LITERAL 1 Thernoelectric Nanomaterials 5 Description The present invention
relates to processes for preparing nanow res or nanotubes by

el ectrospinning nelts or solutions of suitable support materials which, if
appropriate, conprise thernoelectric [rﬁgEQ(ALaI s, to nanow res and nanot ubes,
and 10 to the use of these nanow res and nanotubes for thernoelectric
heating, for current generation, in senbors or for thermal control. In the
field of thernoel ectric energy conversion, the search for novel

thernoel ectrically active materials with high efficiency is of great
significance hThe | g{ $ert| es of thernoelectric materials are summari zed
in the so-call eé‘a]o?eétﬂF agemAlerals 7 usual Iy expressed as the di nensionl ess
parameter ZT. This paranmeter ZT has to be maxim zed in order to achieve a
maxi mum e$fi BESeFiONZT = S2cr T/ A S Seebeck coefficient, pV/ K 20 a:

el ectrical conductivity, S/cm T: tenperature in K A ther mal conductivity,
W(mK) Si nffﬁe tppé'seﬂ{ ReANRINY refftetlo 8§es§§s ?or%ﬁéﬁ%r glr‘?arnlo%wgé\é%ﬁr%tﬁbé@t erial
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for ol imate control sectors of use and It cation for
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material s, quaRdritFerérabh,Sn 86Mdérs oMbt BBrrRaIdBhRoisepar ati on of el ectron and
phonon scattering and thus a reduction in the thernmal conducti vi ty wth

substantial retention of the electrical conductivity. In this field, the
cl assical rgl aheofiski mfbmmoelecwe@amlynrﬁh%rgmnacm@r@bmm eorV\/rHovél t he
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15  properties of thermoelectric materials are summarized in the so-called ﬁgure of
merit Z, usually expressed as the dimensionless parameter ZT. This parameter ZT
has to be maximized in order to achieve a maximum efficiency.
ZT = S%oT/A Seebeck coefficient, pV/K
20 electrical conductivity, S/em
temperature in K

thermal conductivity, W/(m K)

4 aw

Since the discovery of Bi;Te; as a particularly favorable material for cooling
25 applications over 50 years ago, the maximum ZT value achieved has stagnated at
about 1. From a ZT value of > 2, thermoelectric systems would be able to
compete with conventional techniques, for example for climate control. The
sectors of use and fields of application for thermoelectrics depend directly upon
the parameter ZT.
30
In nanostructured materials, quantum effects occur, which enable separation of
elecfron and phonon scattering and thus a reduction in the thermal conductivity
with substantial retention of the electrical conductivity. In this field, the classical
relationship based on Wiedemann-Franz, according to which the electrical
35  conductivity is directly proportional to the thermal conductivity, applies only in a
restricted manner:;

A/o=aT g: electrical conductivity, S/cm



A/ a = aT a: electrical conductivity, S/’cm2 T. tenperature, K A thermnal
conductivity, W(mK) a: proportionality factor 5 In theoreti cal
considerations, a ZT value of up to ZT = 6 is discussed for one- dinensional
structures, for exanple of bismuth, the so-called nanowires. These are
wires wwth a dianmeter of approx. 10 nm perinmental studies in this order
of magnitude are very difficult by their nature. 10 Few processes for
produci ng nanowi res are known. Physical Rew ekempsratenesK Vol ume 88, No. 21,

pages 216801-1 to 216801-4 discloses a prqce r I R mut h
nanowi res. To this end, nolten bisnmuth |59\| n@%r %chﬁﬁ fg&{ Vgl(#'h[%pressure

into the pores of appropriate tenplates ma@e pPragopditpRctyr silica gel. The
t hi ckness of the bisrmuth wires which can be prepared by this process is
restricted to reater than 40 to 50 nm by virtue of the process.
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of 7 nm by um&dﬁap@@u&uﬁa fof@szmgrer&smndﬂhn%é@é 8P ndires! Thése gel . I n
this process too, Wb th o res is restricte 20 Thernoel ectric
Mat eri al 2008re WERSWi ﬁda%@get%(pcﬁﬁpeaﬂtxr ohEM pages 3 to 14 di scloses a process
for producing nanowires with diameters of from4 to 200 nm These wres are

produced by osi ting such, as ant i nc in nolds
ade of el bcERPUEMYA BRI LT Aerat Brcat e aBrient dRjos it felable the. e
deposi tith i Fewarodesdeior produsing mapowiees drekhowvhe netal s are evaporated in a
vacuum chanber, and the corresponding netal vapors are precipitated in the
tubul ar channels of the nolds. Eur. J. Inorg. Chem, 2003, 3699 to 3702
di scl oses a Physies sRévew pratttngi Wgluarer 8§s No3 @1, npagesc1&80uhtier 21@80bids nut h
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Bi C13 i s reduce renov excess ~zinc powder,
a bl ack pomm@rlniir@dmedsmderrhlghprﬂsswanotpubesom obapproptiatatemplatesamagsdofi n

parallel 40 @ane, 3PQhiBLbel. The thickness of the bismuth wires which can be prepared by

this process is restricted to greater than 40 to 50 nm by virtue of the process.
Additionally disclosed is a process for producing nanowires with a diameter of
7 nm by vapor deposition from corresponding molds made of silica gel. In this
process foo, the length of the wires is restricted.

20
Thermoelectric Material 2003, Research and Applications, pages 3 to 14 discloses
a process for producing nanowires with diameters of from 4 to 200 nm. These
wires are produced by depositing metals such as bismuth, antimony and zinc in
molds made of electrically nonconducting materials such as Al,O; or SiQ,. The

25  deposition is carried out in such a way that the metals are evaporated in a vacuum
chamber, and the corresponding metal vapors are precipitated in the tubular
channels of the molds.

Eur. J. Inorg. Chem., 2003, 3699 to 3702 discloses a process for producing arrays

30  in which a number of bismuth nanotubes are arranged in parallel. To this end, an
aqueous solution of BiCl; is reduced with zinc powder. After removal of the excess
zing powder, a black powder remains, in which nanotubes of bismuth are
arranged in parallel to one another.

35 An overview of the processes known to date for producing nanowires is given by
Adv. Mater. 2003, 15, No. 5, pages 353 - 389. The processes disclosed comprise
the deposition of metals from the vapor phase in appropriately dimensioned molds



35 An overview of the processes known to date for producing nanowires is
given by Adv. Mater. 2003, 15, No. 5, pages 353 - 389. The processes

di scl osed conprise the deposition of netals fromthe vapor phase in
appropriately di mensioned nolds 3 of pogous material, the introduction of
solutions or nelts of appropriate conpounds, if appropriate under high
pressure, |ntP sai d nol ds, sel f - arr%g&enent of panoparticles to give
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10 shaping matrix has to be preserved. It is therefore i npossible to obt ai n

free nanow n er nt,qkl v t t
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short, for exa ||a% dfrwrﬁ‘ﬂ] thé A8ndilbed & f%q/l_r tion, the deposition of the

rraterral fromt ase 1 n extrene 15 narrow channels can lead to
bl ockages of the channel S, so that the nanowires formed are not continuous.
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obt ai ned by the el ect rospinnin Adv. mater. 14, pages
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accel er at es purposes of the short nanowires embedded into the matrix is drffrcult Therefore,

control via the number of actually contacted wires and the test results thus

achieved is problematic.

20
Polymer fibers with a diameter in the nanometer range can be obtained by the

electrospinning method.

Adv. mater. 2004, 16, No. 14, pages 1151 - 1169 discloses a process for

25  producing nanofibers by electrospinning a great variety of suitable materials, for
example various polymers and copolymers, AlbQ;, CuQ, NiO, TiOx-Si0,, V.0s,
Zn0, Co0304, NbyOs, MoO; and MgTiOs. To this end, a melt or solution of the
appropriate material is sprayed through a fine electrically charged nozzle, for
example the fip of a syringe, in the direction of an oppositely charged or grounded

30 plate. The electrostatic attraction of the charged meit or solution accelerates the
beam so greatly that it narrows to a diameter in the nanometer range. By the time
the material beam hits the opposite pole, solvent present has evaporated or the
melt has cooled to such an extent that it has solidified again. Thus, a theoretically
endless thread with a diameter in the nanometer range can be obtained.

35
DE 101 16 232 A1 discloses a process for producing internally coated hollow
fibers with an internal diameter of the cavities or of the hollow fibers with an



beam so greatly that it narrows to a dianeter in the nanoneter range. By the
time the material beamhits the opposite pole, solvent present has
evaporated or the nelt has cooled to such an extent that it has solidified
again. Thus, a theoretically endless thjfead with a dianmeter in the
nanonet er range can be obtained. 35 DE 101 16 232 Al discloses a process for
producing internally coated hollow_ fibers with an internal diameter of the
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obj ect of the present 1 nven nanow res and
nanot ubeH) V\hihehnrwmﬂ& with the seeendt, C@W!cﬁb!raﬁ)‘ee mteflabaldbjalm ive material and
have a sufficient length can be produced, so that the abovenentioned 15

di sadvantages with regard to handling and contacting can be avoided. It is a
further objeldts ar objpst of hecpresentubyrntion te eroyids s ME0Gess ibypriich Aanewiestpensi ve

process by %&Harﬂ:ﬁﬁlﬁé@ Whieh éﬂﬁhpﬂéé‘ﬁi Iébﬁ%n‘éﬁlh%&mmfdaﬂfa&ivd Raekaln
t her noel ectrlcal Iay active material are obtained in sufficient armunt and in
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process by which nanowires and nanotubes which comprise at least one
thermoelectrically active material are obtained in sufficient amount and in uniform
quality.

20
The object is achieved by a process for producing nanowires by treating a fiber
comprising at least one support material and at least one thermoelectrically active
material or a precursor compound of a thermoelectrically active material,
comprising:
25
(A) providing a melt or solution which comprises at least one support material
or suitable precursor compounds of the support material and at least one
thermoelectrically active material or a precursor compound of a
thermoelectrically active material,
30
(B) electrospinning the melt or solution from step (A) to obtain a fiber
comprising at least one support material and at least one thermoelectrically
active material or a precursor compound of a thermoelectrically active
material,
35
(C) if appropriate enveloping the fiber obtained with an electrical nonconductor
to obtain an electrically insulated fiber,



25 (A) providing a nelt or solution which conprises at | east one support
material or suitable precursor conpounds of the support naterial and at

| east one thernoelectrically active naterial or a precursor conpound of a
thernoel ectrically active material, 30 (&£) electrospinning the nelt or
solution fromstep (A) to obtain a fiber conprising at |east one support
material and at |east one thernoelectrically active material or a precursor
conmpound of a thernoelectrically active material, 35 (C) if appropriate

envel opi ng ti® fi Peppaipriaien@shvaking tie pRIcBRbLF LERbouHI6TARE WsdrAtbeleb@icAlt ai N an
electrically insul ét ed fiher D) .1 f appropriate converting the precursor
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conpound of the t ASMFIBRigEE!P 818 7 'Vg&?fm've material to the active form 5
(E) if appropriate removing the support material, steps (C to (E) being

performabkl e any sequence. The. object is alsq achigved a cess for
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mat eri al and at fperfdrmabie inleysegleackrically 10 active material or a
precursor conpound of a thernoelectrically active material, conprising: (F)
providing a nelt or solution which conprises at | east one support materi al

or suitabl e Phrechiesbis asoraolinvsd by atprecessgpo ptodueing rriaabiubes by@eating a

el ect rospi nng el t td | » of at
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wi th at 1®kastctyaanategak ered msegussarrsosiounpd E w hermeelestrieally active praderistsor of a
t her noel ect rjGARpdding:active material to obtain a fiber conprising at |east
one support materi aq and at | east one thernoelectrically active material or
a precursor

(F) providing a melt or solution which comprises at least one support material
or suitable precursor compounds of the support material,
15
{(G) electrospinning the melt or solution from step (F) to obtain a fiber of at
least one support material,

(H) enveloping the fiber obtained in step (G) with at least one
20 thermoelectrically active material or a precursor of a thermoelectrically
active material to obtain a fiber comprising at least one support material
and at least one thermoelectrically active material or a precursor
compound of a thermoelectrically active material,

25 () if appropriate enveloping the fiber obtained with an electrical honconductor
to obtain an electrically insulated fiber,

(J) if appropriate converting the precursor compound of the thermoelectrically
active material to the active form,
30
(K) if appropriate removing the support materiaf, steps (I) to (K) being
performabie in any sequence.

