIS SH%E?%%%@r i sting of al§]<r &83@62{14
el ectri des. The net nRER Rt us claim1 in which said
conpound Ris & T%FPP?@@%TRH&WW Icéppiiish rrpid] deaiF sropabntdsi ons
conpl exed by alearphesegcRgeftomSeleLgis E6UDENRy of Kk (15-BROMAsGAUISLSE | NO
of crown et heF“é %\za crowns, cryptands, aza-cryptands, poly-aza

bi cyclic conp XARTEORN P 3% 01 | tes, and a counterion. 5. The met hod and
apparatus of claim4 in which sai d counterion is selected fromthe

gr oup. condPst Arepthpd eindcanrgnatugnfomicketertid dkatrticonbectriity conflresimi:hod
and apparatus of claim1 in which said conpound has a lattice structure
conpri st ng al kil i an@icalm cabdns EAAPALENsAN TR MNuS, beahg o GREALSN | ON.

10 7. The net Q&Qa@gqﬂ@ﬂ[ﬁ@&y%}:% Wik &l ’Ptaﬁd'ﬂlaw‘i R, S8l gecou teri on?clle

sel ect ed from t he consi st 1 ng I'ectrons. and I Hef

ani ons. °‘?‘r€taf"i‘6d'agﬂ'ﬂ“ pie Betng 6‘? BEIPH FORTRSRHTIH Se{?"(}scb‘?m'baﬁ'd i s
an al kal i de sel ectdd heafinis to be dahniegh osRidcorigiogei ofy safd Khewun diode having
(15- CROMWN-5) [ er r ] K[wolkk] fudBeh dRbEtshi k€abe- LRV BoIB! £1dRzon emPssion 4+ L N0

and a rat us of o n An el.ectride sel ect ed
from {3{:}2 gr oup Coﬁésnl@se?%%urkg?fl\’gg &gﬁngrg}l qileais; ao be removed, said

Rb+( 15- CROWK- 5) [ ef¥5Pade &Q)separﬂtﬁ‘ét%’a sadd %ff?asrlax @svidime vder t i ng heat
to electricity co#prellsthcal load meansy) whichaiyaspphiai Onley manmat bagarieingai d
vacuum di ode bei nghd Brégrer mal cont act vm' th a mass from which

said heat is to bg) rem\és%lg %Pec%@grgse t? fl\?\?{'ll Q o\r/nagé“l’lc“iqnﬁ ktoge <:oft Sab% v@&?‘l“'il ed

bei ng i? t her mal- cont act

sai d c 4788 o Fhs griE \?ae%mﬁﬁdwa'evwmnﬁwsemrﬂem»@mm
consi stent with copi cearried from said catlgidects Giai@ramgeORnatelldeeridperat ur e
of said nass from Whlé‘éﬁehaﬁ'a is to be renoved, said cat hode
bei ng separated from said anode by a vacuum and, b) - an

el ectrical | ottt AprEeyemetti wherein dhieppd ithdt ian campramndecompongst bEia1g at kal iSheps:
al | owi ng el ecédtans fiodmé | 2w fdf08h Ak eat hdecela sabs X CGHdD dipdestdgt be
said z¢ said anode and said cathode.

11) The method and apparatus of claim 10 in which said ionic compound is

selected from the group consisting of alkalides and electrides.

12) The method and apparatus of claim 10 in which said ionic compound has a
lattice structure comprising alkali metal cations complexed by a
25 complexing agent selected from the group consisting of crown ethers, aza-
crowns, cryptands, aza-cryptands, poly-aza bicyclic complexants and
ze__olites, and a counterion.

.13) The method and apparatus of claim 12 in which said counterion is selected

from the group consisting of solvated electrons and alkali metal anions.

30 14) The method and apparatus of claim 10 in which said ionic compound has a
,lattice structure comprising alkali metal cations complexed by 15-CROWN-
3¢ and a counterion.

15_)_ 'I:he,methgd and é_pparatus of claim 14 in which said counterion is selected

from the group consisting of solvated electrons and alkali metal anions.

35 16) A method and apparatus of claim 10 in which said ionic compound is an
alkalide selected from the group con51st1ng of K'(15-CROWN-5),K and
Rb* (15~CROWN-5),Rb™.
. This Sheet Has Been Rep
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anode of said vacuum di ode, whereby heat is carried fromsaid cathode to

said . anode; and an[ gy T ihe i nprovenent wherein
bei ng that a conpound ’FEEET BEENND| exe t al

cati onVO8BMPPart of an el ectro*g sel B EGCED d"ﬁfgg;"bﬁ;eﬁgr oup
consi sting_of said anode and sai d catho The, met hod and appar at us

of cl atf 1B F5rheRi R %%ﬁa&aﬁ‘b’rrﬁéuﬁ%f“f“slgéPeﬂ‘é’& PG PHE compound 15,3
consi st i NgeDéctalddlsetlescedntrd ehérgdap.consisking dhe (SttruNasteappar at us of

claim 10 i o compound has a lattice structure conpri sing
ot B R

al kal i at’i nblexed by a conpl exi ng agent selected fromthe
group conS|st|ng of crown ethers, aza-crowns, cryptands, aza-cryptands,

pol y-aza : blcycllc conplexants and zeolites, and.a

coung erion. 13. The met hod and apparatus of claim 12 in whic¢h said
counterion is selected fromthe group consisting of electrons and
al kali nmetal anions. 14. The met hod and apparatus of claiim 10 in which
said conpound has a lattice structure conprising al kali netal

cations conplexed by 15-CROMN-5, and a counterion. 15. The net hod and -
apparatus of claim14 in which said counterion is selected fromthe

group consisting of electrons and al kali netal anions. 16. A net hod and
apparatus of claim- 10 in which said conpound i's an al kal i de sel ected
fromthe group consisting of Klerr](15-CROM-5)[err]K and

Ro[err] (15- CROMN-5)[err] R-. 17. A net hod and apparatus of claim 10 in
whi ch sai d conpound is an el ectride sel ected - fromthe group
consisting of Klerr](15-CROM:5)[err]e- and Rb[err] (15-CROMNN-5)[err]e-
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