Metal Particle Sol comprising Doped Silver Nanoparticles The invention relates to a metal particle sol,
which comprises silver nanopatrticles that are doped with a metal or a metal compound selected from
group of metalruthenium. rhodium, palladium, osmium, iridium and platinum,preferably ruthenium, to a
method for producing such a sol and to its use. Metal particle sols containing silver nanopatrtieles are
used inter alia for the production of conductive coatings or for the production of inks for inkjet and
screenprinting methods fod ¢hvé Pamide 8 o kepradidizoDeprd Sive Biropiumgdesoatings, for example in
the form of microstructures, by means of printing methods. In this context, for example, the coating of
flexible plastic substrates is of great importance, Mr example for the production of flexible RFID tags.
In order to achieve sufficient conductivity, the coatings applied by means of the silver nanoparticle sols
must be dried and sintered, for a sufficient time at;elevated temperatires, which represents a
considerable thermal stress for the p?astf)c substrates. 15Atte pts are therefore eing made to reduce
the sinteringtirtresvahdyorttié sinteririgl ternperatlresciwhiéhardhecessanyinadrdertiorachieve
sufficient conductivitigsady-suitablemeasures s thatsuchdhermal strgssondhe plastic substrates can
be decreased. WO 2007/118669 Al describes the production of metal particle sols, wherein the metal
salt solutior” h"s?‘éla‘?ér%%%aaﬁi%“ EoifipFises ions which are selected from the group consisting of 20
iron, ruthenium, osmium, cobalt, rhodium, iridium, nickel, palladium, platinum, copper, silver, gold, zinc
and/or cadnYigil. RFO- OO 1P8BEINAIHERSHBePHGREVEre destiiber aty medsuresitstivadiicing the
sintering time,RKsitesnRg e apeatiy 8- dR thi ¢8iBdddeseiibas thalthe decampasitian glorganic
materials from glass or ceramic bodif?g when hetatjnag to temyg)er tures of more t an 750C can be
acceleratedpﬁi}’%ﬁ% TedBRUL BE SEANCARY SEMY fhetaid Slectid FF8MPtRe Brdlip: Fitherfium,
rhodiulfl, paktadigmicosenium niddisef andtpkatimimddt is Knowmfrontd. Anmn@hethsSoe!it989, 111,
1185-1193 thatithe,decompasition.of palymeris siherssan.be satalyaed,antbemetallic;srface of

Ru(001). However, neither of these documents gives an indication of how the sintering times and/or
sintering teibErafited oI EivEL HAHOPAMERBbSIMYS Which are Heeey¥dIs B AcAlsvingSosufficient
conductivitie8ycandnepredticechin ordertio deecdease Hiedhdrmal stresgcamplasticsulistrates.

temperatures, which represents a considerable thermal stress for the plastic substrates.

15  Attempts are therefore being made to reduce the sintering times and/or the sintering
temperatures, which are necessary in order to achieve sufficient conductivities, by suitable

measures so that such thermal stress on the plastic substrates can be decreased.

WO 2007/118669 Al describes the production of metal particle sols, wherein the metal salt
solution used for production comprises ions which are selected from the group consisting of
20 iron, ruthenium, osmium, cobalt, rhodium, iridium, nickel, palladium, platinum, copper, silver,
gold, zinc and/or cadmium. WO 2007/118669 A1 does not, however, describe any measures

for reducing the sintering time or sintering temperature.

US 4,778,549 describes that the decomposition of organic materials from glass or ceramic
bodies when heating to temperatures of more than 750°C can be accelerated by the presence
25 of catalytically acting metals selected from the group: ruthenium, rhodium, palladium,
osmium, iridium and platinum. It is known from J.Am. Chem Soc. 1989, 111, 1185-1193 that
the decomposition of polymeric ethers can be catalyzed on the metallic surface of Ru(001).
However, neither of these documents gives an indication of how the sintering times and/or
sintering temperatures of silver nanoparticle coatings, which are necessary for achieving
30 sufficient conductivities, can be reduced in order to decrease the thermal stress on plastic

substrates.



There was therefore still a need for a simple way of reducing the sintering times and/or sintering
temperatures of coatings containing silver nanopatrticles, in order to decrease the thermal stress on
plastic substrates, while at the same time achieving conductiv sufficient for the application. 5It was
therefore an object of the preention to find a metalparticle sol containing sil nanoparticles, and a
method for its production, with which the sintering times and/or sintering temperatures necessary for
achieving sifficientcahduttivities canddefsedugegisotihaba thiexinal stressetimpaiticulardss plastic

substrates, g B desreased Simrisinal.ias bean.found hat doring,the &iler nRpqpartcles with

a content of from 0.1 10 to 10 wt% of a metal selected front the group: ruthenium, rhodium, palladium,
osmium, iridGFrEnT prathaistiexsPesssy mhisrmshsrste SieACBRtBIt of tha FHER Paificie so!, in the
form of the metal-ar at leaspgneeempound of such a metal significantly reduces the sintering time
which is necessary in order to achieve a sufficient conductivity. The sintering times can be reduced by

up to 839% if s gaag. which eads in pRnsiderable Nemalsitesp alielio,IS partiguiaror thermally

sensitive plastic substrates, and at the same time can widen the available range of possible plastic
substrates toBEEGStE Wit SGER EENdE RO st idsY N dhe aHEFHAGE G SRHYCESIRISERSDble sintering
times, signifieapitychighescenductivitiesean baichiaveshwith thesmetabparicle:sals acgosding to the

invention thﬁn witp nown silry.er nanoparticle sgls witho tt@e corrgsponding doping. 20The present
. . 1CTINial SWess, In 1Cular on piastic subs rates, ca L€)1€ ccreased. . ..
invention accordingly provﬁ?es a met nanupartlcﬁe sal ha nanoparticle content > 1. 1 g/l , containing

-silver nanopartieles -at least one dispersant and -at least one liquid dispersion medium
250haracter§2‘8§ ireatsI e R 0. foRyeoREodV6r BneRsst ik taf Sirat & diart-the group:
rutheniom, rhodiumpafladitimn] esmiuairivicivmm andpplatineinpexprassedjnitenus, okthe:silver content
of the metal, nanaparticle ol in e fogm, of the ngltal Angiar at least one, Istal sompayng,

form of the metal or at least one compound of such a metal significantly reduces the sintering

time which is necessary in order to achieve a sufficient conductivity. The sintering times can

be reduced by up to 80% in this case, which leads to considerable thermal stress relief in

15 particular for thermally sensitive plastic substrates, and at the same time can widen the

available range of possible plastic substrates to be coated with such conductive structures. As

an alternative, using comparable sintering times, significantly higher conductivities can be

achieved with the metal particle sols according to the invention than with known silver

nanoparticle sols without the corresponding doping.

20 The present invention accordingly provides a metal nanoparticle sol having a metal

nanoparticle content > 1 g/l, containing
- silver nanoparticles
- at least one dispersant and
- at least one liquid dispersion medium

25  characterized in that the metal particle sol contains from 0.1 to 10 wt% of at least one metal
selected from the group: ruthenium, rhodium, palladium, osmium, iridium and platinum,
expressed in terms of the silver content of the metal nanoparticle sol, in the form of the metal

and/or at least one metal compound.

Preferably, the content of the metal selected from the group: ruthenium, rhodium, palladium,

30 osmium, iridium and platinum, in the form of the metal and/or at least one metal compound,



is an amount of from 0.1 to 5 wt%, particularly preferably an amount of from 0.4 to 2 wt%, expressed in
terms of the silver content of the metal nanopatrticle sot. In the scope of th pat lad ium, osmium, d um
and p sols according to the invention, p ed from the group: ruthenium, rhodium, num is
preferably ruthenium. In the metal nanoparticle rabjy at least 90 wt%, more preferably at least 95 wt%,
particularly preferably at least 99 wt%, more particularly preferably all of the ruthenium is present in the
form of rutheniummdioxidéfrimthe mdstvprefemaatlerybodinmenis;the silverfiamoparticles/ifthe metal

na.noparticlg sol compisg.Ariaash 89 %nRsisraRly, ablgast 9 @ oldhe content of the at least one

metal selected 1.0 from the group: ruthenium, rhodium, palladium, osmium, iridium and platinum. The
metal nanoEartg:IeY sol colpt?ins only a erIJaII amoqé};{ of silver-free metal na gparticlgs or metal
compound narBpariBes of thid WAl sels B o tie gratp! FutHERur PREUTm " paiE ium,
osmium, irididfadamad pkatinmmr!@:%@ﬁeaably}mxrmmgkﬂmbbamcmismt mmaimst_bés@rthmmﬁ;@%,
particularly preferably.jess thap.1a%: sXRIessed: inerns.of the coptant,of this 18 gietab; of the

content of this metal selected from the group: ruthenium, rhodium, palladium, osium, iridium and
platinum in BB fSAOPSITaRres gt nahopanieles i RSt e SFAPBIHUh AffopAREEIEE &F this metal.
[, the metal ranaparticléosalacaokdingrtaitheiinvention preferably has a metal nanoparticle content of
from 1 g./1 to 25.0 g/I. By using concentration steps, however, metal 70 nanoparticle contents of up to

