Process for producing netal particles, nmetal particles produced therefrom
and use thereof The present invention relates to a process for producing
netal particle cols with a netal particle content of > | g/l, conprising
the steps of reacting a netal salt solution with a solution containing
hydroxi de ions and reacting the solution obtained fromthe preceding step
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t he pl asnopurfidak can then be used to draw concl usions about the particle
size and the particle size distribution of the sanple. In addition, the
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the absorbance maximum of a plasmon peak and E,.  to the absorbance of the metal sol in the

UV/Vis spectrum at the absorbance maximum plus 100 nm. For silver nanoparticles, it has become
an established convention to use the Esq/E, ratio, i.e. to form the ratio of the absorbance at 500 nm
and at the peak maximum. This is valid since an absorbance maximum between 400 and 420 nm
25  can be assumed for silver nanoparticles. The shape and size of the plasmon peak can then be used
to draw conclusions about the particle size and the particle size distribution of the sample. In
addition, the UV/Vis spectrum also changes when the sample agglomerates; the plasmon peak

decreases in intensity and broadens.

The prior art discloses various processes for producing metallic nanoparticles. A known principle
30  is the direct chemical reduction of dissolved metal ions in the liquid phase. The aim of many
variants of this method is the production of dispersions, stable in terms of colloid chemistry, of
metallic nanoparticles with narrow particle size distribution and defined surface properties. The

different variants are characterized by the selection of the reactants, the reaction conditions and the



metallic nanoparticles with narrow particle size distribution and defined
surface properties. The different variants are characterized by the
selection of the reactants, the reaction conditions and the -2- reaction
regi ne. The production of nmetallic nanopgrticles by this principle is
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the like are used as reducing agents. A fine powder or a thermally curing resin, such as a

polyvalent phenol compound, phenol resin, alkyd resin or polyester resin, or a thermoplastic resin
20 such as styrene resin or polyethylene terephthalate having an average particle diameter of 20 nm to

5 pm, is used as the binder.

Moreover, the average particle diameter of the particulate silver compound is preferably 0.01 to

10 pm.

EP 1 493 780 Al, however, does not disclose how concentrated dispersions of silver nanoparticles
25 can be prepared. Instead, the particulate silver compound is reduced at temperatures of more than

150°C in the binder to silver particles which fuse with one another.

Methods for producing concentrated nanoscale metal oxide dispersions and the further use thereof
in the production of nanoscale metal particles have thus not been disclosed to date. There therefore
still exists in the prior art the need for a process for producing concentrated metal particle

30  nanosols, for example from concentrated nanoscale metal oxide dispersions.

The present invention has for its object to overcome at least one of the disadvantages mentioned in



still exists in the prior art the need for a process for producing
concentrated netal particle 30 nanosols, for exanple from concentrated
nanoscal e nmetal oxi de di spersions. The present invention has for its object
to overcone at |east one of the disadvantages nentioned in -3- the prior
art. More particularly, it has for its o ject to provide a process for
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concentrations without having to concentrate. In the case of silver
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0. 35 The distinguishing feature of the process according to the invention is that the heterogeneous

precipitation of the nanoscale and submicroscale particles takes place in the presence of a

dispersing assistant, also known as a protective colloid.

The process according to the invention offers several advantages over the prior art. For instance, it
20 is now possible to produce dispersions of metal nanoparticles which have high solids
concentrations without having to concentrate. In the case of silver nanoparticles, for example,
solids contents of = 1 g/l to < 15.0 g/l can be achieved. If, though, a concentration for which the
dispersions produced by the process according to the invention are also suitable should be selected,

< 97.0 g/l or even higher solids contents can be achieved.

25  In addition to the high solids contents of the metal nanosol, a further advantage is that the particles
can be produced with a narrow particle size distribution. For instance, it is possible to prepare
silver nanosols whose UV/Vis spectra have an Esq/Ey, ratio of > 0.01 to < 0.8, of 2 0.1 to < 0.35

and of 2 0.15 to < 0.25.

In addition, the metal nanosols produced in accordance with the invention are notable for a high

30  stability in terms of colloid chemistry, which is maintained in the case of an optional



and of > 0.15 to < 0.25. In addition, the netal nanosols produced in
accordance with the invention are notable for a high 30 stability in terns
of colloid chem stry, which is maintained in the case of an optional -4-
concentration. The process according to_jhe invention allows the particle
size distribution of the metal particles to be adjusted precisely by neans
of controléln the heterogeneous precipitation step and the reduction step
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suitable.

If appropriate, it is also possible to add further substances, such as low molecular weight additives,
20  salts, extraneous ions, surfactants and complexing agents, to the reactant solutions, which is also
understood to mean the solution of the reducing agent in step b), or the solution obtained after step
a). In addition, the reactant solutions can be degassed before the reaction in order, for example, to
remove oxygen and CO,. It is likewise possible that the reactant solutions are handled under

protective gas and/or in the dark.

