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According to the capacitor formulae

20
E=%C- U2 and C=g g -Ald ,
where: E = energy
c = capacitance
25 u = voltage
g = dielectric constant of the dielectric
& = permittivity of free space
= electrode surface area
d = electrode spacing
30
high energy densities can be achieved by using dielectrics with a high breakdown volt-
age and a high dielectric constant, as well as by large electrode surface areas and

short electrode spacings.

35 So-called Ultracaps (double layer electrochemical capacitors) have very high capaci-
tances owing to the use of extremely large electrode surface areas of up to 2,500 m#*g
and very short electrode spacings but they only tolerate low voltages, about 2 V, and
low temperatures owing fo the organic electrolytes which they contain. In particular, the
lack of thermal stability impedes their use in automobiles since they cannot be fitted in

40  the engine compartment.
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barium titanate and another electrically conductive layer are applied. To this end, an
inert porous substrate of a material such as aluminum oxide is first coated with a metal-
lization by vapor deposition or electroless plating. in a second step, the dielectric is
produced by impregnation with a barium titanate nanodispersion and subsequent sin-
tering at 900 — 1100°C.

Such a method can be problematic owing to the elaborate production method and the
low thermal stability of the metallization. Production of the dielectric requires 'tempera-
tures of 900 — 1100°C. Many metals already have a very high mobility at these tem-
peratures, which together with the large surface tension of the metals can cause the

 metallization layer to coalesce and form fine droplets. This is observed in the case of a

silver or copper metallization in particular. During impregnation with the barium titanate
nanodispersion in the second step, nonuniform coating or clogging of the pores can
furthermore take place if the dispersion contains sizeable particles or aggregates. In
the event of nonuniform coating, it is not possible to use all of the internal surface of the
porous substrate, which reduces the useful capacitance of the capacitor and greatly
increases the risk of short circuits.

It is therefore an object of the invention to develop a capacitor which has a high energy
density and a high thermal, mechanical and electrical load-bearing capacity, in orderto
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surface (BEAPRigHf ace) of fromO 01 to 10 nR/g, particularly preferably from
0.1 to 5 nR/g. Such substrates nmay, for exanple, be produced from powders
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Such substrates may, for example, be produced from powders having specific surfaces
25 (BET surface) of from 0.01 to 10 m?*g by compression or hot compression at pressures
of from 1 to 100 kbhar and/or sintering at temperatures of from 500 to 1500°C, prefera-
bly from 700 to 1300°C. The compression or sintering is preferably carried out in an
atmosphere consisting of air, inert gas (for example argon or nitrogen) or hydrogen, or
mixtures of these, with an atmosphere pressure of from 0.001 to 10 bar.
30
The pressure'used for the compression and/or the temperature used for the heat
treatment depend on the materials being used and on the intended material density. A
density of from 30 to 70% of the theoretical value is preferably desired in order to en-
sure sufficient mechanical stability of the capacitor for the intended purpose, together
35  with a sufficient pore fraction for subsequent coating with the dielectric.

It is possible {o use powders of all metals or alloys of metals which have a sufficiently
high melting point of at least 800°C, preferably more than 1200°C, and which do not
~ enter into any reactions with the ceramic dielectric during the subsequent processing.
40
The substrates preferably contain at least one metal, preferably Ni, Cu, Pd, Ag, Cr, Mo,
W, Mn or Co and/or at least one metal alloy based on these.
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Swf" | ectronics require small capacitors of |ow
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of the substrate As an aiternatlve contact may also be made by forming an electrically
conductive connection between an electrically conductive wire or strip and a surface of
the substrate, for example by soldering or welding.

The porous electrically conductive substrates employed according to the invention are
used as the first electrode and at the same time as a substrate for the dielectric.

All materials conventionally usable as dielectrics may be empioyed. Tantalum oxide
and niobium oxide are excluded according to the invention.

The dielectrics used should have a dielectric constant of more than 100, preferably
more than 500.