500.0 gill onmgre may alsoke ashisyad.n e scepsabha:invention. meiahnananasiticles are
intended to mean ones having an effective hydrodynamic diameter of less than 300 BM, preferably
‘o%})ﬂé

having an effSSRIV AYGrSRIARTE Hiineter bt b b 460066 Minhparrcsians Bréteidsiftom 1 to 150
nm, mdre péarticularky'oppeferablivfiorh:ie b4l:tim measured-dy:.maeansaficynamic tightlscattering.
For example, a. [, q1aPIuS {.GiaRosnial.analyzer from _Qf&?f?e%"%&ér%E{#omaerﬂ&g%P%%E"?” 'S suitable
for the measurement by means of dynamic light scattering. The metal nan partleTes are élspersed with
the aid of atfeast e disperddnt infathsastdte Sniiaddispersioh sagiurithenium, rhodium,

palladium, osmium, iridium and platinum. Preferably, the metal nanoparticle sol contains less
than 20%, particularly preferably less than 10% - expressed i terms of the content of this
15 metal - of the content of this metal selected from the group: ruthenium, rhodium, palladium,
osmium, iridium and platinum in the form of silver-free metal nanoparticles or metal

compound nanoparticles of this metal.

In general, the metal nanoparticle sol according to the invention preferably has a metal
nanoparticle content of from 1 g/l to 25.0 g/l. By using concentration steps, however, metal

20 nanoparticle contents of up to 500.0 g/l or more may also be achieved.

In the scope of the invention, metal nanoparticles are intended to mean ones having an
effective hydrodynamic diameter of less than 300 nm, preferably having an effective
hydrodynamic diameter of from 0.1 to 200 nm, particularly preferably from 1 to 150 nm,
more particularly preferably from 20 to 140 nm, measured by means of dynamic light
25 scattering. For example, a ZetaPlus Zeta Potential Analyzer from Brookhaven Instrument

Corporation is suitable for the measurement by means of dynamic light scattering.

The metal nanoparticles are dispersed with the aid of at least one dispersant in at least one

liquid dispersion medium.

Accordingly, the metal nanoparticle sols according to the invention are distinguished by a

(O8]
<o

high colloidal chemical stability, which is preserved even if concentration is carried out. The
term “colloidally chemically stable” in this case means that the properties of the colloidal

dispersion or the colloids do not change greatly even over the conventional storage times



Accordingly, the metal nanoparticle sok according to the invention are distinguished by a 30 high
colloidal chemical stability, which is preserved even if concentration is carried out. The term
"colloidal:iv chemically stable" in this case means that the properties of the colloidal dispersion or the
colloids do not change greatly even over the convantional storage times - 4 - before application, and
for example no substantial aggregation or flocculation of the colloid particles takes place. Polymeric
dispersantstaferpreféralhyn usetfasadispersantsbpreferialply @aesnhavigealamotecUlar vedlight (weight
average) u}arﬂ&@?&é’é’ﬁa@@”‘)l to 1 000 000 g/niol. particularly preferably from 1000 g/mol tc00 00()
{yawl. Such dispersants are commercially available. The molecular weights (weighgel A/L. may be
determined by means of gel penile ion chromatography (4iP(1), preferably by using polystyrene as a
standard. THREERSIEERSTTH: Sd‘i@p"éﬁé%{ﬁ?’élg"“%n‘(’e?lﬁé?ﬁ“ﬁ’&&si FéC‘fi’s‘bahﬁjﬂ%et‘*th%"?&r?a{%%?%%‘ﬁrerties of the
metal nanopaitieles cRispersant) adhetingto the particie 50¢face may, forexaimpleyratypartya IQpositive
or negafive syrfacsisharae tQ theRaicles; na prefered,.embodiment of the pressit inygntion, the

dispersant is selected from the group consisting of alkoxylates, iilkylolamidés, esters, amine oxides,
alkyl polygI(RYETHEE, MHSNHHERSRY, A5RARY ITheAdistWatErreBribiY HBfRBHBlyHE RS St Stical
copoiyiners¢inlack eopalymers) graftpolymeisinpphiethyleanasaxidasaolyvinyl alcohols, copolymers of
15 polyvinyl alcohols and polyvinyl acetates, polyvinylpyrrolidones, cellulose, starch, gelatin, gelatin

derivatives, gininQ cid Al BeS Ao G INg RAYASRIAGIS Afid, RRlvaGvales, pelyethylgne

sulphonates, polystyrene sulphonates, potymethaerylates, condensation products of aromatic
sulphonic aBlt& Wt RHAIeRyaE  HApHARNE SiphotEted! ighostipHoratEs) copiijthers of acrylic
monortiers, pelyethylensiminesiapolyvinylattinessipelyallylamines, 20poly(2-vinylpyridines) and/or
polydiallyklimethylammonium chloride. Such dispersants may on the one hand affect the particle size

or the partigle asf%gfgi%HiQHﬂ&ﬂpQ&m% [H@ﬁé!éﬁﬂ%@x{ﬁ&l@ tﬁ@@g’s&‘?gﬁ?mg@ﬁ:@{%ﬁ%iHQ% if is,important for
there to be a narrow particle size distribution. For other applications, it is advantageous for there to be

a wide or mtiliihoaaI Pt afse akgi/rlfﬂﬁmgﬁ,s’sﬁﬁ@éstﬁg‘Bﬁrﬂ@@%%é‘h%d’@ﬁt%ﬁg Fpadkitig. Another
advantage tehbe mentidrieddkthé saidtdispeidantsiscthad:they caniimpartcexgpedient prioperties to the
particles ondhe, snrfaces af which they adhee.Resides hgalersmentianed Rosifivs.and pegative
surface charges; which 'can make a contribution to the colloidal s%ablllty by mutualyrepuls_lon, the
hydrophiliciP b iydrdptiebicity epthansiifstadna s Bisusinitamstity e alstse Bentioned.
lilydrophilicityiaing byevephebigityof the nanepastiglesepdmpantaptdek acid, polyacrylates,

polyethylene sulphonates, polystyrene sulphonates, polymethacrylates, condensation products

of aromatic sulphonic acids with formaldehyde, naphthalene sulphonates, lignosulphonates,

copolymers of acrylic monomers, polyethyleneimines, polyvinylamines, polyallylamines,

20 poly(2-vinylpyridines) and/or polydiallyldimethylammonium chloride.

Such dispersants may on the one hand affect the particle size or the particle size distribution
of the metal nanoparticle sols. For some applications, it is important for there to be a narrow
particle size distribution. For other applications, it is advantageous for there to be a wide or
multimodal particle size distribution, since the particles can adopt denser packing. Another
25 advantage to be mentioned of the said dispersants is that they can impart expedient properties
to the particles on the surfaces of which they adhere. Besides the aforementioned positive and
negative surface charges, which can make a contribution to the colloidal stability by mutual
repulsion, the hydrophilicity or hydrophobicity of the surface and the biocompatibility may
also be mentioned. Hydrophilicity and hydrophobicity of the nanoparticles are important, for
30 example, when the particles are intended to be dispersed in a particular medium, for example

in polymers. Biocompatibility of the surfaces makes it possible to use the nanoparticles in