25  Acids or bases can be added to the solution obtained after step a) to establish a desired pH. It is
advantageous, for example, to keep the pH in the acidic range. This allows the monodispersity of

the particle distribution in the subsequent step b) to be improved.

Appropriately, a molar ratio between the amount of hydroxide ions and the amount of metal
cations of = 0.5:1 to < 10:1, preferably > 0.7:1 to < 5:1, more preferably > 0.9:1 to < 2:1, is
30 selected.

The temperature at which process step a) is performed may, for example, be within a range of



Appropriately, a nolar ratio between the anount of hydroxide ions and the
anount of netal cations of >_ 0.5:1 to <_ 10:1, preferably > 0.7:1 to <
5:1, nore preferably > 0.9:1 to <_ 2:1, is 30 selected. The tenperature at
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also allows the Surface properties of the particles to be 5 adj ust ed.
Di spersing assistant adhering on the particle surface can, for exanple,
inpart a pbsAtEU ofothe sy af iavdispsrhitzatsaisieniathyemetsl particlp apngsels agd their oxidic

precursor phases have a high stability in terms of colloid chemistry. This is shown, inter alia, by
the fact that the colloidal properties of the sols produced by the process according to the invention
are maintained even in the case of a subsequent concentration. It is even possible to remove the

20  solvent and then to redisperse the particles without losing their colloidal properties.

It is envisaged that the dispersing assistant has a molecular weight, in the case of polymers
expressed as the weight average M., between = 100 g/mol and < 1 000 000 g/mol and preferably
between = 1000 g/mol and < 100 000 g/mol.

The selection of the dispersing assistant also allows the surface properties of the particles to be
25  adjusted. Dispersing assistant adhering on the particle surface can, for example, impart a positive

or negative surface charge to the particles.

In one embodiment of the present invention, the dispersing assistant is selected from the group
comprising alkoxylates, alkylolamides, esters, amine oxides, alkylpolyglucosides, alkylphenols,
arylalkylphenols, water-soluble homopolymers, random copolymers, block copolymers, graft

30 polymers, polyethylene oxides, polyvinyl alcohols, copolymers of polyvinyl alcohols and



I n one enbodi nent of the present invention, the dispersing assistant is
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di spersing assistants are different and are present in different
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present in different concentrations.

The selection of such a concentration range ensures firstly that the particles, when precipitated
from the solution, are covered with dispersing assistant to such an extent that the desired properties
25  such as stability and redispersibility are maintained. Secondly, excessive enveloping of the
particles with the dispersing assistant is prevented. An unnecessary excess of dispersing assistant
might also react undesirably with the reducing agent. Furthermore, an excess of dispersing
assistant is disadvantageous for the colloidal stability of the particles and hinders further
processing. The selection not least allows processing of liquids with viscosity which is easy to

30 handle in terms of process technology.

In a further embodiment of the present invention, the metal salt solution comprises ions which are
selected from the group comprising iron, ruthenium, osmium, cobalt, rhodium, iridium, nickel,
palladium, platinum, copper, silver, gold, zinc and/or cadmium. These metals precipitate out of

basic solution reliably as oxides/hydroxides and, in reduced form, are stable with respect to
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The concentration of the hydroxide ions in the solution containing hydroxide ions may
20 appropriately be within a range of 2 0.001 mol/l to < 2 mol/l, preferably = 0.01 mol/l to < I mol/l,

more preferably > 0.1 mol/l to < 0.5 mol/l.

In a further embodiment of the present invention, the reducing agent is selected from the group
comprising polyalcohols, aminophenols, amino alcohols, aldehydes, sugars, tartaric acid, citric
acid, ascorbic acid and salts thereof, triethanolamine, hydroquinone, sodium dithionite,
25  hydroxymethanesulphinic acid, sodium disulphite, formamidinesulphinic acid, sulphurous acid,
hydrazine, hydroxylamine, ethylenediamine, tetramethylethylenediamine, hydroxylamine sulphate,
sodium borohydride, formaldehyde, alcohols, ethanol, n-propanol, iso-propanol, n-butanol, iso-
butanol, sec-butanol, ethylene glycol, ethylene glycol diacetate, glycerol and/or

dimethylaminoethanol.

30 In principle, it is also conceivable that the metal oxide/hydroxide particles can be reduced by an
electrochemical route by means of anode and cathode. However, the reducing agents mentioned

are preferable since they can be used without any further apparatus complexity and are easy to
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by the “numbering up” principle instead of the “scaling up” principle.

20 It is a further advantage of the process according to the invention that, owing to the readily
controllable product properties, performance in a microreactor is possible without it becoming

blocked in continuous operation.