The process for producing nanowires and the process for producing nanotubes

35 both comprise the treatment of a fiber comprising at least one support material
and at least one thermoelectrically active material or a precursor compound of a
thermoelectrically active material.



conpound of a thernoelectrically active material, 25 (I) if appropriate
envel oping the fiber obtained with an electrical nonconductor to obtain an
electrically insulated fiber, (J) if appropriate converting the precursor
conpound of the thernoelectrically actiye material to the active form 30
(K) if appropriate renoving the support material, steps (1) to (K) being
performabl e in any sequence. The process for produci ng nanowires and the
process for produci ng nanotubes 35 both conprise the treatnment of a fiber

conpri si ng atrhb aridid N Stepy RES NILstrRE@IN dthail ESinBdlolveast one
thernoel ectrically active material or a precursor conpound of a

thernoel ectrically active material. 6 The individual steps are illustrated
in detail hes@pgl ow. Step (A): 5 Step (A of the process according to the
i nvention.for producing nanowi res conprises the provision of a nelt or

sol ution i ch conprises at | east one support material or suitable

precur sor coSjEpulE obfthé lrosagspacdording aoithe iamshtiah foegebdusirey nanowires

t her noel ectri . lye.n | al e 0 f

thor ool ect r Fopydes 6t UL 1A ot Bt sOuRiEHER ShrupRER st op ooyt
support mat eniatgrial or suilableyprecurser cormeaunds af thetsiuphort inaterisl andatilebyt artee

sol -gel proc Gl f ' '

materal o BernpriBofelfdcty ot 8 B cfocfior RARBLATRY o hetogBLRRAN. o 15
gel proctys, aelivegnateriain of suitabl e precursor conpounds is used in step (A).
Sui t abl e pol ymers which can be used in the process according to the

i nvention for producing nanofibers are all known honopol yners and.

copol yners chbhaipsaferigd gmbodimanbatbe supperimetesigbista RIMBAEPEa WiRateral ¥8¥ehbe spun

by the el ect r30§mhmeartq/ th%oscmg‘éF%%esﬂlﬁf@rpﬁﬂ&ﬁlaiﬁ ;ﬂéﬂéﬁ-@d ft?ﬁt%cﬁrﬁerﬁolrﬁé”?r S
selected fromthe grou I

g p. consisting, of polyesters, .go_l yam des, PO I m des,
pol yet hers, PIRPH] BpieHa! IS@p?lgﬁ\pbgﬂaglégh,e support material is ‘obtained by the sol-
15  gel process, a solution of suitable precursor compounds is used in step (A).

Suitable polymers which can be used in the process according to the invention for

producing nanofibers are all known homopolymers and copolymers consisting of

at least two different monomers which can be spun by the electrospinning
20  process.

Preference is given here to polymers selected from the group consisting of
polyesters, polyamides, polyimides, polyethers, polyolefins, polycarbonates,
polyurethanes, natural polymers, polylactides, polyglycosides, poly-a-

25 methylstyrene, polymethacrylates, polyacrylonitriles, latices, polyalkylene oxides
formed from ethylene oxide and/or propylene oxide, and mixtures thereof. The
polymer is more preferably a polylactide or a polyamide.

The polymer usable in accordance with the invention is preparable by processes
30  known to those skilled in the art or commercially available.

When a solution of the abovementioned polymers is used to prepare nanofibers in
step (A) of the process according to the invention, this solution may comprise all
solvents or mixtures of solvents. These are preferably evaporable at a

35 temperature of less than 160°C, more preferably less than 110°C at standard
pressure, and the thermoelectrically active materials or their precursor compounds
are at least partly soluble therein.



pol yur et hanes, natural polyners, polylactides, polyglycosides, poly-a 25
nmet hyl st yrene, pol ynet hacryl ates, polyacrylonitriles, |atices, polyal kyl ene
oxides formed fromethyl ene oxide and/or propylene oxide, and m xtures
thereof. The polymer is nore preferably;a polylactide or a polyanm de. The
pol ymer usable in accordance with the |nvent|on I s preparable by processes
30 known to those skilled in the art or comrercially avail able. Wen a
solution of the abovenentioned polynmers is used to prepare nanofibers in

step (A) of {N@eRERE S SoRBROIIUSEY WRichNE JebeeR trBfy tHeh'éroﬁﬁ’ldéhélgt"hq@V
conprise all sSaolvents or mxtures of solvents. These are preferab
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110C at standﬁrestamplee@iamwetham%émtérhsatvp&h@:chwr@aé.bnsngﬁéw@féw@ﬁanal s or
their pre uriﬁ Bgr? nds are at | east partl n3r/|?so ubl e therein.

general , SRV o EEymple 8den %ﬁ?ﬂ?’héyﬂPtﬂﬁfiﬁ”Eoﬁ?P?PPﬂg of
chlorinated setament sdinfedtyl exauwdamedl ctmmsor)ret Hﬂm@etﬁylrwf’dlﬂrr@ﬁér méNMPf;t one,
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used is Preferably one selected fromthe group consisti ng of
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to can al s
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precur sor CQ&FHB&M’}%d?ﬁhéélf‘pp%HQﬁ’éléﬁal@&%’dhﬁ%t S(Azsed in step (A). 15 In the

sol -gel process, the preparation, | of the materials starts
in each case froma liquid so] state Wmch Is converted to a solid gel

state by1s sl thedgd-gel afb%te@grmélpeébarﬁmns1éeaﬁfostﬁendbﬁwﬁ.b@ﬁatsojtaﬁ@lnl d
particles in the S|ze ran etween 1 nm an
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pol ymers. Thgetgvre%rq S1I l'rtlrlnoanndf { 0%”21;51%11 H ':gzlrueI F(eregé)nt in u!tra?me distribution (dispersion)
in water or organic solvents. Sol-gel processes generally start from sol systems
20 based on organometallic polymers. The transition from the liquid sol to the
ceramic material is effected in each case via a gel state. During the sol-gel
transformation, there is three-dimensional crosslinking of the nanoparticles in the
solvent, as a result of which the gel receives solid state properties. The gel is
converted to a ceramic material by controlled treatment under air. This treatment
25 is carried out in the present process during the spinning of the fibers. Suitable sol-
gel systems are mentioned, for example, in "Das Sol-Gel-Verfahren, HK

Schmidt, Chemie in unserer Zeit, 35, 2001, No. 3, p. 176 fo 184"

In step (A) of the process according to the invention for producing nanofibers, the
30 abovementioned support material is mixed with a thermoelectrically active
material or a precursor compound of a thermoelectrically active material.

In a preferred embodiment, the thermoelectrically active material is at least one
compound comprising at least one element selected from the group consisting of

35  tellurium, antimony, silicon, boron and germanium, and/or the thermoelectrically
active material is selected from the group consisting of oxides, skutterudites,
clathrates and bismuth.



ceramic material is effected in each case via a gel state. During the

sol -gel transformation, there is three-dinensional crosslinking of the
nanoparticles in the solvent, as a result of which the gel receives solid
state properties. The gel is converted §o a ceramic material by controlled
treatment under air. This treatnment 25 is carried out in the present process
during the spinning of the fibers. Suitable sol- gel systens are nentioned,
for exanple, in "Das Sol -Gel -Verfahren, H K Schm dt, Chem e in unserer
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W th a | ayerotiddd areenigedt bxides oNhé:gaﬁ&abﬁorrBula_UXPb"Sr 2Co20y where x = fromO
to 0.6 and y =8 + a, from "Chem stry, Physics and Material Science of
Thernoel ectric Materials Beyond 5 Bisnuth Tellurides”, Kl uwer

Acadeni cYO0Pl enum Publ i shers, New ®%oFi®n3003, page$l) 71 to 87. Additionally

sui tabl e are whi skers based on Cu - Co - O or Bi - Sr - Co - 0. Additionally
particularly suitable as thernoelectrically active materials based on

oxi des are mvk&@ oxi des of the general formula (1) 10 SrTiOrs" (1) where -
0<_ns 0.2 and - 2:50@ 75 82%hd I N partlcular 2:5 mMb5 2.5. 15 Suitable
oxides are disclosed in R Funahashi et al. pn. J. Appl. Phys. Vol. 39

(2000), for exanpte &€x2002@EP9. \nreHtieyarot < 062‘0&509 Exanpl es of suitable
telluridgs are tellurides based on bismuth tellurides and | ead

Suitable oxides are disclosed in R. Funahashi et al., Jpn. J. Appl. Phys. Vol. 39
(2000), for example Ca;Co0,05, NaCo,0,4 or Ca;C040s.

Examples of suitable tellurides are tellurides based on bismuth tellurides and lead
20  tellurides, for example Bi;Te; or PbTe. Thermoelectrically active materials based
on bismuth tellurides or lead tellurides may additionally be doped. Suitable
elements for doping are selected from main group 3 or 5 of the Periodic Table of
the Elements, in the amounts known to those skilled in the art. Processes for
doping the compounds mentioned are known to those skilled in the art.
25
An example of a suitable antimonide is Zn,Sb,. Antimonides are preferably used
in the moderate temperature range, i.e. at temperatures of froam 100 to 400°C.

Examples of suitable silicides are FeSi, and modifications thereof. Owing to their
30 particular stabiiity, silicides are used preferentially in applications from the space
travel sector.

Examples of suitable borides are B,C and CaBy or SrBg, and modifications
thereof. The borides mentioned may also be doped with suitable elements.

35  Suitable elements for doping are selected from main group 3 or 5 of the Periodic
Table of the Elements in the amounts known to those skilled in the art.



20 tellurides, for exanple Bi2Te3 or PbTe. Thernoelectrically active
materials based on bismuth tellurides or lead tellurides may additionally
be doped. Suitable elenents for doping are selected frommin group 3 or 5
of the Periodic Table of the Elements, gn the anounts known to those
skilled in the art. Processes for doping the conpounds nentioned are known
to those skilled in the art. 25 An exanple of a suitable antinonide is
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are FeSi 2 a nodi fications thereof.” OMng to their 30 particular stability,
silicides ardutield@ctpfeferentially in applications fromthe space travel
sector. Exanples of suitable borides are B4C and CaB6 or SrB6, and
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In a preferred embodiment, the thermoelectrically active material is selected from
the group consisting of bismuth, Bi,Te,, PbTe and mixtures thereof.

20
The thermoelectrically active materials usable in accordance with the invention
are preparable by processes known to those skilled in the art or commercially
available.