The dielectric preferably contains oxide ceramics, preferably of the perovskite type,
with a composition that can be characterized by the general formula A;B,Os. Here, A
and B denote monovalent to hexavalent cations or mixtures of these, preferably Mg,
Ca, Sr, Ba, Y, La, Ti, Zr, V, Nb, Ta, Mo, W, Mn, Zn, Pb or Bi, x denotes number of from
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Salts which may preferably be used are oxides, hydroxides, carbonates, halides, acety-

25 lacetonates or derivatives of these, salts of inorganic acids having the general formula
M(R—-CQOO), with R = H, methyl, ethyl, propyl, butyl or 2-ethylhexyl and'x=1,2, 3,4, 5
or 6, salts of alcohols having the general formula M(R-0), with R = methyl, ethyl, pro-
pyl, isopropyl, butyl, sec-butyl, isobutyl, tert-butyl, 2-ethylhexyl, 2-hydroxyethyl, 2-
methoxyethyl, 2-ethoxyethyl, 2-butoxyethyl, 2-hydroxypropyl or 2-methoxypropyl and x

30 =1,2, 3, 4, 5or6, of the aforementioned elements (here denoted as M) or mixtures of
these salts.

Solvents which may preferably be used are carboxylic acids having the general formula
R-COOH with R = H, methyl, ethyl, propyl, butyl or 2-ethylhexyl, alcohols having the

35 general formula R—OH with R = methyi, ethyl, propyl, isopropyl, butyl, sec-butyl, isobu-
tyl, tert-butyl or 2-ethylhexyl, giycol derivates having the general formula R'—O—(C,H4—
0),~R? with R" and R? = H, methyl, ethyl or butyl and x = 1, 2, 3 or 4, 1,3-dicarbonyl
compounds such as acetyl acetone or acetyl acetonate, aliphatic or aromatic hydrocar-
bons, for example pentane, hexane, heptane, benzene, toluene or xylene, ethers such

40  as diethyl ether, dibutyl ether or tetrahydrofuran, or mixtures of these solvents.
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subsequently cal'cined to formthe corresponding ceramic in an oven at a

t enperature of from500 to 1500C, preferably from 700 to 1200C, and sintered
to form a fThefiim thicknesgafstes applad dislectpt earabg ediysted throgenihe dopcerdgdinn cbxygen
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of the coat baineeh200adGast bf amatiridsphare dhagihg ag,oxagen amitaht nfjfrdra CeX{98r i ence
it is sykfigkgnt to calcine at a tenperature of from 200 to 600C 20 after
each coating step, preferably at tenperatures of about 400C, and only to.

carry
According to another preferred variant of the method, the dielectric is applied to the

substrate by means of a technique which is described in the literature as "template-
assisted wetting" (see, for example, Y. Luo, |. Szafraniak, V. Nagarjan, R.

30 B. Wehrspohn, M. Steinhart, J. H. Wendorff, N. D. Zakharov, R. Ramesh, M. Alexe,
Applied Physics Letters 2003, 83, 440). To this end, the substrate is brought in contact
with a solution of a polymeric precursor of the dielectric, so that a film of the solution is
formed over the entire inner and outer surfaces of the substrate. The solution is subse-
quently converted into the ceramic dielectric by heat treatment, similarly as in the

35 method described above. -

According to the invention, an electrically conductive second layer is applied as a ref-
erence electrode on the dielectric. It may be any electrically conductive material con-
ventionally used for this purpose according to the prior art. For example, manganese
40 dioxide or electrically conductive polymers such as polythiophenes, polypyrroles, poly-
anilines or derivatives of these polymers are used. A better electrical conductivity and
therefore lower equivalent series resistance (ESR) of the capacitor is obtained by ap-



out the Su%?%léﬁﬁ sintering at higher tenperatures of from500 to 1500C,
preferably ~ 00 to 1200C. In order to inprove the electrical properties
of the dielectric, it may be necessary to carry out another heat treatnent
after the sintering, at a tenperature of 7 between 200 and 600C in an
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quently con ] 1ot mc dielectric by heat treatnent, simlarly
as in the 3%%%tg€%h§§§getéﬁggg&§bove. According to the invention, an
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ventional | Z'Ei)\}ésﬁfbsfrgﬂé, élhvmﬁaqu{ém@{rfé@@mrﬁr agcti btet ‘é\ﬁ\l‘d@:és aNay bf a dRledtianpl e,
manganese Loxj de or electrica con Ve, I .
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equi val ent series resistance (ESR) of the capacitor is obtained by ap PF
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appl yi ng co%dyagtl ve Sl.t| ver aqﬂ/ or. sol der | n%]'it gwg_lee.rl tr ciwg nbe gpslire\y ded with
contacts, tHEUPBERPITP Sy HBYP & LN SPRTH 8 " P O EEY f"gﬁlﬂd TOP&ct it
agai nst2@xt sirpig anst gaoppryical proguetion:nh gapaciers havinguianificasdolemmen ginoensions