It is preferred to perform the heterogeneous precipitation process to prepare the metal
oxide/hydroxide particles as a microprocess in a capillary system comprising a first delay zone, a
25  second delay zone, a microreactor, a third delay zone and a pressure valve. Particular preference is
given to pumping the reactant solutions, i.e. the solution containing metal salt sotution and the
hydroxide ions, by means of pumps or high-pressure pumps, for example HPLC pumps, through
the system or the capillary system with a constant flow rate. The pressure valve downstream of a

cooler is used to decompress the liquid and collect it in a product vessel via a discharge capillary.

30  The microreactor is appropriately a mixer with a mixing time of > 0.01 s to < 10 s, preferably

2> 0.05st0 <5 s, more preferably 2 0.1 sto < 0.5 s.

Suitable delay zones are capillaries with a diameter of 2 0.05 mm to < 20 mm, preferably = 0.1 mm
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conductive layers, metallurgic products, electronic products, electroceramics, optical materials,
biolabels, inks for inkjet printing and screen printing, conductive microstructures, materials for
forgeryproof marking, polymer composites, antimicrobial materials and/or active ingredient

20  formulations.

Fig. 1 shows a UV/Vis spectrum of a silver nanoso! from Example 2. The absorbance is plotted as
the normalized absorbance E;/E,,, against the wavelength A. A marked plasmon peak with Esq/Er

= 0.22 is discernible. A peak maximum occurs at 412 nm.
The present invention is illustrated further hereinafter by Examples 1 to 11,

25  For particle characterization, the particle size, the particle size distribution and the particle
morphology are characterized by means of transmission electron microscopy (TEM, Philips CM
20), dynamic light scattering (hydrodynamic particle size, Brookhaven BIC-90 Plus) and UV/Vis
spectroscopy (Hewlett Packard Diode Array Spectrophotometer 8452 A). In UV/Vis spectroscopy,
the result is shown as the normalized absorbance as a function of wavelength. The normalized

30  absorbance at wavelength A corresponds to E;/E ..
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pol yvi nyI pyrrolidone ass er vva I n|
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sol ution over ur'ats 'on GurVaICeRt Erat o or Pase

silver sal ltladkmg2®aarﬂc@olrs%lktiﬁtﬁmm%umécheﬁmiti‘yus 1.0. The m xture was then
stirred for another 10 min. This afforded a grey- black Ag20 nanosol stable
interms of colloid chemstry. Exanple 2 Reduction of the Ag20 nuclei to
nmetallic sml—gartl cles in a batch process The 500 Ml of the Ag20 nanosol
produced in Exanple 1 were adm xed while continuously stirring 15 at room

t enper at ur Reduktidh o? themg,0hudeido hdtallielsver particiodia afbatchptadelyde sol ution (70
g/l), stored at 60C for 30 mn and cooled. This afforded a sol which was
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Coul ter 60% for 30 min and cooled. This afforded a sol which was stable in terms of colloid chemistry
and comprised metallic silver nanoparticles. Subsequently, the particles were isolated by means of
centrifugation (60 min at 30 000 rpm, Avanti J 30i, Rotor JA 30.50, Beckman Coulter GmbH) and
redispersed in demineralized water by introducing ultrasound (Branson Digital Sonifier). An Ag

20 nanosol which was stable in terms of colloid chemistry and had a solids content of 0.92% by

weight and a pH of 7.4 was obtained.

The examination of the particle size by means of electron microscopy showed particles with a

diameter between 10 and 50 nm.

The examination of the particle size by means of dynamic light scattering showed crystalline Ag

25  particles with an effective hydrodynamic diameter of 46 nm.

The silver nanosol was examined by means of UV/Vis spectroscopy. The spectrum is shown in
Fig. 1. The examination showed a marked and relatively narrow plasmon peak with Esq/Ey = 0.22.

The peak maximum occurs at 412 nm.



redi spersed in demneralized water by introducing ultrasound (Branson
Digital Sonifier). An Ag 20 nanosol which was stable in terns of colloid
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washi ng process of the particles (by neans of centrifugation and .

redi sper si gtrifpeaenpiferedispyden adaariicralized yasUanpioeqs dorbranme daes cafFied ¢ out
once. The gjtver sol which had been washed once was studied by means of

UVNi s spectroscopy. The 10 exam nation showed a marked and rel atively
narrow pl asnon peak with E500l Em = 0.22. The peak maxinmum occurs at 400 nm
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and 2 obtained.
15  The examination of the particle size of this nanosol by means of dynamic light scattering showed

particles with an effective hydrodynamic diameter of 78 nm.