30 example, when the patrticles are intended to be. dispersed in a parlieular medium, for example in
polymers. Biocompatibility of the surfaces makes it possible to use the nanopatrticles in medical
applications. The liquid dispersion medium/media is or are preferably water or mixtures containing
water and organic solvents, preferably water-solubde organic solvents. Other solvents may however
also be envisaged, for example when the method is intended to be carried out at temperatures below
0C or aboveri00(Gidrishencthegrioduct dbtainedrispiatendedtadeinderpesateda-intosmatiices in which

the presencg, of Water é’é(%&?ﬁx%?&a‘%ﬁ?%@%ﬁ%’i&ﬁgﬂ@%oQ%L"E‘sf(@ﬂ%%%RJé’r%E‘%%a%C&%%e?'COhO'S and

acetone, polar aprotie solvents such as A',,VAlimethylfonnamide (OW) or nonpolar solvents such as
Cliirdi may BEUEeaM THEGhIRU FESHEfefsB e SHIART it TEAHTONROGAPItEr Ay AR NSHEEEO Witdo of
water, particidlanyopreferably: atleast: A0nwi%hof wateroJchadiguichdispension mediuminegia is or are
particularly preferably water or mixtures |.Qofalcohals, aldehydes and/or ketones, particularly

preferably water or mixtures of P Ono- oF polyvalent dicohols haying up to four darbon atoms, for
example methanst, sethanolcompropdrictiiseproparoPor sthylsneughsol, Mdiewads mavinigeup to four
carbon atomsafel sxampiefasmaldehydes andar katoneshaving HR deLoue carhon atams, for example

acetone or methyl ethr%/I keton%. Water is a more particularly preferred dispersion amedium. The

present inveftion FortRe ATETE BYolidEs 8 Ethad Yo HroaliEy thE Fhea P nEnEhA N ¢ofd according
to the inventierer A'heétipod dnspehich atctbastpalitiallymanpsealeéaretat foxide amd/or metakdydroxide

particles are initiallyprogluged; andireduced ipia sysequentstep. io-arder e aroguae nagoscale moat

20 particles, has proven particularly advantageous. In the scope of the present invention, however,
merely redutfih dfthéliferbRdld aHdlor sivlr Mpdiskite ndidr STASP GRRIE:N{RIr6XidePte elemental
silver takes placein, thisuease-plhadvictadoxides of: theymwetals salectes treamdhiegrpup: fukhenium,
rhodium, palladium, osmium, iridjum and platinum, are not or,not completely, and preferably not,
educed o T D e SR RSER0: proctucing
a metal nanofaiElacsshactordihy! te thekptoentidiates harattet Zedtivh ikt arsieatdsbintiomom solution
containing atdgask one metal salt of a metal selected from the group: ruthenium, rhodium, palladium,
osmium, iridium and platimmir and a solution containing hydroxide ions are combined, 30b)the solution

obtained fromles E)ergsg"}tli?'n\?gn %%Oiyﬁgygn[)erg %tr%glg\élstg %1%%90%0@19&9(%%%;; the metal nanoparticle

sols according to the invention.

A method in which at least partially nanoscale metal oxide and/or metal hydroxide particles
are initially produced, and reduced in a subsequent step, in order to produce nanoscale metal
20 particles, has proven particularly advantageous. In the scope of the present invention,
however, merely reduction of the silver oxide and/or silver hydroxide and/or silver oxide-
hydroxide to elemental silver takes place in this case. The metal oxides of the metals selected
from the group: ruthenium, rhodium, palladium, osmium, iridium and platinum are not or not

completely, and preferably not, reduced to the elemental metal.

25 The present invention accordingly provides a method for producing a metal nanoparticle sol

according to the invention, characterized in that

a) a silver salt solution, a solution containing at least one metal salt of a metal selected
from the group: ruthenium, rhodium, palladium, osmium, iridium and platinum, and a

solution containing hydroxide ions are combined,
30 b the solution obtained from step a) is subsequently reacted with a reducing agent,

at least one of the solutions in step a) containing at least one dispersant, characterized in that

the three solutions are combined simultaneously in step a).



Surprisingly, it has been found that the sintering time necessary to achieve a sufficient conductivity can
only be reduced with the metal nanoparticle sobs obtained if, in step a), the silver salt solution, the
solution containing at least one metal salt of a metal selected from the group: ruthenium, rhodium,
palladium, osmium, iridium and platinum, and the_golution hydroxide ions are combined
simultaneously. If he solution containing at least one metal salt of a metal selected from the group:
ruthenium, hogiidmglpaliadiynbeas i, tiriditim and-platinkmnis adde ddoathe silve sgaltisedution before
the solution canteining ydrxide iens s added: aulhe, siler salsolytion s injtily mixed with the
solution containing hydroxide ions and the solution contaanng at least one metal sait of a metal
selected frofi tHesyrotiptiputtieniaki vhevitimingaagitirmr ossin p tpthuns tahd preadnuemigenly added to
the solution suseguentlym with the.same sintering times-this.leads toa significantly Jowves.conductivity
than cap be achieved with the metal nanlg;géargtiggﬁols for the production of which the three solutions

t‘nn’[a;n;ﬂn x‘\‘vl‘*t‘(jx}f*p lr\f}is are com ATIEOYTY mition C’)l“taini}} ﬂkft least

are combinéd simuftaneously. SimUitaneous combination oi the thred $SIUtihs i stép a) may be
carried out actdrditigto thadnlentiondyradding sworofrthecthree dollitionsahienthivdnsolution, in which

ease it is notimperiant whichof thagalutions isiselegted, Rimyiargeus.combination:atihe three
solutions in step a) may also be carried out according to the invention by combining all three solutions,

without trealHg BFE d e thed Solitdrile sty sratdly o utighdspratiaht MisAtthalEoitigN provides,in
partiettlar, metalimapdparticiée SQiti shich:hakei20 beennprodiudedtbynthewméthod @cconding to the

inventian. Withak beindfesiisied 19.a RATSHIAN N ILRS ASSUMETh Al I 818R,).0f the

method according to the invention, the metal cations present in the metal salt solution react with the

hydroxide idHY oftAe! SGIUfiB P YHeRIrTHR§ MY RO dE b riBcarnare Warkby Bre cipitaed frémthe solution

as metal oxidesfirastal bydroxidas:vhixedmetaloxiserbydraxides.andianhydiatestheseof. This

process mag bgur arde .gﬁlﬂg%grrgegseon ous preci 'gatign.of panos ale and submicroscale particles. In
iep %% ofg to iy

lytions dre combime IMUIgneousty. . . .
the second e inven |on,qt e solution which contains the metal oxide/hydroxide particles

is reacted with a reducing agent. In the method according to the invention, the heterogeneous
precipitationHBOSEAIE°30 QAL SaBrRir Sc RIS MRS i $ta )3y Pr&ferabRICaBd LI the presence
of at laast onedispersanidiajsovetgreditacasaupratective aoloidlAssushyilispetsantss ihds preferable

to use those alrc;gdy r’geﬂtiqnﬁd ap9ve thr the n&egal ﬂrticle soh: according,to the in\{eption. In step a)
{hie"; s selected: ! : ; 3 ~
of the methtljlz]pz;l)ccgfgrc‘j\inlgC to the |Sr$vtéﬁot1|)cs)rl1? a molar ratio (d)?ef%sfrfof‘l(?}g‘:iﬁ%% : r T:)ercse eL}é%?ys/ from >

0.7:1 to < 51 sparticukarijspreferaity frormcer0loteo!s eisiprdferablygetedtel dsetwleamthe amount of

hydroxide iapsaind themeunt of metal sationseJhademperature at which method step a) is carried
out may, t a) example. lie in a range of from > Oct: to 5 100C. preferably from > 5C to 5 50C,

particularly %eferabl from iiii 10C t %ES)Y 3og;d An equun lar ratio or an excess of th uivalents of
the reducing aeg%rﬁ%%}}/f%ﬁ? Bl :afq[%rign O?i?\ﬁrg?’elr%q?)r/ Ifcrk(‘)?r‘%;?t%d 10595 ?Qp%?ag(ﬁgﬁf %F%ferably from
i> 4:1 10 < sPecihrprdsationtie trehadetedocdinensths Begdiduced is preferably selected in the reduction
step b). 10The temperature at which method stet b) is carried out may, for example, lie in a range of

Without being restricted to a particular theory, it will be assumed that, in step a) of the
method according to the invention, the metal cations present in the metal salt solution react
with the hydroxide ions of the solution containing hydroxide ions and are thereby precipitated
from the solution as metal oxides, metal hydroxides, mixed metal oxide-hydroxides and/or
25 hydrates thereof. This process may be regarded as heterogeneous precipitation of nanoscale

and submicroscale particles.

In the second step b} of the method according to the invention, the solution which contains the

metal oxide/hydroxide particles is reacted with a reducing agent.