i nventi on havea domedpaudinglendh déapatitanceonduc- tive substrate, on virtually
all of whose inner and outer surfaces a |layer of a dielectric and an
‘electrically conductive |ayer are applied. The di agram of such a capacitor

is represeRtEHCIACHAG MY, Ok BRFTRE; PE HFYLASR IMOiINgINs SIAPRRCFARFERCTHR oduced
accor di ng te@etthiealienegyttechmology easaa bowgling, fitegyr shesiissténage eapapitbhiermisrdeh a hi gh
ther mal 35 MeEpRRHiGahs aNdn8itGe bl SRbnIAFHaRERE A9pGHARIEnkYgy B8tdqt BRYs for
' mobile electrical devices, for example electrical power tools, telecommunication appli-

cations, portable computers, medical devices, for uninferruptible power supplies, for

electrical vehicles, as complementary energy storage units for electrical vehicles or

hybrid vehicles ("recuperative brakes"), for electrical elevators, and as buffer energy

30  storage units to compensate for power fluctuations of wind, solar, solar thermal or other
- power plants.

The invention will be explained in more detail with reference to the following exemplary
embodiments, but without thereby implying any limitation.

35 |
Examples

Exampie 1: .

A cylindrical quartz grass crucible was filled with a nickel wire and nickel powder (parti-
40  cle size D50 = 6.6 ym) and mechanically condensed uniformly. This was subsequently

sintered for 3 h at 800°C in a hydrogen atmosphere. A solid substrate with a pore vol-

ume fraction of approximately 40% and a BET surface of 0.1 m?/g was obtained.



are therefoEEség ;able for the storage of energy in a wide variety of
application z cially in those which require a high energy density.
Conpared with the conventional tantalum capacitors or nultilayer ceranic
.capacitors, their production nethod allofs 20 sinple and econom cal
production of capacitors having significantly larger dinmensions and a
correspondi ngl y high capacitance. Such capacitors may, for exanple, be used
as a snoot htEﬁ@{”BF" torage capacitor in _electrical energy technology, as a
coupl i ng, f B0.Dey ofcr 6& bedttengthamaresabidisa®r bafium Risp-glegwxyet éo*'%t”rraﬁihcs as a
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(¥recuper at Ly drpesethoxRianBl @00 Gy RIEEEset & BaNd,ps buffer energy 30

storage unitfs 'to npens power fluctuations of wnd, solar, solar
thermal or other power plants. The invention will be explained in nore
detail W0t hErahpleehce to the foll owi ng exenplary enbodi ments, but w thout

t hereby i pry'ofwofad%)ﬁum dBetaAd Were d.%l@ﬁaﬂpb@%f bEmagrglaelalacamccawld 880 e

qgquartz gras cruc |IIe r
(parti- 40 LPRYG %gra- -%’a})ﬂa Véersgj?en %‘%eﬁgg]gn ca Iu*f‘oé@ﬁg‘e%ls:&ﬁ&l&rﬁ? WF . This
was subsequeas Pptainsidrway with respest | Bali®@90C in a hydr ogen at rmsphere A solid

K substrate with a pore vol - une fraction of approxi mately 40% and a BET
surface é)f was obtai ned. PF 55977 8 Exanpl e 2: 50,0 ¢ of a 60 %

strength ( Iut| on of barium bi tho eth et hanol
were sti rreﬁ Ltt'ﬁn§64§10§ tB?”"t”?‘tt%ltFﬁ'i'ﬁ‘r?'F Y Pé"f‘%o gﬁ ETQIE}EBKV% a'f‘?Jr %9 nin
at 5 room tedguEioatOUl @ oha 6028 sigergfth amf%s%mWeri@rlhmm a{meiht))(yﬁihnylwﬁ wat er
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content of 20 %

respec
concent r ot i G181 Uit sl reet i bt rcT BEE é?ﬁt%;} BT %)V?af’?ﬁagned (i
met hoxye® hawdh respeaigoeBali@)wi t h respect to BaTi 8). 10 Exanple 3: 51.0 g of
barium acetate were dissolved in 70 g of boiling glacial acetic acid. 68.0 ¢
of titani ug‘g&ﬁ/blg%rn butyl ate were then added at 70C. A solution with a

content of
A substrate according to Example 1 was immersed in a solution according to Example