25 ltis possible in step (A) of the process according to the invention to introduce the
thermoelectrically active materials into the melt or solution as such or in the form
of suitable precursor compounds. Suitable precursor compounds are all
compounds, complexes or mixtures which can be converted to the
thermoelectrically active materials by chemical and/or physical methods.

30
In a preferred embodiment, the precursor compound for the thermoelectrically
active material is a salt or a complex of the thermoelectrically active material.

In step (A), the at least one thermoelectrically active material or the precursor

35 compound of the thermoelectrically active material with the at least one support
material or suitable precursor compounds of the support material can be provided
in solution or as a melt.



20 The thernoel ectrically active materials usable in accordance with the

I nvention are preparable by processes known to those skilled in the art or
cormercially available. 25 It is possible in step (A of the process
according to the invention to introducesyhe thernoelectrically active
materials into the nelt or solution as such or in the form of suitable
precursor conpounds. Suitable precursor conmpounds are all conpounds,

conpl exes or m xtures which can be converted to the thernoelectrically
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m xed wi'th acarsexl outj with sifrrlmm@nﬂh@thmtnmofru!t:asduyndmwnde' thataemraof hﬁata
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When a melt is used in step (A), it can be prepared by all processes known to
those skilled in the art. An example of this is heating to a temperature above the

20  melting point or the glass transition temperature of the polymer or of the polymer
mixture, preferably at least 10°C, more preferably at least 30°C, most preferably at
least 50°C above the melting point. In a preferred embodiment, the melting is
carried out under reduced pressure or in a protective gas atmosphere, preferably
in an atmosphere comprising nifrogen and/or a noble gas, for example argon.

25
When the support material used in step (A) of the process according to the
invention is a polymer, the thermoelectrically active substance or a precursor
compound of the thermoelectrically active substance may be bonded covalently to
the polymer chain. Polymers which have thermoelectrically active substances or

30 precursor compounds thereof in covalently bonded form may be obtained by
polymerization of monomers to which the substances are already bonded
covalently. The advantage of this procedure is that the thermoelectrically active
substance or its precursor compound is distributed particularly uniformly over the
polymer, and hence the fibers. Suitabie processes are described, for example, in

35 J. Am. Soc. 1992, 114, 7295-7296, Chem. Mater. 1992, 4, 24-27 and Chem.
Mater. 1992, 4, 894-899.



to 10:1, preferably from1:1 to 3:1. Wien a nelt is used in step (A, it can
be prepared by all processes known to those skilled in the art. An exanple
of this is heating to a tenperature above the 20 nelting point or the glass
transition tenperature of the polynmer orq.0f the polynmer m xture, preferably
at least 10C, nore preferably at |east §6C, nost preferably at |east 50C
above the nelting point. In a preferred enbodinent, the nelting is carried
out under reduced pressure or in a protective gas atnosphere, preferably in
an atnnsphergmﬁqur|5|ng nitrogen and/or a noble gas, for exanple argon. 25
When the support material used in step (A) of the process according to the
invention is a polymer, the thernpelectrically active substance or a

preclurs?r cstapowydopfthé fbeodetegrmahmgt It Qﬁé'lb{ve&ﬁithf@r %ﬁ&ﬂcﬁ‘l@cﬂamvrd@e bonded
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di stributed tb:armmeield:tacallyanhvefmlatdn;al.over the polyner, and hence the fibers.
Sui tabl e processes are described, for exanple, in 35 J. Am Soc. 1992, 114,
7295- 7296, Chem Mater. 1992, 4, 24-27 and Chem Mater. 1992, 4, 894-899.
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fromstep (A to aln a risi east one su I al,
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10 The el ectrospi hni ng process is known to those e art, for
exanmpl e f r onhinea®l of galdpn opdoeit. INYeadgf a1npzzlga fcis ai%@%%ﬁ'@i@glseﬂﬂ‘qrhl s end,

the sol utg ong&metA®d tkrBWAY kslaHodd) szIIIS@ inAtheOfartt hﬁweprébﬁaﬁa%saq@ro%ghﬁargto the
i nvention is generall fine nozz|le which has an el ectrical

ed thr oug
charge, so a@HR'SEEs po? tﬁnﬁw nozzie collector which, based on the nozzle, is
oppositely charged or grounded, so that the jet charged by the nozzle is attracted

by the collector. In general, a voltage of from 5 kV to 100 kV, preferably from
10kV to 50 kV, is applied. A suitable distance between the nozzle and the

20  collector is known to the person skilled in the art. The resulting electrical field
accelerates the particles present in the jet of solution or melt, so that this
acceleration narrows the jet so greatly that it has a diameter in the nanometer
range. The collector is generally designed in such a way that the nanowire which
has solidified as a result of evaporation of the sclvent or as a result of cooling to a

25 temperature below the melting point can be wound up or collected by a suitable
method.

When a polymer melt is used in step (A), the temperature of this melt before it
leaves the spinning nozzie is at least 10°C, preferably at least 30°C, more

30 preferably at least 50°C above the melting point or Tg of the homo- or copolymer
used.

The electrospinning affords a fiber comprising at least one support material,
preferably at least one polymer, and at least one thermoelectrically active material

35  ora precursor compound of a thermoelectrically active material.

The electrospinning may be followed, if appropriate, by washing and cleaning



fine jet of solution or nelt. Instead of a nozzle, it is also possible to
use other 15 geonetries known to those skilled in the art. The apparatus for
spinning conprises, opposite the nozzle, a collector which, based on the
nozzle, is oppositely charged or grounqﬁd so that the jet charged by the
nozzle is attracted by the collector. general, a voltage of from5 kV to
100 kV, preferably from 10 kV to 50 kV, is applled. A suitabl e distance

bet ween t he stopw.lieganerat, lcleaning b HHeditieos obtainked dmotinecedsenper son skilled in
the art. The resulting electrical field accelerates the particles present
inthe jet of solution or nelt, so that this acceleration narrows the jet
so greatly thea eleetrospinningiphifetselutipn of meltrripvded iy step é/hb@nd cm@pr@mg &lctor is
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a result of evaporation of the solvent or as resul't o coo 25
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precursord conpound of a thernoelectrically active material. The

el ectrospin rlate shi ning 12
Steps. T h qenErighOt gt Iu e Abacdin R R B el hel Pt B ouli A e

el ect r ospi nnthagoofinudue psadess, fiersoof anyllengtin exei abdainallest ep (A) and conpri sing
at |least one support material or suitable precursor conmpounds of the
support 5 material and at | east one thernoelectrically active material or a
precur sor cofForneteresd embdtimante thecnanofibgr| produset iewawtdup ah ajdiumt Whe(B) of

the procgss th@cc?rﬂhdls“&\fe?ecf be Iéa@ %H&%‘BQ tﬂBfﬁ%[nGﬁr%e;} 8depgﬁe"$?1'tuFé‘m&RHthses at

| east one support materi era 'east one
t her noel ect r$RIRNING opetatior Cﬁ&tbérm@rmptﬁd an%ﬁfa:uawbe@o@aib%&uwrwgh at

t her moel ect rigabhhyledd iHeSibERERI bdhg tHdrum, so as to obtain a parallel arrangement
of a multitude of nanofibers whose length corresponds to the circumference of the
drum.

20
In a further preferred embodiment, instead of the drum, it is also possible to use a
metal frame, onto which the fibers produced can be wound up. In this
embodiment, a paraliel arrangement of the fibers arises automatically. Such a
procedure is disclosed, for example, in R. Dersch et al., J. Polym. Sci. Part A: Pol.
25 Chem., Vol. 41, 545 - 553, 2003.

The thickness of an individual fiber obtained in step (B) is less than 200 nm,
preferably less than 50 nm, more preferably less than 20 nm.

30 Step (C):

The optional step (C) of the process according to the invention for producing
nanowires comprises the enveloping of the fiber obtained in step (B) with an
electrical nonconductor to obtain an electrically insulated fiber.

35
To envelop the nanofiber which comprises at least one support material,
preferably a polymer, and at least thermoelectrically active material or a precursor



The length of the fiber obtained in step (B) is in principle not restricted.
By virtue of the continuous process, fibers of any |ength are obtainable.
In a preferred enbodi nent, the nanofi ber produced is wound up on a drum
When 15 the drumis covered at |east once by the nanofiber over the entire
width, the spinning operation can be iAferrupted, and the nanofibers can be
cut through at right angles to the fiber and along the drum so as to

obtain a par@nhgunaréfod gedimdklechically Attivei halAal0 b PRE@IsEHE kEoWh S ehdsengt h
corresponds t‘ﬁ(ﬂ t he, ci rr(t: nference of the drum 20 In a further preferred

u
embodi ment, THHELEAINEATMRYPEYUSHE it is also possible to use a netal frane,
onto which the fibers produced can be wound up. In this enbodinent, a

paral | el arrange t. of the fibers arises automatically. .Such. a rocedur e
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conpound of a thernoelectrically active material, all processes known to

those skil |98 (A 4i$p0VE8PoREY be used. Exanpl es include gas phase
deposition, sputtering, spin-coating, dip-coating, 5 spraying or plasma

deposition. Preference is given to th | ication of a non- conducting
maror al by MRl e PoEeSs ARATHGO IR S R IoDeR! Slesfical BnoBSaEn o i n
a sol ution dnownao ehepérsbn skillat inane andas begedat eri al and subsequent renoval
of the 51%I vent, for exanple by heating, if appropriate under reduced

pressure.
In a preferred embodiment, the electrical nonconductor is selected from aromatic

and aliphatic homo- and copolymers and mixtures thereof.

When the electrical nonconductor used is a homo- or copolymer, this material can

20 also be applied to the nanofiber from step (B) in such a way that the
corresponding monomers are polymerized in the presence of the fiber, so that the
polymer or copolymer formed in situ is deposited on the fiber.

Particular preference is given to the polymers or copolymers selected from the

25 group consisting of poly(p-xylylene), polyacrylamide, polyimides, polyesters,
polyolefins, polycarbonates, polyamides, polyethers, polyphenyls, polysilanes,
polysiloxanes, polybenzimidazoles, polybenzothiazoles, polyoxazoles,
polysulfides, polyesteramides, polyarylenevinylenes, polylactides, polyether
ketones, polyurethanes, polysulfones, ormocers, polyacrylates, silicones, fully

30 aromatic copolyesters, poly-N-vinylpyrrolidone, polyhydroxyethyl methacrylate,
polymethyl methacrylate, polyethylene terephthalate, polybutylene terephthalate,
polymethacrylonitrile, polyacrylonitrile, polyvinyl acetate, neoprene, Buna N,
polybutadiene, polytetrafluoroethene, modified or unmodified cellulose, alginates
or collagen, their homo- or copeolymers and mixtures thereof.

35
Polymers mentioned are preparable by processes known to those skilled in the art
or commercially available.



Suitabl e solvents are all solvents in which the electrically nonconducting
material 10 dissolves readily, but the at | east one support material which
has been provided in step (A) dissolves poorly. In step (C of the process
according to the invention, all electriigl nonconductors known to the
person skilled in the art can be used. In a preferred enbodi nent, the

el ectrical nonconductor is selected fromaromatic and aliphatic hono- and
copolynmers and m xtures thereof. Wien the electrical nonconductor used is a
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copol ymers and m xtures thereof. 35 Polyners nentioned are preparabl e by
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Step (D):

The optional step (D) of the process according to the invention comprises the
20  conversion of the precursor compound of the thermoelectrically active material to
the active form.

Step (D) of the process according to the invention has to be carried out when a
precursor compound of a thermoelectrically active material in a mixture with at
25 least one polymer is used in step (A).