In the method according to the invention, the heterogeneous precipitation of the nanoscale
30 and submicroscale particles in step a) is preferably carried out in the presence of at least one
dispersant, also referred to as a protective colloid. As such dispersants, it is preferable to use

those already mentioned above for the metal particle sols according to the invention.



from i> 0"C to 5 100C. preferably from30C. to 595C, particularly preferably from 55C to < 90C. Acids
or bases may be added to the solution obtained after step a) in order to set a desired pH. It is
advantageous, for example, to keep the pH in the acidic range. In this way, it is possible 15 to improve
the monodispersity of the particle distribution in the subsequent step b). The dispersant is preferably
contained in at least one of the three solutions to be used (reactant solutions) for step a) in a
concentration offrontfai?. heitddd obaOnard, preferably-fromdd ghdabi6h gd,. paricalasly, preferably

front > 1 to a0.arl Howa grall fheee pihe selionsiip.he ysed.n sien 2 of the mefhad, according to
the invention comprise the 70 dispersant, then it'is possi le for the Ispersants td differ and he
present in differeAteorcaibatiBg U THy deradtismofslibh Arespcerndtion fage, on the one hand,
ensures that the particles are covered with dispersant during precipitation from the solution to such, an

extent that the daesjfeeahpeoq)evﬂf_e:ﬁ smmhbaSstsﬁa_b)iIiowddeﬁBpeysibiclit;k{aﬁelar_ewﬁv;edn@m d¢he other
hand, 25 exegssive eneansyiatan aLie pafticies with the disparannt is axolded, An.uppecessary

excess of dispersgnt could moreover react undesirably he reducing agent. Furthermore, too large
an amount 8f di¥pérsant may' be detrimental to the colloidal stability of the particles and make further
processing more difficult. Not least, the selection makes it possible to process and obtain liquids with a
viscosity, whichdsineddilydthandieabiein s€rnmsegfprocess telchnelogy: 2:8n of tetraphenylborate. Silver
nitrate, silver AgeIalE At I8, Alf RACieylagpreterieth Silver plalg s mare partiqylarly preferred. u
preferably contained in thesilver salt solution in a concenftration sl 2 moll, particularly preferably from
T-t: 0.01 in@ﬁqgﬂrﬁ%%the metal cations to be reduced is preferably selected in the reduction step b).

10 The temperature at which method step b) is carried out may, for example, lie in a range of
from > 0°C to < 100°C, preferably from > 30°C to <95°C, particularly preferably from
>55°C to < 90°C.

Acids or bases may be added to the solution obtained after step a) in order to set a desired pH.
It is advantageous, for example, to keep the pH in the acidic range. In this way, it is possible

I5  to improve the monodispersity of the particle distribution in the subsequent step b).

The dispersant is preferably contained in at least one of the three solutions to be used
(reactant solutions) for step a) in a concentration of from > 0.1 g/l to <100 g/, preferably
from > 1 g/l to <60 g/, particularly preferably from > 1 g/l to <40 g/l. If two or all three of
the solutions to be used in step a) of the method according to the invention comprise the
20 dispersant, then it is possible for the dispersants to differ and be present in different

concentrations.

The selection of such a concentration range, on the one hand, ensures that the particles are
covered with dispersant during precipitation from the solution to such an extent that the
desired properties such as stability and redispersibility are preserved. On the other hand,
25 excessive encapsulation of the particles with the dispersant is avoided. An unnecessary excess
of dispersant could moreover react undesirably with the reducing agent. Furthermore, too
large an amount of dispersant may be detrimental to the colloidal stability of the particles and
make further processing more difficult. Not least, the selection makes it possible to process

and obtain liquids with a viscosity which is readily handleable in terms of process technology.

30 The silver salt solution is preferably one containing silver cations and anions selected from

the group: nitrate, perchlorate, fulminates, citrate, acetate, acetylacetonate, tetrafluoroborate



particularly preferably Ironmoll to is 0.3 moll. This eonecnrratioi advantageous since, with lower
concentrations, the solids content achieved for the nanosol may be too low and costly reprocessing
steps might be necessary. Higher concentrations entail the risk that the precipitation of the
oxide/hydroxide particles will take place too rapidly, which would lead to a nonuniform particle
morphology. In addition, the particles would be 10aggregated further by the high concentration. The
solution containinghabi¢astensimetalcalt ofametakseleated romdthe: groupisutheritemeahodium,
palladium, %Swé%%%i jedisum %n%%léi i%ymrigfé;;geed‘_erably one containing a cation of a metal selected from
the group: ruthenium, rhodiu , palla |{|Pn osmium, iridium and platinum and at least one of the
counteranions to the metal cations, selected from the group: nitrate, 15 chloride, bromide, sulphate,
carbonate, ABBARE dRBISARESTARS, f@ﬂlﬁﬂﬁéﬁaﬁé?a%eé‘f@feﬁgﬁﬁblﬁyrb&atwearmaaé?famhs
(alcoholate anioms)nfot examplethexideuldine pretadisaltisnparticulanky preferablyoat, leastone
rutheniym salt, I PAItIEHIANY pisferaply ne,selectsd from ruthenium chioride, ruthenium acetate,
ruthenium nitrate, ruthenium ethoxide or ruthenium acetylacetonate. 20The metal ions are preferably
contained iRtHE FEEA sAlEo TEEhtPaLf6 s L fEE0 O ghtosdl TthecsisTiftisthievitteinites ydroside ions can
preferably hgaobtaingdiby the reagticsypilases selectashiremihegraupicansisting:af.1i0H, NaOH,
KOH, Mg(CH%Z (&agoll(- %2 NI14Ql.tI.IaIli{:> t}ic amines, aromatic. ¢ mitiﬁﬁ i\l}(&\]Ii metal {an%ildes, and/or
alkoxides. NAGT1 ea’rsld?Ij OEF RFE AR arly'pré o BRSSP R BALEEHRUSRS Ka ftage that
they can bevdithinedédodomicatiyuanorareasasy tydikpoge of dddingrstisseoudet effluénttreatment of

the sojytiong,frepthe:methedpceridingtatheinvention. The concentration of the hydroxide ions in

the solution containing hydroxidemay advantageously and preferably lie in a range of from > 0.001
moll to <2 moll, particularly $0preferaply from -1>. 0,01 moll to iii mold, more particularly preferably
from 0.3 o te L0 B A HH QNS SEERTAL Pl SIS h Bt T Eiheiting of
polyalcoholaiminoptiediors, emino.dlcdholsndldetydess sudarstararieoaecihcitketiaoidf ascorbic acid

and salts thgregfthiouiegsn QNQQW%Mﬁx«ﬂ[@ﬁb@&kﬁ]ﬁ@ﬂéﬁ?ﬂ!@%&&ﬁk@ﬁhQﬁm%ﬁﬁ Gydro-lantern),
dithionites, such as, for example, sodium dithionite, hydroxymethanesulnhinic aciid distilphites, such

as, for exarApite! SSHLMRAR UISHifERRS AT AN ES dllsHh R i, SSSHFL TS Reid BYardymie, hydroxyl
aminel ethyckloediamimentétramétivlethylehediaminectydroxdamine sudphatea fhorohydrides, such as,

for example, sodiumiRerehydiids. formaldevag Aleanelz) SHEh A%, foraxamP!a, SHaRaln-propanol,

isopropanol, n-butanol, isobutanol, secbutanol, ethylene glycol, ethylene glycol diacetate, glycerol
and/or 10dithBtARR TR OETFEHBY. St St RV e hsplar iUty rerer g frethlic ity sdesiedFurther
substancesfishichais-ionhmoleeular waighiradeditives, salts,idoreigmnions,seifastants.and sequestrants,

may also be %dded to the reactant solutions, a term which is also intended to include the solution of
ruthenium acet nate

the reducing agent in stébd%e),oor the solution obtained after step a). The reactant solutions may

furthermore be degassed before the reaction, for example in order to .
20 The metal ions are preferably contained in the metal salt solution in a concentration of from

0.0l g/lto 1 g/l

The solution containing hydroxide ions can preferably be obtained by the reaction of bases
selected from the group consisting of LiOH, NaOH, KOH, Mg(OH),, Ca(OH),, NH,OH,
aliphatic amines, aromatic amines, alkali metal amides, and/or alkoxides. NaOH and KOH are
25 particularly preferred bases. Such bases have the advantage that they can be obtained
economically and are easy to dispose of during subsequent effluent treatment of the solutions

from the method according to the invention.

The concentration of the hydroxide ions in the solution containing hydroxide ions may
advantageously and preferably lie in a range of from > 0.001 mol/l to <2 mol/l, particularly
30 preferably from > 0.01 mol/l to <1 mol/l, more particularly preferably from > 0.1 mol/I to

< 0.5 mol/l.