2. Bubbling could no longer be seen after a few minutes. A vacuum may be applied in
25  order to facilitate fuli impregnation. The substrate completely filled with solution was
removed from the solution, and any solution adhering to the outside was dripped off.

Example 6:

A substrate according to Example 1 was fitted in a holding device by using a seal, and
30 flushed with a solution according to Example 3 or 4 at a pressure of 4 bar until bubbling

could no longer be seen. The substrate completely filled with solution was removed

from the solution, and any solution adhering to the outside was dripped off. |

Example 7:

35 Animpregnated substrate according to Example 5 or 6 was treated for 3 h in an oven
at a temperature of 400°C in an inert gas atmosphere saturated with water \/apor, in
order fo calcine the solution to form a ceramic coating. The sequence of impregna-
tion/calcining was carried out five times, then the ceramic coating was sintered for 6 h
at 800°C in an inert gas atmosphere with an oxygen content of 1 ppm.

40
Example 8:



was obtained (Ww with respect to BaTi03). 15 Exanple 4: A solution of 48.0
‘g titani um tREt $88¢7s- 2- et hyl hexanol ate in 50 g of nethoxyethanol were added
to 40.0 g of a 60 %strength (ww) solution of barium bis-2-nmethoxyethoxid
in nethoxyethanol. This was stirred for g2 h and net hoxyet hanol was
subsequently re- noved under a reduced essure. A solution with a content
of 22 % s AoBATHERPASH HOSTBATROIELBEETPIS BATF IRTICSES dhp PRURISASOI-
substrat e adicorflimaggaresexdimitate h watsr untirbuigdidgicauld nodbnger oa saetolrfdi Y-t o
Exanpl e 2. sBabddnideteRulidd Rah lsonast whe raseRdafchethed ofuBivh NndWreSsolfiodacuum
may be appl i %ﬂ #irgg to%ﬁ SQt%%re W Jr%g'egb ok ihwlﬂ)lé n'a?%é{ﬁ%@f?{ﬂﬂe%s tﬁé‘r?trgé’tgét rate
conpl etely i ?e_ With SolUtTon wag remove fr%wn e solution, and any

sol ut i onSadf@rd A amoraneatatesirgeatygf 499 SpB@iroinforderty salsing the slukieibiot r at e
‘accor di ng t dorxampleetritalweasontiudtive dayen oBmbndatiesg ditsitdec Ehdyequenog obingeead-,. .and
30 flushed wit: ; I q i Al ~a r 4
bar unti | bﬁsﬂ??’ﬁgé'ﬂ% rbr?qi'iéiE‘oénlﬂé’ﬁabafa‘%é’g_eéﬁm%ﬁgggﬁgﬁég{eg' %@Jnﬁfﬁ‘# §&1{i Il ed
with sol uti $F9&eTPE 9 withgRR19A0ess AKI98n, and any sol ution adhering to
the outside was dripped off. Exanple 7: 35 An inpregnated substrate
accordi ng t exExpry.e 5 or 6 was treated for 3 h in an oven at a tenperature
of 400C in gn_inert S, a sphere saturated wWth water vapor. .in rder to
cal ci ne the %ﬁrﬁ?-'lcé??%?ecg ?”@gﬁ? aés?rgmgct"c'?%a@“f’ﬁ .Wﬁﬁ@i%cg' ew@cgn%fje‘f'ﬁ%gégna-

ti on/ cal ci niusoveespab @andifigahesiat & preesure abs bat Witha seletigeeiaspeerdlbdeinigteias