The precursor compound can be converted to the thermoelectrically active form

by all methods known to those skilled in the art.

30 When the thermoelectrically active material in the 0 oxidation state is present in a
complex, it can be converted by processes known to those skilled in the art to
free, uncomplexed thermoelectrically active material. One example is the reaction
of these complexes with other metals or metal cations which form a more stable
complex with the complex ligands of the thermoelectrically active material than the

35 corresponding complex of the thermoelectrically active material.

When the precursor compounds of the thermoelectrically active material used are



In the context of the present invention, envel oping nmeans that the fiber
obtained in step (B) is envel oped by an electrical nonconductor to an
extent of at least 70% 10 preferably to an extent of at |east 80% nore
preferably to an extent of at |east 90% Wen the optional step (C) of the
process according to the present inventi®n is not carried out, the process
according to the invention affords a nanowire which is not 15 electrically
i nsul at ed onsdliseorecanepiéxes. in Sthégh ﬂﬁ)mefﬁhtmleqnﬁdaﬁylabtlm epteriB) isofretérd ipraocess

d of
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precur sor OW%Mro%erﬂ:cﬁh%rr P& %ﬁé&fc?ﬁlrﬁ%m?&t lr%LﬁtaB%t e&dihn Ig' Qg@ntg] ure with

at 25 | east ‘one 'S used In precurso npound can be
converted t ohkdﬁldeﬁ H@Sﬁﬂé*ﬁtélﬁtﬁiich ngnc@\@ﬂd Vigdogem the yeductionref thedyeansnin t o

those skil| tbrhiburs difthe (AmMBRRIIR LORETSHSSHH A YadRiugomREerial 1n

the O oxidation state is present in & can e conv

processes kiR a&refased espdiment phthe REoceps a@@rdm@ ithe dnnedtion.ex ed

t hernoel ectrically active material. One exanple is the reaction of these
conpl exes with ot her netal netal cations which forma npre stable

conpl ex wi t hiNgherefssigg %Rb‘?qs@%‘c@ (o PRORESS BrePrAvRg toctheivention tE premicRgt er i al
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mat eri a en the precursor oungs o e ally_active

material usedegr' SI%) ?/g)a'lstassﬁlf ogg'ﬁﬁ'lug'kégorﬁ rPrQ\ﬁf%?V Em @Uﬁh&‘chﬁgp%cqu@al ly

active gat era:dmhpomdaroebmrréuth naraﬁefdogﬁatedom: tdetthérmolelte@treally aeivprmatari alf)r )

conpounds can_be, converted t t hernoel ectrically active material by
A

reducti on. 8%"083‘(4 E35 ed out by el ectrochem cal or wet
chem cal nethods. Suitable reducing agents are 5 hydrides, base netals such

2 P 1SN OGS o ek A el B Ry IDEALEE ASAY 1o &%@%H.ngé. POhet he

therrmel ectrlca elrng a preferred
enmbodi ment Oﬁrttaféi sr pretesably catiedi o1 in cpurméyﬁirngemtai @ntemperature of at least

250°C and for at least 20 min.

Step (E):

20
The optional step (E) comprises the removal of the support material, preferably of
the polymer, which is used in step (A).

Suitable processes for removing the support material, preferably the polymer, are

25  known to those skilled in the art. Examples include thermal, chemical, radiation-
induced, biological, photochemical processes, and also processes by means of
plasma, ultrasound, hydrolysis or by extraction with a solvent. Preference is given
to solvent extraction or thermal degradation. Depending on the material, the
decomposition conditions are at 10 - 500°C and from 0.001 mbar to 1 bar. The

30 removal can be effected fully or in a proportion of at least 70%, preferably at least
80%, more preferably at least 90%.

The removal of the support material affords a nanowire which comprises
thermoelectrically active material exclusively or in the abovementioned

35  proportions.

It is also possible in accordance with the invention that the support material added



In a preferred enbodi mrent of the process according to the invention for
produci ng 10 nanow res, the precursor conpound of the thernoelectrically
active compound wused-n step (A) is a salt of bismuth, nore preferably

bi smuth trichloride. These conpounds of,_ bisnuth can be converted to the

t hernoel ectrically active material bi st h by reduction with hydrogen. 15
The reduction is generally carried out by processes known to those skilled
in the art,inastepi(A) jr ebtereaizived cso thatc parowire iswtdaihyd mdipbncahpriseseimper at ur e
of at |east I I ' . : e. opti | step
(E) conpri seas(?cﬁtﬁog foggrtoj/ea st %bettﬁgﬁiogge%gwfa %%@P%g,@r%}’e%g%%l ?/neg%utjoq%ﬁe

pol ymer, whi wiatarigl, pseferably altiegst omg polguet.abl e processes for renoving the
support material, preferably the polynmer, are 25 known to those skilled in
the art. Exanples include thermal, chem cal, radiation- induced, biological,
phot ocherfi caPteps debdBd and{Ri ard ariiopab ¢esi ispessitie o one piveserethrad efr asound,

hydrol ysi s ofhehire®%idR0bib8kaMddb @ sol vent. Preference is given to solvent
extraction or thermal degradation. Depending on the material, the

deconposi tion conditions are at 10 - 500C and from 0.001 nbar to 1 bar. The
30 renoval crBrdeRecithe sbQbnty lof ¥tePs (CY) (B) BROPOY it i@ HeRfredl THi€ Aehing tH4t,

preferably aj | east 0% e.preferab at | east %.The r val of the
support mat eﬁof 8¥a"a?|?§?t8§s"3gzé}15ﬁ P%Ss%ﬁ‘? Lﬁcaé@rﬁ%t F?@éggt(hé?ﬂﬁggfri cally
active mmgerial exclusively or in the abovenentioned 35 proportions. It is
al so possiblg in accordance. with the inveption at_t he por t rial
Rdded’ 16 i niad BeAteRfof aE ittt tahend S Slep (cla il AR R RN o Tl whi o
conpri ses, i differ@dtli dupportt maddrialse asid/conthertheelottataiyt mctia |ngatadals veausaet eri al |
at | east one, s ri r | t r t eps
(O, (D andd'?%gﬂgl’c’ éq%é;ﬁ%%gndaf%ei&égsst &?éygﬁnst”oﬁ?% ?%fgﬁ%ﬂg%’gg,m?%gor t hree
of the t hreadvisabfesthab thye seppori mdtepat remvyekioveiep (Ehe satednuebefdrestieps (C),
(D) and {F) dRefPpiflest he%iber BbRin¥BaN Stdo @) with an electrical nonconductor (step

(C)). Moreover, it is possible that the conversion of the precursor compound of the

thermoelectrically active material (step (D)) is carried out after the removal of the

support material (E)).

20  In a preferred embodiment, the steps of the process according to the invention for
producing nanowires are carried out in the sequence (A), (B), (C), (D), (E).

The present invention also relates to a process for producing nanotubes by
treating a fiber comprising at least one support material and at least one

25 thermoelectrically active material or a precursor compound of a thermoelectrically
active material, comprising:

(F) providing a melt or solution which comprises at least one support material
or suitable precursor compounds of the support material,

30
(G)  electrospinning the melt or solution from step (F) to obtain a fiber of at
least one support material,
(H)  enveloping the fiber obtained in step (G) with at least one
35 thermoelectrically active material or a precursor of a thermoelectrically

active material to obtain a fiber comprising at least one support material
and at least one thermoelectrically active material or a precursor



for exanple after step (B), it is possible to carry out step (C, (D) and/or
(E). 10 The reason for the different sequence of steps (C, (D) and (E) may
be that different support nmaterials and/or thernoelectrically active
materials cause different sequences of t7he process steps nentioned. For
exanple, it may be advisable that the support material renoval in step (E)
is carried out before the 15 envel oping of the fiber obtained in step (B)
with an el ectri catompawusheficthermgeleatrically aptive ivitedaver, it is possibl e that

t he conversion of the precursor conpound of the thernoelectrically active
material (ste is carried out after the renoval of the support

(D))
material (E) 91{) 201)f PRP@PHAIEf &veloRingihe fiPeraitainedhwitls ae siechicat nencgndisters
according to the torw[ﬁgn,hla(p,rbléa,r,ca”pr,gg;é@édwﬂ)epanovm res are carried out in the
sequence é)A) (B), (O, (D, (E). The present invention also relates to a
process f produci ng nanotubes by treating a fiber conprising at |east one

support mat egjal mragpa;rfpnb@a@dnv@mﬂ t%pﬁe@@fsﬂp@élﬁﬁémd‘?ﬁ'thd tfFfb¥RctrBAIgr | al or
a precursor corrpou | cally active materi aI conpri Si ng.

er noe
(F) providing a rr%‘F ed?"’“@ﬂ?'ﬂ WW?E‘H“‘GOWH ses at |east one support

material or suitable precursor conpounds of the support material, 30 (Q

el ectrospinnjng the nelt.qr solution fromste E obt flber of at

| east one suggortj?n%?pé?ﬁ’réﬁ?? EmevVEy eoﬁ'f"ﬂ%o'{ Hgat%f'%}erswéﬁn@d‘a(% being, (o
with at 10east oneper&bniabkrinaelsetiusncal | y active material or a precursor of a
thernoel ectrically active material to obtain a fiber conprising at | east
one support material and at |east one thernoelectrically active material or
a precursor 3®ps ¢onpdKh df the proddse rro@tingtto thealhvgntiaotforveroduedimg naotubies) i f
appropriate V. f obtained with an el ectrical nonconductor

to obtain af"éﬁ%@@ﬁﬁ@ﬁ }dganr?g& ated fiber, 5 (J) if appropriate converting

t he precursor conpound of the thernDeIectrlcaIIy

15  Step (F):

Step (F) of the process according to the invention for producing nanotubes
comprises the provision of a meit or solution which comprises at least one support
material or suitable precursor compounds of the support material.

20
In a preferred embodiment, the support material is a polymer or a material which
is obtained by the sol-gel process. In a particularly preferred embodiment, the
support material is a polymer. When the support material is obtained by the sol-
gel process, a solution of suitable precursor compounds is used in step (F).

25

In step (F) of the process according to the invention for producing nanotubes, the

same support materials, preferably polymers, and solvents may be used as in

step (A) of the process according to the invention for producing nanowires.

Particular preference is given to using homo- and copolymers. Most preferably,
30  the polymer is a polylactide or a polyamide.

The solution or the melt which comprises at least one at least one support
material or suitable precursor compounds of the support material can be prepared
by ali processes known to those skilled in the art.