15remove oxygen and CO2. it is likewise possible for the reactant solutions to be handled under a
protective gas and/or in the dark. In order to remove accompanying substances and/or salts dissolved
in the product dispersion, i.e. in the metal particle dispersion, and in order to concentrate the
dispersion, it is possible to use the conventional methods of mechanical liquid separation (for example
filtration through 20a pressure filter or in a centrifugal field, sedimentation in the gravitational field or a
centrifugal ﬁEHeI);@mtﬁagti@gmmem[b%}ebt@cmwuesf(diﬁlysés)gam@ distillaiian.oT he metbeaaccording to

the Inventlognmna O sarﬂ%glgoglco 101S, a"f‘«%ch Hgsetpl(l)%l’(s)rta d%ll Coancul%{sad h%%rlﬁ%ombln(?tlon Of bOth
method variants s S0 pOSSI tis furthermore possible for the product dispersion to be

concentratetlby Hiadrs bfsrapddrdiFSnistiods (WRrafiltraton cariifugationosedimentdtion -

optionally afteragdimg flaceculants Qr weak:sglvenisi o diglysisiand,avaparation)apsioptionally washed.
The colloida). hemlcalj tability and th tecIJnlcaI app ||catlpwropertle$n9f the prodchdlsperS|on may

1511 Or examnie, sogium /‘]1 1 11 T am A e acidd

possibly be Optimized Turther by & Washing stép or By introdUcing ‘additives iv'a partictifarly preferred
embodimentadpreskririzentiorydtdedshnone of the stegsua)80 andtb)nahdqartoedartyipreferably both

of the stepsig)RRdiiay s sarmsstankia microreactor, Hetgmifldhe seane o6 ihg aigsent
invention, "microreactor” refers to miniaturized, preferably contlnuously op eratlnlg reactors which, inter
alia, are kné%ﬁ"ﬂ%ﬁ/é} ilbohos such as, for example, ethariol, n-propanol, isopropanol, n-butanol,

isobutanol, secbutanol, ethylene glycol, ethylene glycol diacetate, glycerol and/or

10 dimethylaminoethanol. Formaldehyde is a particularly preferred reducing agent.

Further substances, such as low molecular weight additives, salts, foreign ions, surfactants
and sequestrants, may also be added to the reactant solutions, a term which is also intended to
include the solution of the reducing agent in step b), or the solution obtained after step a). The
reactant solutions may furthermore be degassed before the reaction, for example in order to
15 remove oxygen and CO,. It is likewise possible for the reactant solutions to be handled under

a protective gas and/or in the dark.

In order to remove accompanying substances and/or salts dissolved in the product dispersion,
i.e. in the metal particle dispersion, and in order to concentrate the dispersion, it is possible to
use the conventional methods of mechanical liquid separation (for example filtration through
20 a pressure filter or in a centrifugal field, sedimentation in the gravitational field or a

centrifugal field), extraction, membrane techniques (dialysis) and distillation.

The method according to the invention may be carried out as a batch method or as a

continuous method. A combination of both method variants is also possible.

It is furthermore possible for the product dispersion to be concentrated by means of standard
25  methods (ultrafiltration, centrifugation, sedimentation - optionally after adding flocculants or

weak solvents - dialysis and evaporation) and optionally washed.

The colloidal chemical stability and the technical application properties of the product

dispersion may possibly be optimized further by a washing step or by introducing additives.

In a particularly preferred embodiment of the present invention, at least one of the steps a)
30 and b), and particularly preferably both of the steps a) and b), may be carried out in a
microreactor. Here, m the scope of the present invention, "microreactor” refers to

miniaturized, preferably continuously operating reactors which, inter alia, are known by the



tenactor”, Hninireactoicromixer" or minimixer". Examples are T- and Y- mixers as well as the
tnicromixers from a wide variety of companies (for example liihrfeld Mikroteehnik BTs GmbH, Institut
fur Mikrotechnik Mainz GmbH, Siemens AG, CPC Cellular Process Chemistry Systems (imbH). actors
are adivantrte the continuous pr ductf micro- and panoparticles by means of wet chemical and
heterogeneous precipitation methods requires the use of mixing units. The aforementioned
microreactarsnariacidispersirly hoznlesor' ntzxengactors Mmayibéusedasmpixiag Units.dEXamples of
nozzle reactrs a2 g MIciISHReaGIL (Suinesaenemie CIML, And ihe JebdisnersrRaver

Technology Services GmbH). | 0 Compared with batch methods continuously operating methods have
the advantay&ipiss thk s%%‘ﬁn@ﬁ%f’n theitaboiatthirstalnte fl‘ié"b’rd&i‘ﬂ]@ﬁ‘ong%éﬂébcéﬁbéjgﬁnpllfled by
the 'numberinguup Ppsiaciptecinsieas,ofthec'sealing up” principle.  Another advantage of the method
according to the invention is that, owing to the good controllability of product properties, conduct in a

ricroreactoyis Rossiple. Wihoutt15 besormina.clogasd dhtng cntinuens gRerations i s preferable to

carry out the heterogeneous precipitation method for producing the metal omde/b};gromde particles as
a micrometRdTFES calpifiginy sratetin B nhs1ETEN SO sPIREIRIA G oS ER Nt Bigec 1d 1561 ding
componentpaxmicieieadtes, Actbirdnnotdin ghcesmponentandigprassueNalve . dozHis-easerthe reactant

solutions, i.e. th S|Iveﬁsalt solutlondnt]pe @)gtal alt %O soI tion apd the s&\utu&n coqgtt&unlngrhydromde

ions, are partl(Y,u arly pret%rale]n%mped with & constant ﬁgwr?a?e tﬁroug the aj apparatus, or the
capillary systenthdssehseansorlimpylottighitprespsine plmss, ToelmeeaplestmNeks pumps).Via the

pressue valvgaftel & erelec, thediguid-isselaxed apdcallestadii Rprqdugt containgrthrough an exit
capillary. The |crorea tor is expedientl é% mixer havmgﬁ%mlx Ing t|me d| f om >0.01sto<10s,
ly

preferably 'fié1's 685! éetgb:‘f%t%ry SRR T PaYSEABIS L6185 mcgﬁmg?fé’é%havmg a
diameter ofupbminc@I05nprndtel @ Bmimg préfenabiyidrom bit 0 5 10 nun, particularly preferably from >
0.5 mm to < 5 mm are suitable as hold components. The temperature of the reaction mixture in the

system expﬁﬁiﬂm}yaﬁe&mwﬁe&e A6Rch QA Pisfarably bebveeniRE. ANfb<ROf. Rakicularly
preferably betweﬁag3 Q%<30C The flaw rates of the reactant flows é)gnégneroreactor unit

expedient > 008 Ml Rin*rd A AOTY RS pFRtErshIy baemsEr FitiHin aRd s 550 hiticularly
preferbbly bemmllogﬁqtmdnnramrﬁmm@@ ap¢mmm Owing to the reduced sintering time for achieving
comparable conductivities, compared with

It is preferable to carry out the heterogeneous precipitation method for producing the metal
oxide/hydroxide particles as a micromethod in a capillary system comprising a first holding
component, a second holding component, a microreactor, a third holding component and a
pressure valve. In this case the reactant solutions, i.e. the silver salt solution, the metal salt
20 solution and the solution containing hydroxide ions, are particularly preferably pumped with a
constant flow rate through the apparatus, or the capillary system, by means of pumps or high-
pressure pumps, for example HPLC pumps. Via the pressure valve after a cooler, the liquid is

relaxed and collected in a product container through an exit capillary.

The microreactor is expediently a mixer having a mixing time of from >0.01 s to <10 s,

25 preferably from > 0.05 s to < 5 s, particularly preferably from > 0.1 sto < 0.5 s.

Capillaries having a diameter of from > 0.05 mm to <20 mm, preferably from > 0.1 mm to
<10 mm, particularly preferably from >0.5mm to <5mm are suitable as holding

components.