s; nt1 ered f Zra 6 hmifmre&@aﬁ;thcrxyamyiaﬁﬁﬁet argBmeoRPFPRSIRINBI(Edntan 10%% 98w vipnt ent
0 ppm ; . r.a S r ng to
Exanmpl e 7 M/geséﬁé%m{%r@g%%ﬁrﬁggggyuer%tyeéguggll’@% e?cli %%%hfgl?@ggt?ﬁe%%?f) é:%’s?ér ate in
vater uribi 1 UBLIEBPPIR Rt 60 RBIPThRy e EN Bt at o aRIBIE VN PALED SBEPRL ol y
filled w thvwselrambesd fnars theesavtach, fndamy suitnl adhiedng tcethd oatsidesodsudriippred
adhering t o ofhendid{rbsiaatdPsuddirafeness Bbh tredtB8 bR RUIRORG &t WRshbatfusas then
treated 5 f%é %hh in an OVGGW$t a tgnge&gturedof 300C in air rn.orqﬁr to
cal ci ne t he 2881501 BH"E'E 935 BIHRSRASTE BEPY Nelall AIF SR BIRAIFS & PRV S8t Irdi§anese
di oxi de. Théeaesjgewt enpiegnationigat reatmeny wad eariechoutegucrebliméesin codertant il a

const anpoweiaghibveresmpletdl uesly wandn aldctricBly aidastivewmne conpletely filled with
manganese di oxi de. ' ‘



10 Exanple 9: A ceram c-coated substrate according to Exarrple 7 was fltted
in a hol di ngF 8897¢e by using a seal, and flushed at a pressure of 4 bar
with a solution of copper(Ill) _form'ate in al: 1 mxture of

et hoxyet hyl ami ne and net hoxypropyl am n content 10 %wwwth respect to
Cu) according to the as yet unpublished Patent Application DE 10325243.6, 15
until bubbl P#gnic®ai"es no 1 onger be seen. The substrate conpletely filled with
solution was renoved fromthe solution, and any solution adhering to the

: Ioﬁt Z :’]dgv‘gﬁsg ?r 'aﬂgzggac@f‘ f/vhlc-quh‘:‘on!amrae%&@ge%@ﬁtyrc%%@ué’i@é sh@ﬁfhté BRWR’?Q% ‘; OrN2)2 h
oy o by SR AuRrRbens A evend > UBEELROETEE S oL T Bl

treatnerft was caipbwéuomg agé\aereéﬂctnqaﬂzegondmcwe&acon@Iaxer @r@rﬁp@b@ conpl ete
coating with an electrically conductive film PF 55977 10 -Patent d ai ms 1.
A capaci tor, whi t [ C I CL .1V,

Whoapact o2 angﬁe 8§&cﬂbﬁésf&au%%d%§mﬁ#? Mér&ﬁ\ th%{ Sl%é'r%i hds a\fie,@ L&%ﬂéﬂfﬁ‘él -
t ant al um oxi de ®ffrom 0 {1dBi1GM ki de, and an el ectrically conductl ve second

| ayer are applied. 2. The capacitor as clainmed in claim1, wherein the

- substrafe has aTﬁé’ %Jc'itﬁr e?é’tfié FH%@ in 9Ifa o ﬁ%@%ﬁéreﬁ%ég Dt ccﬂ’ﬁalﬁs atl B8st

capacitor as claine straec
ehat  one- et aPMOMet Of EEESHGHE TR A AN had BRIUAGEOR: REFTAR IRt of
at |east. 900C. 4. The capacitor as clainmed in one of clains 1 to 3, wherein

the substraie copd gamiitdi as c%lmeﬁ’% oﬁQof cﬁlms"ﬂo BVWVhM%:%eQQb@tP&é @bnidins! east

one netal alloy o] t h Cl ined in one of
claims 1 to 4, b{}h@eﬁﬂ Rgl’ie rsb"BsW@l rc%%gndé?r ﬁﬁ‘% Stt 8?%8][‘3 Eylglasc?gnod‘uctl ve
mat eri al%. 20 6theshe capacitor as claimed in one of clainms. 1 to 4, wherein
t he substrate consists of at |east one nonnetallic material in powder form

whi ch is er@apsw\@{;%%c@{{ a%tclal{n%ﬁ?rji Rﬁ’é‘@f og%éh 8. FheliPb sgﬂﬁaeff?tc%m&gl oy. 7.

The capacitor as_c wherei n the nonne ic materi al
is 25 A12C3 orOfﬁ%Wﬁal"éco@d”C%mé%‘é@rtor as clainmed in one of claims 1 to
7, wherein the dielectric has a dielectric constant of nore than 100. 30 9.