35
For the preparation of a solution and for the preparation of a melt comprising at
least one support material, the same applies as was stated with regard to step (A)



active material to the active form (K) if appropriate renoving the support
material, steps (1) to (K) being 10 performable in any sequence. Steps (F)
to (K) of the process according to the invention for produci ng nanot ubes
are explained in detail below 15 Step (F): Step (F) of the process
according to the invention for producin 8hanot ubes conpri ses the provision
of a nelt or solution which conprises at | east one support material or

sui tabl e pr eouttsopresesp oasvdsding tb Heesuv_qmibn fontpesduging ﬂ@ndwm'ra. piVRérera ed

enbodi nent I y Whi I S
obt ai ned by P@gmggﬁogée#d progé@@entrﬁﬁionaoﬂg taﬂﬁe gﬂ"? pg?ﬁ rrI tae éﬂﬁjg%ﬁ‘ f‘?‘ent, t he
support mat egerdrallysataleget g .byvWeight heferabhofrommatier 3Gtk bys welghli merd by t he

sol - gel pro abl e precursor conpounds is used in step
(F). 25 1In s ?Ibil?ﬂ%ﬁ Ettdegdisob{g;ess t]fi;ltccordl ng to the invention for producing

nanot ubes® the sanme support materials, preferably polyners, and sol vents
may be used g |(@) step (A) of the process according to the invention for
pr oduci ng nanovvl res. Particular preference is given to using honp- and
copolynmers. Most preferably, 30 the polyner is a polylactide or a

pol yani de. Thg sgkpbf Qﬁe Yroddis g&lotrdn\@lt&hh@qmyrﬂt@ﬁ%atprémﬁg RAft@esl east
one support materl al sui tab 'precursor gnpounds of _the support

mat eri al canCYBPESRE g@ctrg@puy]lmg Birioe it spiviom from ster &) taieptairea fiber ¢ he

art. 35 for bt I¢usepas aupport @btedasol ution and for the preparation of a nelt
conprising at |east one support material, the sane applies as was stated
wth regard to step (A) 18 of the process according to the invention for

produci ng namosveleetospilring process isrmowndo tisese, skillbe ircmecamtﬂ)raé%ample)fromhe at
et o0, PRt 2036, ML e YETIR L oL oL 0, e ot
wei ght .
15 With regard to the electrospinning, the same applies as was stated for step (B) of
the process according to the invention for producing nanowires, with the
difference that a fiber comprising at least one support material is spun in step (G).

The electrospinning in step (G) can, if appropriate, be followed by washing and
20  cleaning steps. In general, cleaning of the fiber obtained is not necessary.

The length of the fiber obtained in step (G} is in principle not restricted. By virtue
of the continuous process, fibers of any length are obtainable.

25 In a preferred embodiment, the nanofiber produced is wound up on a drum. When
the drum is covered at least once by the nancfiber over the entire width, the
spinning operation can be interrupted, and the nanofibers can be cut through at
right angles to the fiber and along the drum, so as to obtain a parallel arrangement
of a multitude of nanofibers whose length corresponds to the circumference of the

30  drum.

In a further preferred embodiment, instead of the drum, it is also possible to use a
metal frame, onto which the fibers produced can be wound up. In this
embodiment, a parallel arrangement of the fibers arises automatically. Such a

35 procedure is disclosed, for example, in R. Dersch et al., J. Polym. Sci. Part A: Pol.
Chem., Vol. 41, 545 - 553, 2003.



5 Step (G: Step (G of the process according to the invention for producing
nanot ubes conprises the electrospinning of the nelt or solution fromstep
(F) to obtain a fiber 10 of at |east one support material. The

el ectrospi nning process is known to tho skilled in the art, for exanple
from Adv. Mater. 2004, 16, No. 14, pages 1151 -1169. 15 Wth regard to the

el ectrospi nning, the sane applies as was stated for step (B) of the process
according t o Thédhicknasat ¢foan irsliviguab diber abtained oni stegs (Ghiis lessHban @0Dfremence

that a1 Der peFRb, JAdn 5b B2 nd8BreHiARRTdssREES0 A, | S SPUN 111 Step (G,

The el ectrospinnin can ropriate, be followed by washing
and 20 cleaning steps. In general, cleaning of the fiber obtained is not
necessary. The length of the fiber obtained in step (G is in principle not
restricted. By virtue of the continuous process, fibers of any length are
obt ai nabl®. 25 In a preferred enbodi nent, the nanofiber produced is wound up
on a drum V\é@@(H)_he drumis covered at Ieast once by the nanofiber over the
entire wwdth, the spinning operation can be interrupted, and the nanofibers
can be cut through at right angles to the fiber and along the drum so as
t o obt ai nda SmpaH—H)Ebf alhes qmmrﬁcco&fngitcﬁmhéilh\wﬂﬁo@ffoﬂ@i‘dﬁdcbﬁr aarvvj1@t]§& Ieggt h
corresponds to the cjrcu ren r,um t her eferre
embodi ment, FHEP'ERS ’IE‘F Wee?ﬂrﬂﬂnc’f?t?e tf'g ngrﬁgsg‘l BtIBB Wg%ag %ét%ﬂe frame,
ont o whi th t therhodectscgiyosiectivedmatemiaber \aopredurspr df ra tiermoekcbicdiyraotive a
parallel arr t t ar i Q j 5 procedure
is discl osedﬁﬂgb ?gﬁéx%b%'f] ahf?oer Cgﬁ'lbﬁ%'ﬁégﬁﬁéftaoglte.s?ﬁblﬁgg%ﬂnﬁl §§§|Qt %Bgtr?r'%A Pol .
Chem, Vol. ttt:ermeieiectnc@lsactlz@or&termor alpeeaursce knepound oba themiogliedmiallyf i ber
obt ai ned in shRA r@s | ess than 200 nm preferably I ess than 50 nm nore
an

preferably Iess t O nm 5 Step (H: Step (H of the process according to
the invention for produci ng nanot ubes

15 The enveloping of the fiber obtained in step (G) with at least one
thermoelectrically active material or a precursor of a thermoelectrically active
material can be carried out by all processes known to those skilled in the art.

The fiber obtained in step (G) can be enveloped, for example, by gas phase
20  deposition, sputtering, spin-coating, dip-coating, spraying or plasma deposition.
Preference is given to enveloping by gas phase deposition.

With regard to suitable thermoelectrically active materials or precursor compounds
of thermoelectrically active materials, the same applies as was stated for step (A)
25  of the process according to the invention for producing nanowires.

in the process for preparing nanotubes, the thermoelectrically active material used

is more preferably bismuth.

30 Inthe context of the present invention, enveloping means that the fiber obtained in
step (H) is enveloped by at least one thermoelectrically active material or by a
precursor compound of the thermoelectric material to an extent of at least 50%,
preferably to an extent of at least 80%, more preferably to an extent of at ieast
90%.

35
Step (H) of the process according to the invention for producing nanotubes may
generally also comprise washing and cleaning steps of the enveloped fibers. In a



conprises the enveloping of the fiber obtained in step (G wth at |east one
10 thernoel ectrically active material or a precursor of a thernoelectrically
active material to obtain a fiber conprising at |east one support materi al
and at | east one thernoelectrically active material or a precursor conpound
of a thernoelectrically active materia 15 The envel oping of the fiber
obtained in step (G wth at |east one Pherm)el ectrically active materi al

or a precursor of a thernoelectrically active nmaterial can be carried out
by all procewstasrekdrmnpodimenthoswasking led cleaning stepstare Tariefliobbr obt ai ned in
step (G can be envel oped, for exanple, by gas phase 20 deposition,
sputtering, spin-coatin di p- coati ng, sprayln | asma dep03|t|on
Preference i &h th%ﬁes%ogméw%pﬁgt lggsiqne tbwmwmﬁyapw mgterial (refjard to

sui tabl e theﬁr@e@rlssnc&Mﬁ@dwof@ﬁﬂe\'ﬁo%&tﬁ&wa%n% rrFHt&ﬁa‘l‘%ﬁBl‘ieocl%”EHQ‘ﬁBQrsm of
t her noel ectrlca {}éactlve materi al s Sane applies as was stated for step

(A) 25 of tHergr @@@eraﬁxcts?raﬂrrajnﬂwe%m. Pretsially omo? Nirtaddcd™g nanowi res.
In the process for preparing nanotubes, the thernDeIectrlcaIIy active
mat eri al used pr ef erableépwsrruth 30 I.n the nt ext of the pr esent

Mvent fon. AP ETRG B RACEPRING e OB &al RRSore poTalybets a

envel oped byﬂlﬁr ubamﬁ?m@mhavmdsr%mglhmt &i wakl ynaciubpert rm@tersalaéndmvh][m 8 |

pr ecur sor nd ,of t t ectri t extent of at |east

B05% " pr ef or SREPREG ik clvtn! ar DatrodedicHly Aok el ER PRGIE ext on
of at | eHBst cdPound®f Bicethe(rhieldtritdiie aptiveoasteriaiccordi ng to the invention for
produci ng nanotubes may generally also conprise washing and cl eani ng steps
of the envel oped fibers. In a 20 preferred enbodi mrent, no washing and

cl eani ng stepwepdhe carried out. The thickness of the |ayer of at |east one

thernoel ectrically active material or of a precursor conpound of a

thernoel ectrically active naterial applied to the fiber in 5 step (H) is

general |y frbm ophienat sta@dl) refy ther rbeessbhgcordiognts theninvergion rfor pradusingp (H) of

the pro S n €¢HaN f@rpr C S f ber is

ot al ned ahi ok opuicer Sarhfrische e ¥RARG of B! ek otindE 1Al O e
nonconductor to obtain an electrically msulated fiber.

With regard to the enveloping with an electrical nonconductor, the same applies
as was stated for step (C) of the process according to the invention for producing
20  nanowires.

To envelop the nanofibers obtained in step (H) which comprises at least one
support material, preferably at least one polymer, and at least one
thermoelectrically active material or a precursor compound of a thermoelectrically

25 active material, the thermoelectrically active material or a precursor compound
enveloping a nanofiber of at least one polymer as an outer layer, all processes
known to those skilled in the art may be used.

The electrical nonconductor is preferably applied to the fiber by gas phase
30  deposition.

The electrical nonconductor used is more preferably poly(p-xylylene) or
polytetrafluoroethene.

35 When the optionat step (1) is not carried out, the process according to the
invention affords a nanotube which is not electrically insulated on the exterior.



envel oped by a layer of a thernoelectrically active material or of a
precursor 10 conpound of the thernoelectrically active material. Step (1):
The optional step (1) of the process according to the invention for

produci ng 15 nanotubes conprises the en) el oping of the fiber obtained with
an electrical nonconductor to obtain an electrically insulated fiber. Wth
regard to the envel oping with an el ectrical nonconductor, the sane applies
as was stat e&tefm(r])step (C) of the process according to the invention for
producing 20 nanowires. To envelop the nanofibers obtained in step (H)

whi ch conprises at |east one support material, preferably at |east one

pol yner, andThe apdgeal ¢re (J} kEthe eresess |3@Q¢fld5ﬂ9at9t theeinketioni toir psedugingr ecur sor

conpound of ﬁaﬁdi@tﬁéﬁoeédﬁ%rfs%a HeY céRvétsiohVef MREEDH l'éb'ursofrhﬁoﬁ'lP&Beredfeﬁfe“ cally

active material or pr ecur sor co oun envel opi ng a nano of at |east
one pol yrr ﬁ'§r"899|8€|tf'6‘?‘”ylaé5§‘é¢ mafgria ﬁ?rtﬁéé%‘@sfomknom to those skilled in the
art may be used. The electrical nonconductor is preferably applied to the

fi ber by gas 30 de osition., The electrical nonconductor used is nore

ase
pref erably p%f@(rﬁgyﬁlt?ﬂ% IVSFSionfi the ereckFIor GampRUHLAdh eé@rmﬁéﬁ"?'ﬁéuyoptl onal
step (l)bl S mﬁﬁtvg&ﬁét"eh@ldtocmé,thérh@e{%@ﬁzélﬁ_,satlﬁﬁéqgﬂbﬂﬂ te $dhee ap ieerazsllmsaffor ds
a nanot ube which is not ri.ca ulated on the exteri.or t ep
()" The opt Ay Saelysielad B st (oY ok BespRegts BPenscbs TP HBe iR(EHER & o
produci ntp namwbgsuan@mws ses the conversion of the precursor conpound of
the 5 thernoelectrically active material to the active form Wth regard to

t he conversion of the precursor conpound of the thernoelectrically active
material to Theopimahsiepdd)dsdalbe\caaEdiout onfiverena pretimsoseomepaypglol & as has

already: beenuahabadelBhiy>4ake Bhidlod W PERRIN AL TAL B 8 briy Sen i on

for 10 prod Ional” ste e carried out
only when a tﬁ)ew‘r@dhedmie@tr@ally aetive material is applied to the fiber in step (H),

15  step (J) can be dispensed with.