The length of the holding components may expediently lie between > 0.05 m and <10 m,

30 preferably between > 0.08 m and < 5 m, particularly preferably between > 0.1 m and < 0.5 m.



known silver particle sols, the metal particle sols according to the invention, and the metal particle sols
produced by the method according to the invention, are suitable in particular for 10 the production of
conductive printing inks for the production of conductive coatings or conductive structures, as well as
for the production of such conductive coatings or.ggnductive structures. The present invention
therefore furthermore provides the use of the metal particle sols according to the invention for the
production dfheantyetivepointirgdiaksypnefenably ores fenléirkijetiandsoreenprinting methods,

conductive cogfingsy Riefabl canluctive fiRnspprent ERatiias, condietive uisrosiuctyies andior

functional layers. The metal particle sols according t0 ion are furthermore suitable for the
production of tatalysts, other coating materials, metallurgical products, electronic products,
electroceramics, optical materials, biolabels, materials for forgery-secure marking, plastic composites.,
antimicrobialiROmateniaks amd/br activeragént formulationsadibe invertipnlidhiie desoribednin more

detail below.with the, aidl of £xamples: Bt wihewtbeing restricted thereto.  fxamplgs Example 1

(according to the invention) a:c2(!iOpnop4nicle.sQby a batch method A 54 millimolar solution of silver
54 millimolat6ititioh BENEO40eEA7 dl AGRIOTN4s FE4&HR Solution

Owing to the reduced sintering time for achieving comparable conductivities, compared with
known silver particle sols, the metal particle sols according to the invention, and the metal
particle sols produced by the method according to the invention, are suitable in particular for
10 the production of conductive printing inks for the production of conductive coatings or
conductive structures, as well as for the production of such conductive coatings or conductive

structures.

The present invention therefore furthermore provides the use of the metal particle sols
according to the invention for the production of conductive printing inks, preferably ones for
15 inkjet and screenprinting methods, conductive coatings, preferably conductive transparent
coatings, conductive microstructures and/or functional layers. The metal particle sols
according to the invention are furthermore suitable for the production of catalysts, other
coating materials, metallurgical products, electronic products, electroceramics, optical
materials, biolabels, materials for forgery-secure marking, plastic composites, antimicrobial

20 materials and/or active agent formulations.

The invention will be described in more detail below with the aid of examples, but without

being restricted thereto.



jib a dispersant concentration of 10 g/1 as reactant solution 2 and a 0.12 molar RuCT solution in
ethanol as reactant solution 3 were prepared. Demineralized water (prepared with Milli-pplus, OPAlei
2, Millipore Corporation) was used ,r as the solvent. Disperbyk if 190 (Byk GmbH) was used as the
dispersant. 250 ml of reactant solution | were placeg.in a glass beaker at room temperature. While
stirring continuously, 0 250 ml of reactant solution 2 and | ml of reactant solution 3 were added
uniformly toERenipRetion solution over a period of 10 s. The equivalent ratio of ruthenium to silver in the
reactant mixture was therefore 9:1000 (0.9 wt% ruthenium, expressed in terms of the silver content).
The batch waspnlg Féafierdinttodlfe ityeptianimin. A grey-black coloured colloidally chemically stable
Ag20/Ru0) nammarticle sol was obtained. | 5tfi Reduction with formaldehyde by a batch method ml
of a 2.33 malar-agueous farmaldeRyde soltion [ @ o) werehaddrsdto 500 ml of the Ag,0/RuO?
nanoparticie sol prepared in Example la at room temperature while stirring continuously, stored for 30
min at 60C QMAPQQ@%(J%:CQ@Q qauyo@hgmarlkm@a%eﬁ d C%‘Mﬁﬂ”& m@dtayh@ Ihithenium gxide-doped

silver nanopartlcles was obtained. Th e&artlc es were su sequent Yy ISO lated Fg/ means Of centrlfugatlon
(60 mirat 30 GOH AT AVATRP of 361 Rétor TR 60T ERsERM SATCBUREP iMB LY ARt Taci¥Rersed in
demineralizedwyatier h}dapthyzngouﬂtraﬁcumd) (Bbanscmhﬁ)igntal BenifierplAicolbbidalypeharsically stable

0,
metal partlcﬁ sol h:ﬁ\lvmg(;Vva 0 §Lc£9rg ent h t{u Sw gfgtﬁjngp Agrglgsg) é)r]; th %?drtlcle dslze by
means of dynamlc [s] tscatte reveale r |né nanoparn aving an e ective

hydrodynamictbéaivietsr. dﬁftkz&lmhR’ A%éﬁmﬂzllg@lz@ﬁaw}@mgn@ab Aralyzerstron? Brodkiavenainstrument
Corporation,yas,sed, for Lhw%@%%@a%@( Means hARAMIC UGhESGRNRENGnint asfpm Wide line

of this dlsper5|on was applied onto a p ogcarbonate sheet (Bayer MaterialScience AG, N4altrolon' DE |
-1) and Hriect She sititersi o thihinLARS indrP bzt 30 UDC} ane aiBidntpleadine (1613 hPay.
The conduciidityovas13E80 Semaafteiod b min, santde4 il dnSafteroOuibium to silver in the

reactant mixture was therefore 9:1000 (0.9 wt% ruthenium, expressed in terms of the silver
content). The batch was then restirred for a further 10 min. A grey-black coloured colloidally

chemically stable Ag,O/RuQ;, nanoparticle sol was obtained.

15 b) Reduction with formaldehyde by a batch method

25 ml of a 2.33 molar aqueous formaldehyde solution (70 g/1) were added to 500 ml of the
Ag>,O/Ru0, nanoparticle sol prepared in Example la at room temperature while stirring
continuously, stored for 30 min at 60°C and cooled. A colloidally chemically stable sol
comprising metallic, ruthenium oxide-doped silver nanoparticles was obtained. The particles
20 were subsequently isolated by means of centrifugation (60 min at 30 000 rpm, Avanti J 301,
Rotor JA 30.50, Beckman Coulter GmbH) and redispersed in demineralized water by
applying ultrasound (Branson Digital Sonifier). A collotdally chemically stable metal particle

sol having a solids content of 10 wt% was obtained.

Analysts of the particle size by means of dynamic light scattering revealed crystalline
25 nanoparticles having an effective hydrodynamic diameter of 128 nm. A ZetaPlus Zeta
Potential Analyzer from Brookhaven Instrument Corporation was used for the measurement

by means of dynamic light scattering.

A 2mm wide line of this dispersion was applied onto a polycarbonate sheet (Bayer
MaterialScience AG, Makrolon™ DE1-1) and dried and sintered for ten minutes in an oven at

30 140°C and ambient pressure (1013 hPa).

The conductivity was 3000 S/m after 10 min, and 4.4 *10° S/m after 60 min.



Example 2 taccordin2 to the invention): al. Preparation of an gsO/RuOs nanopartiele sol by a batch
method A 54 nisllimoku solution of silver nitrate (9.17a | Ag.otution 1, a 54 mitlimolar solution of Na011
(2.14 g/1) with a dispersant concentration ofs reactant solution 2 and a 0.12 molar RuCit solution as
reactant solution 3 were prepared. Demineralized water (prepared with Milli-Qplus, QPAIC 2, Millipore
Corporation) was used as the solvent. DispetbyC 190 was used as the dispersant. 250 ml of reactant
solution | wesaplsieed iacardlagsdxdakeveatioaom temperature. While stirring continuously, 250 ml of
reactant solution 2 and 2.0 ml of reactant solution 3 were added uniformly to the reaction solution over
10 a period, pf 10,5ilig SAMVRISHR RIS Al putheniumdio siver ihgireactant mixture was therefore
18:1000 (1.8 wt% ruthenium, expressed in terms of the silver content). The batch was then restudied
for a further 10 min. A grey-black coloured colloidal emically stable Ag20/Ru02 nanoparticle sol
s obtainel. By FULCCTn St orFhalier 8 B a bLtch mAt0d 1225 0 a0 B bl aqueous
tbrinaldehydé solutiolr(FOuminwe réadided faz800ithkafithesAgsalRuMs inand paricle setprepared in

Example 2a),gfitaom tempgerature dile glicing.aantinuausly. stereditips0min.at §RG.and cooled. A
colloidally chemicagy stable sol comprising metallic, ruthenium oxide-doped silver nanoparticles was
obtained. TREPArHIgehvare strseagtarth ubidiat by hithns of CERiFGGERGHIB0 4t 50 000 rpm,
Avanti j 30i .2 hRIOERIABHEDy Beskman GeuliemGmbE)and sedispersedin damineralized water by
applying ultr?so nd (§1ran o] Di%tal Sonifier). A CQ)\I}}?j ally Chemic.allgi s;abi?om?tafllparticle sol having
a solids cotéRt o 1ot Was" Sbiaiie g mP R ftald 'cod fﬁlago?ot’?ﬁgu %Sp‘érs'onmw S %‘ipcﬁfétd onto a
pply/carbongﬁet'stmeiémrh IHendareapiay agdesciibed hd@ﬂamﬁiedb)t.o'lfh@r_‘mm @tiixitgmujetermine_d
similagly as A"FEWQ‘%@. Was &Rl 08;5/5n aften.e.mms Gamparative. Example 3: Ruthenium-free

silver nanosol For comgarison, a dispersion of sterically stabilized silver nanoparticles was prepared.
To this end 56054 MBIAP Siet TitratEaBit SRFAS EotBIRS P With S HilxEorEdt-al 65084 Fholar sodium
hydroxide soelutibenandithe dispefisant Disperbykz<90a6k ghipimnea valuiteivatiemoikdil sQard stirred for

10 min. A 47@5;%%@%‘&%%%MJ@‘?‘QQ!‘X&Q%%Q. to this reaction

b) Reduction with formaldehvde by a batch method

15 25 ml of a 2.33 molar aqueous formaldehyde solution (70 g/l) were added to 500 ml of the
Ag,0/Ru0O, nanoparticle sol prepared in Example 2a) at room temperature while stirring
continuously, stored for 30 min at 60°C and cooled. A colloidally chemically stable sol
comprising metallic, ruthenium oxide-doped silver nanoparticles was obtained. The particles
were subsequently isolated by means of centrifugation (60 min at 30 000 rpm, Avanti J 301,

20 Rotor JA 30.50, Beckman Coulter GmbH) and redispersed in demineralized water by
applying ultrasound (Branson Digital Sonifier). A colloidally chemically stable metal particle

sol having a solids content of 10 wt% was obtained.