The capgei t@r a?h&&@da@?& dstianed % orﬁ‘é éf' d‘”a‘im% 1tt8 48whifes ﬁb%ubﬁﬁatéﬂ cehgabric

_Zogg(%gnsm(é‘? eoirls'fd a? Ieas{ one nonmetach n‘l% er:a m powder %?m W’ucﬂ is encapsﬂgteal tyla :

least one metal or at least one metal alloy.

7. The capacitor as claimed in claim 1 or 6, wherein the nonmetaliic material is
25 AlLO; or graphite.

8.  The capacitor as claimed in one of cﬁ_laims 110 7, wherein the dielectric has a
dielectric constant of more than 100.

30 9. The capacitor as claimed in one of claims 1 to 8, wherein the dielectric contains
an oxide ceramic of the perovskite type with the composition A,B,0O;, where A
and B denote monovalent to hexavalent cations or mixtures of these, x denotes
number of from 0.9 to 1.1 and y denotes number of from 0.9 to 1.1.

35 10. The capacitor as claimed in one of claims 1 to 9, wherein the dielectric contains
BaTiO;.

768/2004 rsfir  26.10.2004 : 1 figure



and B denotpgpmggpyal ent to hexaval ent cations or mxtures of these, X
denotes number of from0.9 to 1.1 and y denotes number of from0.9 to 1.1.
35 10. The capacitor as clained in one of clainms 1 to 9, wherein the
dielectric contains BaTi O38. 768/ 2004 rstfr 26.10.2004 1 figure PF 55977 11

11. The capagi t 9he B8pdditd) é@gaihfédQH%n@Bf éﬂatﬁfls@tol‘lot Fhédfdin RS Arid B&ltams
dielectric contajns

oxi des. 11 concait PF PRt Beefia e Bt SEy® olat et N 8liors S k%t nod
for the product vendrOtapat? eenyc “smherein a first layer of a dielectric,
whi ch is not tantal um oxi de or niobium oxide, and a second | ayer of an

electri-g Cath KNLHGS ’on%ndéTFrBﬁuéti%h 'of Pgﬂé‘cﬂoﬂs wRERM S6d; I‘Q}/é%f% cﬁ&P{:tﬁEt are

applied to t sur

conducti ve subsY"F‘l‘é?f‘@ Dtitemalug gxide orﬂ'%kff“\ﬂxtdﬁ %’?%%ﬁ?%f&d laygs of gn e‘f%&’"mst hod
as clainmed i n ctaliyrooh@uctivb evadénal twhechpis moaddesinbiiit a adractaare gppbetlitoettie id-r om

powders havi ng ﬁé}%dfdtﬁer%éjﬁfaéé?@& %or&ﬁ@@k&n@ﬂﬂy%@né&tﬂ@éQbsﬁhété:\ﬂméh¢§]§H00n or
hot conpressi On}g?t?% ssur from1l to 100 kbar and/or sintering at

tenpera- tures 1SOOG 15 14. The nethod as clainmed in claim
12 to 18 wherein the d| eI ectrlc is deposited on the porous substrates from

a sol ution.13l5. THOmeRidhRciAmea iftigRt 12, wHEnsin te Sdraldbutklaleg atd prodaesei n t he

por ous substrat ﬁgnd Sp%gf{dg %AVEBVS%QP% ?Qﬁﬂe}s %f ﬁ'o@% o 10% dﬁ%g%&cg%ﬁraeas'sﬁ% or

precursor compoun

subsequent | y heB®! QMPARSSPn A pressyessy e ©a dibﬁb?'éd/a“ss‘%tﬁﬁi’%ﬁbtempe%e of
cl al ms 1 to 11 iumsedafém bomto t600°@] ec- tronic circuits.

15
14. The method as claimed in claim 12 to 13, wherein the dqelectnc is deposited on
the porous substrates from a solution.

15.  The method as claimed in one of claims 12 to 14, wherein the porous substrates
20 are impregnated with a solution which contains precursor compounds of the di-
~ electricin a dissolved form, and are subsequently heat treated.

16.  Use of the capacitors as claimed in one of claims 1 to 11 in electrical and elec-
tronic circuits.