When a salt of the thermoelectrically active material is applied to the fiber in step
(H), step (J) is carried out in this embodiment.

20 Step (K):

The optional step (K) of the process according to the present invention for

producing nanotubes comprises the removal of the support material, preferably of

the polymer. When step (K) is not carried out, the process according to the
25  invention affords nanotubes which are filled with support material.

With regard to the removal of the support material in step (K) of the process

according to the present invention for producing nanotubes, the same applies as

has already been stated for step (E) of the process according to the invention for
30  producing nanowires.

In general, the support material, preferably the polymer, is removed in step (K) to
an extent of at least 30%, preferably to an extent of at least 50%, more preferably
to an extent of at least 70%.

35
In a preferred embodiment, the support material is removed by solvent extraction.
In general, it is possible for this purpose to use all solvents and solvent mixtures



thernoel ectrically active conpound is applied in step (H to the fiber from
step (G . Wen the thernoelectrically active material is applied to the
fiber in step (H), 15 step (J) can be dispensed with. Wen a salt of the
thernoel ectrically active material is apglied to the fiber in step (H),
step (J) is carried out in this enbodinent. 20 Step (K): The optional step
(K) of the process according to the present invention for producing

nanot ubes cowbichsreédib’kﬁﬁsﬂé\rﬁﬁ@lSlwpottmetsmipﬂmh has beemluseiresiepdb) pulof the

pol yner. o<§r ddfe th Sl Mc%ﬁﬁéﬁc%ﬂdu?é{{aq Eﬁjsoﬁ%gﬁ&%néfec%gﬁlié&% pt he

I nvention af or nanotubes are VVth
regard to t he) reanaI of the support material in step (K) of the process
according to the present invention for producing nanot ubes, the sanme applies
as has alre?qggbeen stated for step % t he process according to the

i nventi orP fof P én?JtPB%Ith’@ﬁl?gd'ﬁHWéﬁanfé%ss ﬁné"@ﬂé’frﬁl preferably Igssdhen SRtEw al |
preferably t h@repp&eymbly desnheamaidhicknest &I 1ds8) tha® 20 @im @fé@fﬁblpfes@lhdneast

30% prefera n ext | east 50% re ef er abl ext ent
of &t least o3 50 8 Bt ooy S sl A pen B <

renmoved by saf Mesttmf»(mrra@wm@ to tHencaptings ! protéssi, thepleAgihdfehéd ﬂﬂndtbbélspur pose
to use all soltver}ws:l gnd sol vent m xtures 22 which readily dissolve the
support mat ePPPSURREh has been used in step (F) but poorly dissolve the
el ectrict)l nonconductor which is, if appropri ate appl ied in step (l). 5

The nanot ube di el Oof S bl e n 50 nm
nor e prefera%{%gzg)’ n(lr‘rl?r%tdv&ﬂ C?']F]?Dgekﬁéltspggoé Ies %& |¥1 fe(%ra ly | ess
than 10 nm emhddimentstgrs (Bf (Jhand d9stre taming optleftlee a@menae(lbéa)stK)lo mm nore
preferably at least 100 nm Owi ng to the continuous process, the | ength of

the nanotube_is not restricted. 10 Steps (1), (J) and (K) can be carried
out in any s’élag.arg%enﬂwvgwtmneﬁl@pr@jates o a nanowire comprising at least one

15  thermoelectrically active material and having a diameter of less than 200 nm,
preferably less than 50 nm, more preferably less than 20 nm, and a length of at
least 1 mm, preferably at least 10 mm, more preferably at least 100 mm.

The present invention also relates to nanotubes comprising at least one

20 thermoelectrically active material and having a diameter of less than 200 nm,
preferably less than 50 nm, more preferably 20 nm, a wall thickness of less than
20 nm, preferably less than 10 nm, and a length of at least 1 mm, preferably at
least 10 mm, more preferably at least 100 mm.

25 The present invention also relates to the use of the inventive nanowires or
nanotubes for thermoelectric heating, for electricity generation, in sensors, in
telecommunications or for temperature control.

Examples of sensors are CCD arrays, gas sensors, sensors on semiconductor
30  units or on CPUs.

Examples of thermoelectric heating are heaters, auxiliary heaters, air conditioning
units.

35 An advantage of temperature control with the aid of the inventive nanowires
and/or nanotubes is that they very precise temperature control is possible.
Moreover, such a temperature control system reacts very rapidly and precisely.



enbodi ment, steps (I), (J) and (K) are carried out in the sequence (1), (J),
(K). The present invention also relates to a nanowire conprising at |east
one 15 thernoelectrically active material and having a diameter of |ess
than 200 nm preferably I ess than 50 n nore preferably |l ess than 20 nm
and a length of at least 1 mm preferalfi’y at least 10 nm nore preferably
at least 100 mm The present invention also relates to nanotubes conprising
at | east one 20 thernoelectrically active material and having a di aneter of
| ess than 20 . f er a wal |
thi ckness of tages RS0kt P e ML B oBhAEA T osdP B, T CF
at |east 1 naychpasteslamineraltoil, hatasal gae omwoodpby catalytie catnbystion, b;ea@tsteloo mm
25 The presepiq 'BN‘Bgt the"s Lfrl SA fil 3h&s e ﬂ{b‘i‘masﬁ e Fn@Snﬁ\)éVﬁ%der%s“&“OW res
or nanotubes ernoel ectric heat'i ng ectricity generation, in
sensors, 9 n nargtebesimibe abevesientisped waymen%ataﬁ anelwmf@nrrerEMmew of
sensors are GRedbsleciRalpalne! n%t%ﬁaﬁ@rnqnéngﬁbm?éw%ﬁe@beg 30 units or
on CPUs. Exanples of thernoelectric heating are heaters, auxiliary heaters,
air conditioning units. 35 An advantage of tenperature control with the ald

of the inventhyeakktmmvidiethe #weht% rr\aﬁ&k#&e%r'ﬁarfdﬂf’dest RRY eXifirihaPEL ChSE
terrperat ure cCo tl’Ol | S pOSSI | e. Mor eov such a te erahure cont r ol

syst em r eact SPRIGRIOT BIYPARSS 53 PP cariedy) . y?\# Precesspr @gd gretheds ko et ricity
gener at i N athesBeRrillédp thy aggonbusti on of fossil fuels such as coal, mneral
oil, natural gas or wood, by catalytic conbustion, by waste heat or by the
sun. In this case, the heating of the inventive nanowires or 5 nanotubes in
t he abovenenExanpldsways generates an electrical current by neans of the
thernoel ectrically active materials in the nanow res or nanotubes. The

anal ysis of the inventive nanowi res or nanotubes for experinental or
application pxampplsds can be carried out by all processes and net hods known
to 10 t{g)se skilled in the art. Exanples: Exanple 1:

Production of nanotubes:

The template used for the bismuth nanotubes is electrospun PAG6 fibers:

20  Fiber production:
A solution of 15% m/m PAG66 in formic acid (p.a. 98-100%) is spun. The spinning
is effected from a PE syringe with a metal cannula (& 0.6 mm) onto a rofating
aluminum roller with a diameter of 155 mm which rotates at a speed of 3500 rpm.
The voltage applied is +22 kV on the syringe cannula against -2 kV on the roller

25 (in each case relative to ground) at a cannula/roller separation of approx. 60 mm
(electrical field strength E = 400 kV/m). The propulsion for the syringe is adjusted
appropriately, such that solution is available continuously at the cannula tip.

For better production of the fibers, either aluminum foil or PE film is applied to the
30 roller, on which the fibers deposit. In order to ensure good removal of the fibers
from the film, a plurality of layers of fibers have to be deposited. This entails at
least a spinning time of from 15 to 30 min. The film or foil applied and comprising
fibers is cut up at right angles to the roll. The fibers obtained thus have a length of
approx. 487 mm.
35
Vapor deposition of the bismuth layer:
The fibers are removed from the film in a thin sheet and clamped in a brass holder



15 Production of nanotubes: The tenplate used for the bisnuth nanotubes is
el ectrospun PA66 fibers: 20 Fiber production: A solution of 15% mi m PA66 in
formc acid (p.a. 98-100% is spun. The spinning is effected froma PE
syringe with a netal cannula (0 0.6 nmm onto a rotating alumnumroller
with a diameter of 155 nmwhich rotates at a speed of 3500 rpm  The vol tage
applied is +22 kV on the syringe cannula against -2 kV on the roller 25 (in
each case relative to groun at a cannula/roller separation of approx. 60
mm (el ectri e&3PAP%IZ® SEPEWGth E = 400 kV/n). The propul sion for the syringe
Is adjusted appropriately, such that solution is avail able continuously at

t he cannul a tig. For better production of the fibers, either alum numfoil
or PE filmiédh ﬁ’ﬁPP%G'eP%S'?% is gHeqiy |iRra remistamnec MARATEeF i thersareRin BSiNg. | n

Ior der tof e][lsmb@nﬁﬂoébﬂr?im’gﬁj i a‘bbt@‘e ghé)%o‘iybdfehfw tlsckz# Jtokd;msuna thb%atént y of
ayers o i bers ve e entails a e i nNni ng
e of 1 onbRBUILbSRS i RS Difse RATder Fotate RoGH)UrY Sl 2loaacEm e SRGION | bor s
:s cu:1 u]p at afr agrox.a2@keA duding ke rv@bcbr deb@:tﬁ:hbm@s\/@bt @bp@ﬁtldmlsseffb%‘té‘d a

ength of a iti a er:

(bors are r Bt T ABKHARSSRIrPLY Mot AT A ek sy o aaT IS Bieass

hol der 24 otfmlﬂmpr@ath,SvapoZEepnﬂhonTiseeﬁeatMrwndepo&nt lonrdte offappriked-2 n a
resi stance r| LZ8l t he sanpl e being nounted approx. 150 mm above the
nmol ybdenum boat corrprl sing the nmolten 5 bismuth beads. The brass hol der is
rotated Hbout the axis along the fiber direction at approx. 20 rpm during

t he vapor de Qasrhf) %n t he vapor deposition is effected wth |ayer thickness
control neans of a crystal oscillator. In order to achieve wuniform
coati ng, vapor deposition is effected with a very |low rate of approx. 1-2

nm per mn. pRJEXRIPYHahowires by incorporating Bi salts in the spinning:

15 Production of poly-D,L-lactide/BiCl; nanofibers:
A solution of 11% PDLLA/16.5% BiCl; (m/m} in acetone is spun. The spinning is
effected from a PE syringe with a metal cannula (& 0.45 mm) onto a rotating
aluminum roller (@ 155 mm, 3500 rpm). The voltage applied is +13 kV on the
syringe cannula against -2 kV on the roller (in each case relative to ground} at a

20 cannula/roller separation of approx. 60 mm (electrical field strength E =
250 kV/m). The propulsion for the syringe is adjusted appropriately, such that
solution is available continuously at the cannula tip.

For better production of the fibers, PE film is applied to the roller, on which the
25 fibers are deposited. In order to ensure good removal of the fibers from the film, a
plurality of layers of threads have to be deposited. This entails at least a spinning
time of from 10 to 20 min. The film applied and comprising fibers is cut up at right
angles to the roller. The fibers obtained thus have a length of approx. 487 mm.