A surface coating of this dispersion was applied onto a polycarbonate sheet in the same way
as described in Example 1b). The conductivity determined similarly as in Example 1b) was

25 4.4 *10° S/m after 60 min.

Comparative Example 3: Ruthenium-free silver nanosol

For comparison, a dispersion of sterically stabilized silver nanoparticles was prepared. To this
end, a 0.054 molar silver nitrate solution was combined with a mixture of a 0.054 molar
sodium hydroxide solution and the dispersant Disperbyk™ 190 (1 /1) in a volume ratio of 1:1
30 and stirred for 10 min. A 4.6 molar aqueous formaldehyde solution was added to this reaction

mixture while stirring, so that the ratio of Ag™ to reducing agent is 1:10. This mixture was



- 14 - heated to 60C, kept at this temperature for 30 min and subsequently cooled. The particles were
separated from the unreacted reactants in a first step by means of diafiltration and the so! was
subsequently concentrated. To this end, a 30 000 Dalton membrane was used. A colloidal's: stable sol
having a solids content of up to 20 \sit% (silver paiticles and dispersant) was obtained. According to
elemental analysis after the membrane filtration, the proportion of Disperbyr 190 was 6 wt%,
expressed inctering obthe isipren contentAasuefaae’ooaiting Ok this disparsiancwashapphedeonto a
Rolycarbondie-shestindie sAMaaY.ap deaiber, R AmBE ol e spaAls conue iy
determined similarly as in Examp ) could deterr[;unera a?ter a 3ry|ng an smterlng time of
one hour at1#0& k- abicAr presstte (2013 HPQ).C"I'I%@ e dmbeoRguttng aferdeding and
sintering timeofiome howe wasaboui ao&{mogt@mpat@twezﬁmmpiﬁvéf Rethenismacopedsilver narmsol
not according gg\m‘eimvenpgw W) ?PQQLQE ofn AgsO/Rgdﬂng Qqnopettlcle shol by a batch method A 54
millimolar solution of silver nitrate NCava gm A al\fdé) as reactant solution 1, a 15 54 fr fiffifidlar solution
of NaOH (21iapg/tdy With wiadispatsantromncentiation ofit 6l giras reactant SetationiRearidizas0.12 molar

RuCl) solutigg,asikaacianhslutian 3 parepepared. Leminermlized watertpignared witpiMil ti-Dplus,
QPAL1C2, Millipare Corporation) was_used as the solvent. Disperbyr 190 was used as the dispersant.

250 ml of rectahtSoRTtBH 1°HEHS Pikeetf i Yid s¥BlUke At ‘Fbgﬁi"?etﬂ‘?pe"étﬁ?é Wi Srring
continuouslys250md ofireadtaimi:20dsotutione Zrandf®:k mluwkréattanhsalutient Jrasne: added uniformly
to the ygaction Sqliilion O¥eL 3 RESIOA o0 . Fhe.QaHVAlEnt mass,rale gf Ingniumdg, silver in the
reactant mixture was therefore 9: 10 000 (0.09 wWt% ruthenlum expressed in terms of the silver
content). The batch was 1t
stable Agt (e d Rel '
ml of a 2.33imealgivagqueous formaldehydelon ( t() 921) were added to 500 mi |f the Ag20/RuO
nanoparticle sol prepared in Comparative Example 4a) at room temperature while stirring
continuously; staraddor Qmin alPRE and seeledAwkallgidallyshemically stable so] comprising
metallic, ruthenium oxide- doped silver nanopartieles was obtained. The 30 particles were
subsequentpy ?plate]dn Jmeans of centy g‘ulga(t}mu(t?g |n at 3 do rgprlrédAt\a\\/mng ]]ug,g)l Rotor JA 30.50,
Beckman Cou m

H) and re(djs ers emmerah? d v@ate y app ylng u trasound a(Branson
Digital énlff?é‘r)“.“}i*E@Fﬁjlddlly%ﬁérﬁ%&iﬂ%ﬂdbi@)méfm éapﬁdeﬂsmlwamm@ sblidls/tanterston 10 wi% was

obtained. -<bfution 2 and a 0.12 molar RuCly solution as reactant solution 3 were prepared.
Demineralized water (prepared with Milli-Qplus, QPAK® 2, Millipore Corporation) was used

as the solvent. Disperbyk® 190 was used as the dispersant. 250 ml of reactant solution 1 were

placed in a glass beaker at room temperature. While stirring continuously, 250 ml of reactant

20 solution 2 and 0.1 ml of reactant solution 3 were added uniformly to the reaction solution over

a period of 10 s. The equivalent mass ratio of ruthenium to silver in the reactant mixture was

therefore 9:10 000 (0.09 wt% ruthenium, expressed in terms of the silver content). The batch

was then restirred for a further 10 min. A grey-black coloured colloidally chemically stable

Ag,O/RuO; nanoparticle sol was obtained.

25 b) Reduction with formaldehvde by a batch method

25 ml of a 2.33 molar aqueous formaldehyde solution (70 g/} were added to 500 ml of the
Ag,O/RuO, nanoparticle sol prepared in Comparative Example 4a) at room temperature while

stirring continuously, stored for 30 min at 60°C and cooled. A colloidally chemically stable

sol comprising metallic, ruthenium oxide-doped silver nanoparticles was obtained. The

30 particles were subsequently isolated by means of centrifugation (60 min at 30 000 rpm,
Avanti I 301, Rotor JA 30.50, Beckman Coulter GmbH) and redispersed in demineralized

water by applying ultrasound (Branson Digital Sonifier). A colloidally chemically stable

metal particle sol having a solids content of 10 wt% was obtained.



A surface coating of this dispersion was applied onto a polycarbonate sheet in the same way as
described in Example Ib). No specific conductivity could be detected similarly as in Example 3) even
alter drying and sintering time of one hour at 1403CI and ambient pressure 0 013 hPat. - 16 - Patent
Claims etal particle content > silver nanopatrtieles pat least one dispersant and at least one liquid
dispersion medium characterized in that the metal nanoparticle sot contains from 0.1 to 10 wt% of at
least one matakiselectedfgamibiredgrewior utheniphed hodiupe] patadivershesmiune, didéumrand platinum,
expressed i, louma e syl conienkerie metghnanoparils el e form,of fhg meta or at

least one metal compound. Metal nanoparticle sol according to Claim 1" c aracterized in that the
metal selected Tl the gréiip ?m%meﬁm@ﬁﬁamﬁwep%mamﬁwcﬁéﬁﬁﬂ?ﬁ, JiditiAd aMoPplatintim is
ruthenium. Metalnranoparticle sol according to Claim | or 2, characterized in that at least 90 4%,
preferably at least 95 wt%" particularly preferably at least 99 wt%, of the ruthenium is present in the
form of ruthenium dioxide. 4.Metal nanopatrticle sol according to at least one of Claims | to 3,
characterized in that



the liquid dispersion medium is water or a mixture containing at least 50 wt%, preferably at least 60
wt% of water. 205.Metal nanoparticle sol according to at least one of Claims | to 4, characterized in
that the dispersant is a polymeric dispersant, preferably one with a weight average M," from 100 Winol
to 1 000 000 gOnol, particularly preferably fro in 1980 gnnol to lop 000 ganol. Metal nanoparticle sol
according to at least one of Claims 1 to 5, characterized in that the dispersant is at least one
dispersant selected from the group consistingaséstikdaiates, alkylolamides, esters, amine oxides, alkyl
polyglucosides, alkylphenols, arylalkylphenols, water-soluble homopolymers, statistical copolymers,
block copolymers, graft polymers, polyethylene oxides, polyvinyl alcohols, copolymers of polyvinyl
alcohols and polyvinyl acetates, polyvinylpyrrolidones, cellulose starch, gelatin, gelatin

derivatives,amino acid ,polymers, polylysine, p Iy(ﬂasg)? gic acid, Qolxa&g lates, polyethylene
suiphonates, polystyrene SLHp onates, p metha@r ates, condensafion prodﬁcts of aromatic

sulphonic acids with formaldehyde, naphthalene sulphonares, lignosulphonates. copolymers of acrylic
monomers. polyethyleneﬁllllﬁfe%ar%ﬁ?ﬁ}ﬁfflam|nes polyallylamines, and/or polydiallvidimethylain
moniurn chloride. 7.Metal nanopatticle sol according 10 at least one of Claims 1 to 6, characterized in
that the>metal nanopartici¢ lsot conthinsfromnd. 1 to 5 wt%, preferably from 0.4 to 2 wt% of at least one
metal selected from the group: ruthenium, rhodium, palladium, 10o0smium, iridium and platinum,
expressed in terms of thexsibvar-gemtend, daghedoinrahithe metal or at least one metal compound.
Method for producing a metal national cie sot according to at least one of Claims 1 to 7, characterized

in that a)a sitver sajselition: & selifon.caniaining.al sartane Mesal saltolametsl dasejected from
the group: ruthenium, rhodium, palladium, osmium, iridium and platinum, and a solution containing
hydroxide ions are"éér‘i‘lﬁ‘iﬁeﬁ ected from the group: ruthenium, rhodium, pdlladmm osmium, iridium

and platinum, expressed in terms of the silver content of the metal nanoparticle sol, in

10 the form of the metal or at least one metal compound.

2. Metal nanoparticle sol according to Claim 1, characterized in that the metal selected
from the group: ruthenium, rhodium, palladium, osmium, iridium and platinum is

ruthenium.

3. Metal nanoparticle sol according to Claim 1 or 2, characterized in that at least 90 wt%,
15 preferably at least 95 wt%, particularly preferably at least 99 wt%, of the ruthenium is

present in the form of ruthenium dioxide.

4. Metal nanoparticle sol according to at least one of Claims 1 to 3, characterized in that
the liquid dispersion medium is water or a mixture containing at least 50 wt%,

preferably at least 60 wt% of water.

20 5. Metal nanoparticle sol according to at least one of Claims 1 to 4, characterized in that
the dispersant is a polymeric dispersant, preferably one with a weight average M.,
from 100 g/mol to 1000 000 g/mol, particularly preferably from 1000 g/mol to
100 000 g/mol.

6. Metal nanoparticle sol according to at least one of Claims 1 to 5, characterized in that

25 the dispersant is at least one dispersant selected from the group consisting of
alkoxylates, alkylolamides, esters, amine oxides, alky] polyglucosides, alkylphenols,
arylalkylphenols, water-soluble homopolymers, statistical copolymers, block

copolymers, graft polymers, polyethylene oxides, polyvinyl alcohols, copolymers of

polyvinyl alcohols and polyvinyl acetates, polyvinylpyrrolidones, cellulose, starch,



the solution obtained from step a) is subsequently reacted with a reducing agent, at least one of the
solutions in step a) containing at least one dispersajit. characteriv.e in that the three solutions are
combined simultaneously in step a). Method according to Claim 8, characterized in thatsilver salt
solution is one containing silver cations and aniong7selected from the group: nitrate, perchlorate,
fulminates, citrate, acetate, acetylacelonate, tetrafluoroborate or tetraphenylborate. 10. Method
according to Claime8@m9.ceharadterizedin thatthe solutionecontainiyigp23hydroxideionsidan be

obtained by the VG%P%Q&QB@W?J%P%QJY{%%W& SpouBSonsiEiing R OH oA Q. Mo(01-1)2

Ca(014)2, NH40H hatic amines, aromatic amines, alkali metal amides, and/or alkoxides. 11.

Method according TB“QF%%Q“OW@%@I%W@YS&% i@phﬂafa%‘t@ﬁi?éﬁ“||ff)fﬁ]§f4‘?ﬁé(ﬁ1%d’ﬂf(ﬂlf‘fﬁaé‘g€nt is

selected from the guouprecensistingutipelyalcoholspmamitophenolsnamino d0alcohoelsyaldehydes,
sugars tartaric acid, citric,acid, ascorbic q-lmq and salts theregf, triethanolamine. hydrogyinone, sodium
d|th|on|te hydroxyf‘nethahesulphlnlc acid, - 18 - sodi um disuiphite. f"o’rmamld(nesulphlnlc acid,
sulphurous acid, hy@lﬁﬁ&@ﬁ@{dlmethy ammonium chloride.
hydroxylamine,ethyienediamine,tetrameth:viethylenediamine,hydroxylarnine sulphate, sodium
borohydride]. formaiteliydeoalcohols, ethahol n-prepanal; isapioandlp thutanodrisdbutancl,

sec-butanoi, Ethyleﬂqg rgé}/zﬁ(%lan%m%?eesgl contains from 0.1 to 5 wt%, preferably from 0.4 to 2 wt%
of at least one metal selected from the group: ruthenium, rhodium, palladium,
10 osmium, iridium and platinum, expressed in terms of the silver content, in the form of

the metal or at least one metal compound.

g. Method for producing a metal nanoparticle sol according to at least one of Claims |

to 7, characterized in that

a) a silver salt solution, a solution containing at least one metal salt of a metal
15 selected from the group: ruthenium, rhodium, palladium, osmium, iridium

and platinum, and a solution containing hydroxide ions are combined,

b) the solution obtained from step a) is subsequently reacted with a reducing

agent,

at least one of the solutions in step a) containing at least one dispersant, characterized

20 in that the three solutions are combined simultaneously in step a).

9. Method according to Claim 8, characterized in that the silver salt solution is one
containing silver cations and anions selected from the group: nitrate, perchlorate,

fulminates, citrate, acetate, acetylacetonate, tetrafluoroborate or tetraphenylborate.

10. Method according to Claim 8 or 9, characterized in that the solution containing
25 hydroxide ions can be obtained by the reaction of bases selected from the group
consisting of LiOH, NaOH, KOH, Mg(OH},, Ca(OH),, NH,OH, aliphatic amines,

aromatic amines, alkali metal amides, and/or alkoxides.

1. Method according to at least one of Claims 8 to 10, characterized in that the reducing
agent is selected from the group consisting of polyalcohols, aminophenols, amino
30 alcohols, aldehydes, sugars, tartaric acid, citric acid, ascorbic acid and salts thereof,

triethanolamine, hydroquinone, sodium dithionite, hydroxymethanesulphinic acid,



diacetate, glycerol andlor dimethvlaminoethanol. 12.Method according to at least one of Claims 8 to
11, characterized in that the metal salt of a metal selected from the group: ruthenium, rhodium,
palladium, osmium, iridium and platinum is at least one ruthenium salt selected from ruthenium
chloride, ruthenium acetate, ruthenium nitrate, ruthenium ethoxide, ruthenium acetylacetonate.
IF)13.Use of a metal nanopatrticle oaccording to at least one of Claimsto 7 for the production of
conductive printingsadksn 14ilddphat.a metalnndmepapticle sekaccordihgrtoat kealst dnerefi@Gaims 1 to 7

for th production 0‘19%g%¥i1\{§epoa&t@ﬁgg§ngﬁigﬁﬂgyCti%%ﬁ”&%%ﬁ?lenediamine, hydroxylamine
sulphate, sodium borohydride, formaldehyde, alcohols, ethanol, n-propanol,
isopropanol, n-butanol, isobutanol, sec-butanol, ethylene glycol, ethylene glycol

5 diacetate, glycerol and/or dimethylaminoethanol.

12. Method according to at least one of Claims 8 to 11, characterized in that the metal salt
of a metal selected from the group: ruthenium, rhodium, palladium, osmium, iridium
and platinum is at least one ruthenium salt selected from ruthenium chloride,

ruthenium acetate, ruthenium nitrate, ruthenium ethoxide, ruthenium acetylacetonate.

10 13. Use of a metal nanoparticle sol according to at least one of Claims 1| to 7 for the

production of conductive printing inks.

14. Use of a metal nanoparticle sol according to at least one of Claims [ to 7 for the

production of conductive coatings or conductive structures.