30  Poly-para-xylylene coating:

The coating is effected by the CVD process according to Gorham, a commercially
available unit from “Speciality Coating Systems" SCS (Labcoater®, Parylene
Deposition Unit Model PDS 2010) being used. The starting material used is [2,2]-
35 paracyclophane. The monomer is evaporated at up to 175°C and pyrolyzed to
give quinodimethane at 650°C. Subsequently, the deposition/polymerization as a
film onto the fibers is effected at a maximum pressure of 55 mbar and less than



Production of nanowires by incorporating Bi salts in the spinning: 15
Production of poly-D,L-lactide/Bi C3 nanofibers: A solution of 11 %

PDLLA/ 16.5% Bi C13 (mim) in acetone is spun. The spinning is effected froma
PE syringe with a netal cannula (0 0.45 ram) onto a rotating alumnumroller
(0 155 mm 3500 rpm. The vol tage appli & is +13 kV on the syringe cannul a
against -2 kV on the roller (in each case relative to ground) at a 20

cannul a/ rol | 8°Gsepar ati on of approx. 60 nmm (electrical field strength E =
250 kV/Im) . The propul sion for the syringe is adjusted appropriately, such
that solution is available continuously at the cannula tip. For better
product i on ofon ¢nating pibedibeprare wohndsontip prétaldrantes inesuchl 4 way that they ate t he 25
fibers are d | Fei r I i romthe
film a | urali ﬁ/go esllsgg/(_ie?]ﬁ %ﬁo?éét%h%ﬁs%hg%%%elggﬁge%@rszﬁlgg( gélgﬁlﬁ@sgﬁ;lt ails
at | east & sPCRGNAGWers waighed foralain tayebthiaknassappreve 260INM.appl i ed and
conprising fibers is cut up at right angles to the roller. The fibers

obtai ned thus have a | ength of approx. 487 nm 30 Pol y-para-xylylene
coating: The coating is effected by the CVD process according to Gorham a

commer ci al | ypolgtetratiadtbethyiehé cbatmg “ Speci al ity Coating Systens" SCS
(Labcoater(rtl Pai]él ene dtz)%l tion Unit del PDS 2 1& _Bﬁe;n% ‘gsed. The
starting mat &f¢ &2 %dsigﬁe[%é? PY38eaas ¥y SRiSHAS ORI Nt SPHEETEGapor at ed
at up tot0L75¢hamtsbr iy re@hywEed Hown do \aeprgssure dif Mot haber &id GfeOfasria s ¢guent | y,
t he depositi qn/ggl merization as.a_film ngt Obtgeﬂ;i berl)a ti S ef f CheEd at a
maxi mum pres%ﬁ?t cg CcBISYRAF HFi foeégp'ioﬁaﬂ 25"°Fc! MERPICTHR *“H'(:go,e W%t i ber s
are wound ontacgetg@abpproand8 mm) ssidispesedtgpproat 50468ymar awappem tie fberess from
all sides as a i.bl e. I S, RLoce , x oner were
wei ghed to o%a[ |Iﬁ' T%@@?g'{sh%rgkcﬁge@%égklp?E)E))Eé)scézg‘ﬂaﬁn?fs%’g’lr%eﬁ af%gu roet Nyl ene
coati ng: Therotadaal h rpm abbbicthe adis@ongetha fiberf dirgetion. diherdppositiom s eftggledThe
sputteri i of 10-6 nbar and the
9 4% &W@H%éaéb)% tsﬁﬁﬁ‘/%"f‘ ﬁ&&?&&hﬁﬁc@g@&&&ﬁﬁo‘?}.

plasma is then start pressure rises pprox. 10"3 nbar). The
pol ytetrafl uoroethylene target (0 approx. 50 mm is disposed approx. 50-60

mm avay fr onkgdtibh R Mmetallic bismuth:

The reduction is effected in a tubular oven which can conduct temperature ramps
by means of a control unit. The program provides for three segments: heating (to

20  260°C within 30 min), heat treatment (at 260°C for 20 min), cooling {to RT for
approx. 30 min.); the cooling proceeds more siowly than provided for by the oven
control and depends upon the ambient conditions. Before the start of the
reduction, the sample is evacuated in the tubular oven (approx. 0.1 mbar) and
subsequently flushed with hydrogen; during the duration of the reduction, a gentle

25 hydrogen stream is passed continuously over the sample (approx. 5 ml/min).

Reduction to metallic bismuth with subsequent removal of the PDLLA core fiber:
For this purpose, 5 segments are provided for: heating (up fo 260°C for 30 min),
heat treatment (at 260°C for 20 min), heating (to 270°C for 10 min), heat treatment
30 (at 270°C for 5 h), cooling (to RT for 30 min); the cooling proceeds more slowly
than provided for by the oven control and depends upon the ambient conditions.

Before the start of the reduction, the sample in the tubular oven is evacuated
(approx. 0.1 mbar) and then flushed with hydrogen; during the duration of the

35 reduction, a gentle hydrogen sfream is passed continuously over the sample
(approx. 5 ml/min).



sanple. The fibers are clanped in a brass hol der of approx. 25 x 25 m® and
rotate at 15 rpm about the axis along the fiber direction. The deposition is
effected 15 at a rate of approx. 5 nmmn (nmeasured with crystal
oscillator). Reduction to netallic bis h: The reduction is effected in a
tubul ar oven whi ch can conduct tenperat’e ranps by neans of a control
unit. The program provides for three segnents: heating (to 20 260C within
30 m) n), hheaDultip@merrBeatir(ggtb 2/0C, fhlerga'éosuﬁﬁly)/purg@@ bwm:h]ge‘dqollgﬁotfeoﬁveaw ox. 30
mn.); the c | eeds nore slo t han ovi ded for t he oven

cont 1ol and B NcR fE- SR TR Br EarEHlY PRl 26ciRbp P esalie LRAPSSE e
reduction, tE® .Smbptie applied duringttbel subbsegbentthéatitreatmenktopdratipr. ox. 0. 1 nbar)
and subsequently flushed with hydrogen; during the duration of the
reduction, a gentle 25 hydrogen streamis passed continuously over the
sanple (approx. 5 m/min). Reduction to netallic bisnuth with subsequent
renoval of the PDLLA core fiber: For this purpose, 5 segnents are provided
for: heating (up to 260C for 30 mn), heat treatnment (at 260C for 20 mn),
heating (to 270C for 10 mn), heat treatnment 30 (at 270C for 5 h), cooling
(to RT for 3Bysthpk:3:the cooling proceeds nore slowy than provided for by
the oven control and depends upon the anbient conditions. Before the start
of the reduction, the sanple in the tubular oven is evacuated (approx. 0.1
nbar) angh t hppduktishechatboivite ¥ (MRERDratiy 'Hi Barticles ifiHedpirpihgdf the 35
reduction, a gentl'e hydrogen streamis passed continuously over the sanple
(approx. 5 mMm/mn). 26 During the heating to 270C, the gas supply/purge is
switched to Produedn ofBigamopdricignn) and the oven is subsequently evacuated,
so that a pressure of approx. <_ 0.5 nbar is applied during the subsequent
heat treatnent operation. 5 Exanple 3: 10 Production of nanow res by

i ncor por at i nfhéprogactiarcik effectad uhderspyomatngisphéteoduct i on of Bi nanoparti cl es:
The prodjrg:ti on is effected under argon atnosphere. 15

A clamped Schlenk vessel is initially charged with 25 mmol of sodium hydride
NaH which are degassed and washed twice with absolute tetrahydrofuran THF,
then 20 ml of THF are added and the mixture is heated to 65°C. 10 mmol of tert-
butanol in 5 ml of THF are added and the suspension is stirred for a certain time.
20  With vigorous stirring, 5 mmol of finely pulverulent BiCl, are added (all at once)
and the solution is kept at 65°C for a half hour. Directly after addition, the solution
begins to turn black. Subsequently, the solution is cooled to RT and 20 ml of
absolute THF are added, and the mixture is left to stir overnight and concentrated
by rotary evaporation. A black powder remains which has particles approx. 5 nm
25  in size under the electron microscope.

Production of poly-D,l-lactide/Bi nanofibers:

A solution of 4% PDLLA/4% Bi particles {m/m) in dichloromethane is spun. The
30 spinning is effected from a PE syringe with a metal cannula (@ 0.45 mm) onto a

rotating aluminum rolier (& 155 mm, 3500 rpm). The voltage applied is +13 kV on

the syringe cannula against -2 kV on the roller (in each case relative to ground) at

a cannula/roller separation of approx. 60 mm (electrical field strength E =

250 kV/ m). The propulsion for the syringe is adjusted appropriately, such that
35  solution is avaifable continuously at the cannula tip.

For better production of the fibers, PE film is applied to the roller, on which the



A cl amped Schl enk vessel is initially charged with 25 nmol of sodi um hydri de
NaH whi ch are degassed and washed tw ce with absol ute tetrahydrofuran THF,
then 20 mMl of THF are added and the mi xture is heated to 65C. 10 mmol of
tert- butanol in 5 mM of THF are added agd the suspension is stirred for a
certain tinme. 20 Wth vigorous stirring,”5 mmol of finely pulverulent Bid 3
are added (all at once) and the solution is kept at 65C for a half hour.
Directly aft@reradds demosjted He ceddruo ieosure lgegd nemoeal piithe fibeasckom Sublegaent | y,

t he sol utiongis. | hso - I -and t he
m xture is IEJI*j fal:ﬁﬁ&é?ﬁr&%{/@ %@%@r@%%@gﬁﬁah gﬁ%%%r%ti%}sﬁg%@gag ation. A
bl ack powdertimemhfrag thicc?) mirs Tiverfilm @ppliedagnst eomprsingniibers isi qut b aé righider t he
electron mc j - t)) | fA . A

col Ut on of A3 BDELAT JoieE s e B ko B A B BB TR T, he
30 spinnithg is effected froma PE syringe with a metal cannula (0 0.45 nm
onto a rotaRbRgvaldiRERLI 2kbRffibkR: 155 mm 3500 rpm). The vol tage applied
is +13 kV on the syringe cannula against -2 kV on the roller (in each case
relative to ground) at a cannula/roller separation of approx. 60 nm

(el eg_t ri falj Fbreth ;&jrb?ﬁlg@se%m‘eﬁtﬁé@t ﬂfrb’gigéa forT?@atPn@F{DH't@ '2?F°d Ifb*r 3d1ﬂitr§,yrl ngF
i s adjuste ropria C a 0 ion is.ayailaple contjnuously
at the cannuﬁ%%ttrieﬁ?mﬁgﬁa%%mﬁgrfobé BH&E?Ifr@rﬁ%k%thegq MYy e oeping PRRFeeIsappl i ed
to the ru | emoreslowly thhn bhe/iddd fof b thesoveheotigplamid depents upsitlithe drabiemtsur e
good renoval of the fibers fromthe film a plurality of |ayers of threads
have to be d‘é%éllopéd. This entails at least a spinning tinm of from1l0 to
20 mn. The filmapplied and conprising fibers is cut up at right angles to
the roller. i her ' I pRr £ 5
Renoval of tﬁ'gee&%ﬁ%iog%'?gg ? }J%@%%é&%g?gﬁ ﬁ?égﬁtuﬁg'gésgf"%ga@'e%n@éﬁasége}s(%m%]r ovi ded
for heating ¢fapprax. ZMEntbar iscAppliethpyer theeaturse efdheaentire(rogra®OC for 5 h),
cooling (to RT for 30 mn); the cooling proceeds 10 nore slowy than

provi ded for by the oven control and depends upon the anbient conditions.
The tubul ar oven is evacuated before the start of the program so that a
pressure




of approx. <_ 0.5 nbar is applied over the course of the entire program 28
What is clainmed is: 1. A process for producing nanowires by treating a fiber
conprising at |east 10 one support naterial and at |east one

thernoel ectrically active material or a precursor conpound of a

thernoel ectrically active material, conprising: (A providing a nelt or

sol ution which conprises at |east one sy gport mat eri al or suitable precursor
conpounds of the support nmaterial and 15 at |east one thernoelectrically
active material or a precursor conpound of a thernoelectrically active
material, (B) electrospinning the nelt or solution fromstep (A to obtain a
fiber conprising at |east one support material and at | east one 20
thernoel ectrically active material or a precursor conpound of a

thernoel ectrically active material, (C) if appropriate envel oping the fiber
obtained with an electrical non- conductor to obtain an electrically
insulated fiber, 25 (D) if appropriate converting the precursor conpound of
t he thernoemﬂslc@a’:hln[eﬁi@ctive material to the active form (E) if
appropriate renoving the support material, steps (C) to (E) being 30
performable in any sequence, wherein the thermoelectrically active material

is at |east gne CArRpEsEd fSPHﬂéBbéh@%aﬁéwk&a@ tr@é‘tﬁlgeé @BENSomSRIRCAaEadtr om the
group con3| sting of tellurium.and boron or the hermoel ectrically active

mat eri al'd s sel ecPRYISYRASMH 'Pﬂ‘@”@‘r%’liipatdﬁ?ﬁ|°§'?|th%fmoéfecéﬂ?ﬂ'%ﬂl"ééﬁateﬁ?llqrm des,

ger mani des, skutt Qbh&iﬁsﬁ cob@diny @ﬁﬁﬁerrﬁ@lé&trﬁﬂl} Betiviiar&ier&M comprising:
Bi 2_XPb, Sr2C020vath Xx =0to 0,6 and y =8 + a , whiskers based on

Cu- Co O or Bi-Sr-Co-O mxed oxides of the general formulae (1) 29
SrTiOvbn (1) W t{n) providing a melt or solution which comprises at least one support

material or suitable precursor compounds of the support material and
15 at least one thermoelectrically active material or a precursor
compound of a thermoelectrically active material,

(B) electrospinning the melt or solution from step (A} to obtain a fiber

comprising at teast one support material and at least one

20 thermoelectrically active material or a precursor compound of a
thermoelectrically active material,

(C) if appropriate enveloping the fiber obtained with an electrical non-
conductor to obtain an electrically insulated fiber,

25
(D) if appropriate converting the precursor compound of the
thermoelectrically active material to the active form,
(E) if appropriate removing the support material, steps (C) to (E) being
30 parformable in any sequence, wherein the thermoelectrically active

material is at least one compound comprising at least one element
selected from the group consisting of teliurium and boron or the
thermoelectrically active material is selected from the group consisting
of antimonides, silicides, germanides, skutterudites, clathrates,

35 bismuth, Na,Co0,04, BipPb,Sr,Co,0, with x = 0 to 0,6 and
y = 8 + o, whiskers based on Cu-Co-O or Bi-Sr-Co-O, mixed oxides
of the general formulae (!)



5 0<_n<_0, 2and 25nb2, 99, Ca2C020b5, Ca2Co4Md and mi xtures thereof. 2. A
process for produci ng nanotubes by treating a fiber conprising at |east one
support material and at |east one thernoelectrically active nmaterial or 10
a precursor conpound of a thernoelectrigally active material, conprising:
(F) providing a nelt or solution which nprises at | east one support
material or suitable precursor conpounds of the support material, 15 (Q

el ectrospinning the nelt or solution fromstep (F) to obtain a fiber of at

| east one support material, (H) enve§9§§n§ he fiber obtained in step (G
with at | east one thernoelectricall Irve material or a precursor of a
thernoel ectrically 20 active material to obtain a fiber conprising at | east
one support nater| and at | east one thernoelectrically active material or
a precursor conpound of a thernoelectrically active material, (1) if
appropri de envel 8 mgOtdend2 Ber<@A%i ned with an electrical 25

nonconductor to 0@%?&:6'20%,%%0%%5%J?d;bli)%ﬁhrigg'ﬁtélﬁ@éfed fiber, (J) if appropriate

converting the precursor conpoun ernoel ectrically active materi al
to the active form 30 (K) if appropriate renoving the support material,

steps (1) top(K) RehrBEessieF hRUOBRY l%ahﬂtuﬁ@é/ lb?%ﬁ%ﬁ,fib\éff‘%rﬁbﬁs A8t least

IS
thernoel ectrically active material 1s at |east one conpound conprising at

| east one el enent ONHENRRPTEBRiEFALING AldRstRNeheimPalasiisady paleonatedpl @fr i um

anti monyqegi | i con anskuesdr BBMbLIRESH PerrhbedtheiyashiRChbietial, bompsdihg/ e
material is 35 selected fromthe group consisting of cobalt oxides with a
| ayer lattice, whisker based on Cu-Co-O or Bi-Sr-Co-O m xed oxides of

general formul ae (H)) pRNidiry ai aBror(dolution wWhich ddmprised a2 aesbt Zhemsupboft9,
Ca2Co2Cb, NaCo2(4, Ca2?o.499 . .
material or suitable precursor compounds of the support material,

15 (G) electrospinning the melt or solution from step (F) to obtain a fiber of at
least one support material,

(H) enveloping the fiber obtained in step (G) with at least one
thermoelectrically active material or a precursor of a thermoelectrically
20 active material to obtain a fiber comprising at least one support
material and at least one thermoelectrically active material or a

precursor compound of a thermoelectrically active material,

() if appropriate enveloping the fiber obtained with an electrical
25 nonconductor to obtain an electrically insulated fiber,

(J) if appropriate converting the precursor compound of the
thermoelectrically active material to the active form,

30 (K) if appropriate removing the support material, steps (I) to (K) being
performable in any sequence, wherein the thermoelectrically active
material is at least one compound comprising at least one element
being selected from the group consisting of tellurium, antimony silicon
and germanium and/or the thermoelectrically active material is

35 selected from the group consisting of cobalt oxides with a layer
lattice, whisker based on Cu-Co-O or Bi-Sr-Co-O, mixed oxides of
general formulae (1)



bori des, skutterudites, clathrates and bisnuth. 10 3. The process according
to claiml1l or 2, wherein the support material is a polyner or a nateri al
which is obtained by the sol-gel process. 4. The process according to claim
3, wherein the polyner is a polylactide a polyamde. 15 5. The process
according to any of clains 1 to 4, whereln the precursor conpound for the
thernoel ectrically active nmaterial is a salt or a conplex of the

thernoel ectrically active material. 20 6. The process according to any of
claims 1 to 5, wherein the ther rmelﬁq-;%%scal Qy active material is selected
fromthe group consisting of bisnuth, 2Te3, PbTe and ni xtures thereof. 7.
The process according to any of clains 1 to 6, wherein the electrical non-
25 conductor is sgligcted fromthe group consisting of aromatic and aliphatic
hono- and_copol ynmers and m xtures thereof. 8. The process according to claim
7, wherei® the el &$4¥ 04 ankoh&®vd€Por is pol y-para-xylyl ene or

pol ytetrafl uoroet hene. 30 9. A nanowire conprising at |east one
thernoelectrically active material and having a dianeter of |ess than 200

nmand a | ength ofc3at0ialeled I nfraCoder ein the thernoel ectrically active

material is at | eastded)ekeditEddclatestbs bad BE8math. | east one el enent sel ect ed
fromthe group consisting of 35 telluriumand boron or the

thernoel ectrically active material is selected fromthe group consisting of
anti moni d@s, 3si | i dhdgsocasramoidiesto ddim $lkait2, erstkih eise soprithmhatesial iskd snut h,
Na2Co2O4 , Bi2_,Pb r2C020Y%?/irtr? (@'&ﬁ .0 b{ﬂ? 0, 6t nd Yol 8 + a, whiskers based
on Cu- Co- O or Bi - SPYEST & aMMaleip! WhighdR Soned Y S%ﬁar%ﬁ PFSFRYI ae (1) 5
SrTiOnsn (1) wth
4, The process according to claim 3, wherein the polymer is a polylactide or a
polyamide.
15
5. The process according to any of claims 1 to 4, wherein the precursor
compound for the thermoelectrically active materiai is a salt or a complex

of the thermoelectrically active material.

20 6. The process according to any of clams 1 to 5, wherein the
thermoelectrically active material is selected from the group consisting of
bismuth, Bi,Tes, PbTe and mixtures thereof.

7. The process according to any of claims 1 to 6, wherein the electrical non-
25 conductor is selected from the group consisting of aromatic and aliphatic
homo- and copolymers and mixtures thereof.

8. The process according to claim 7, wherein the electrical nonconducior is
poly-para-xylylene or polytetrafluoroethene.
30
9. A nanowire comprising at least one thermoelectrically active material and
having a diameter of less than 200 nm and a length of at least 10 mm,
wherein the thermoelectrically active material is at least one compound
comprising at least one element selected from the group consisting of
35 tellurium and boron or the thermoelectrically active material is selected
from the group consisting of antimonides, silicides, germanides,



10 05n50, 2and 2<_nx_2,99, Ca2Co205, Ca2Co4 and m xtures thereof. 10. A
nanot ube conprising at | east one thernoelectrically active material and
having a diameter of |less than 200 nm a wall thickness of |ess than 30 nm
15 and a length of at least 1 mm wherei,n the thernoelectrically active
material is at |east one conpound corrpri3§i ng at | east one el enment being
sel ected fromthe group consisting of tellurium antinony, silicon and

ger mani um and/ or the therm) electrically active material is selected from

t he group conS|st| Xi des _wit I r ker based on
20 Cu- Co- O or E'% a‘ﬁ@”&a %%E‘%f R‘GZ‘?{E% %%ﬁ%idﬁ)w' P &en (1)
with 25 05u50, 2an®b 255} arEdZy9=98 + GawhisRéms, basalanCdy-00a2 GoBdSr-Gm0| desd

skut terudites, 1. The use of nanowi res according to
claim9 or nanot u%ggéggﬁﬁfﬁgﬁﬁmﬁg’%wg r(r[} 30 10 for thernoel ectric heating,
for electdicity generation, in sensors or for tenperature control.

SrTiOmSn (1)

with
10 0<n<0,2and2sm=<2099,
Ca;C0,0;, CaCo,0, and mixtures thereof.

10. A nanotube comprising at least one thermoelectrically active material and
having a diameter of less than 200 nm, a wall thickness of less than 30 nm

15 and a length of at least 1 mm, wherein the thermoelectrically active
material is at least one compound comprising at least one element being

selected from the group consisting of tellurium, antimony, silicon and

germanium and/or the thermo-electrically active material is selected from

the group consisting of cobalt oxides with a layer lattice, whisker based on

20 Cu-Co-O or Bi-Sr-Co-O, mixed oxides of general formulae (1)
SrTiORS, (1)
with
25 O=su=0,2and2<ms=299,

C82C0205, N300204, 032CO4OQ,
borides, skutterudites, clathrates and bismuth,

11.  The use of nanowires according to claim 9 or nanotubes according to claim
30 10 for thermoelectric heating, for electricity generation, in sensors or for
temperature control.