The UV/Vis examination showed a marked and relatively narrow plasmon peak with Eso/E,, =

0.09. The peak maximum occurs again at 400 nm.

Example 4

20 Production and reduction of Ag,O nuclei to silver nanoparticles analogously to Examples | and 2

A 54 millimolar aqueous solution of silver nitrate (9.17 g/l of AgNOs) as reactant | and a
54 millimolar aqueous solution of NaOH (2.14 g/l) with a dispersing assistant concentration of
10g/1 as reactant 2 were made up. The dispersing assistant used was PVP K90
polyvinylpyrrolidone (Fluka Chemie GmbH). Analogously to Examples 1 and 2, an Ag nanosol
25  which was stable in terms of colloid chemistry and had a solids content of 1.5% by weight was

obtained.

The examination of the particle size by means of dynamic light scattering showed particles with an

effective hydrodynamic diameter of 135 nm.

The silver nanosol was examined by means of UV/Vis spectroscopy. The examination showed a



A 54 mllinolar aqueous solution of silver nitrate (9.17 g/l of AgNG3) as
reactant | and a 54 mllinolar aqueous solution of NaOH (2.14 g/1) with a
di spersing assistant concentration of 10 g/l as reactant 2 were nade up.
The di spersing assistant used was PVP K9G . pol yvinyl pyrrolidone (Fluka
Cheni e GrbH). Anal ogously to Exanples | and 2, an Ag nanosol 25 which was
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di anmeter of 62 nm The UV/Vis exam nation showed a marked and rel atively
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Example 6

15 Production and reduction of Ag,O nuclei to silver nanoparticles analogously to Examples ! and 2

A 54 millimolar aqueous solution of silver nitrate (9.17 g/l of AgNO;) as reactant | and a
54 millimolar aqueous solution of NaOH (2.14 g/l) with a dispersing assistant concentration of
10 g/l as reactant 2 were made up. The dispersing assistant used was Tamol NH 7519 (BASF AG).
Analogously to Example 1, an Ag nanosol which was stable in terms of colloid chemistry and had

20  asolids content of 1.2% by weight was obtained.

The examination of the particle size by means of dynamic light scattering showed particles with an

effective hydrodynamic diameter of 65 nm.

The UV/Vis examination showed a marked and relatively narrow plasmon peak with Eso/E,, =

0.67. The peak maximum occurs at 420 nm.
25 Example 7
Production and reduction of Ag,O nuclei to silver nanoparticles analogously to Examples 1 and 2

A 54 millimolar aqueous solution of silver nitrate (9.17 g/l of AgNO,;) as reactant 1 and a

54 millimolar aqueous solution of NaOH (2.14 g/l) with a dispersing assistant concentration of



effective hydrodynam c di aneter of 65 nm The UVNi s exam nation showed a
mar ked and rel atively narrow pl asnon peak with E5oo/ Em = 0.67. The peak
maxi num occurs at 420 nm 25 Exanple 7 Production and reduction of Ag20
nuclei to silver nanoparticles anal ogously to Exanples | and 2 A 54
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of 78 nm 10 The silver nanosol was exam ned by neans of i s spectroscopy.

The exani reentearriddwedweightmar ked pl asnmon peak with E500/ Em = 0.35. The peak
maxi mum occurs at 402 nm Exanple 8 Ag20 nucl ei were produced conti nuousl y
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m xer wer emabei plosioe gedikywitnigris) oh33. Mhe pak walk ewunbatchrs aa4OZJrﬁiC 20 A 54
mllinolar solution of silver nitrate (9.17 g/l1 of AgNO3) as reactant | and
a 54 mllipolar 8soI ution of NaOH (2.14 g/1) with a dispersing assistant
concentratﬁ%‘uﬂ%ﬁ—lo g/l as reactant 2 were nade up. The sol vent used was
dem neralized water (prepared with MI1li-Qlus, QPAK(r)2, MIlipore
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(Fl uka

The feed capillaries, i.e. first delay zone and second delay zone, to the mixer and the third delay
15  zone (downstream of the mixer) comprise capillary tubes with an internal diameter of 2.25 mm.
The first, second and third delay zones have a length of 30 cm each. The mixer used was a
multilamellar mixer (comb mixer, Ehrfeld Mikrotechnik BTS GmbH). The temperatures of the
first, second and third delay zones and of the mixer were controlled by immersion into a water bath

at 10°C.

20 A 54 millimolar solution of silver nitrate (9.17 g/l of AgNOs} as reactant 1 and a 54 millimolar
solution of NaOH (2.14 g/l) with a dispersing assistant concentration of 10 g/l as reactant 2 were
made up. The solvent used was demineralized water (prepared with Milli-Qplus, QPAK®2,
Millipore Corporation). The dispersing assistant used was PVP K15 polyvinylpyrrolidone (Fluka
Chemie GmbH).

25  High-pressure HPLC pumps with pressure sensors (Shimadzu LC-7 A) were used to pump both
reactants from reactant vessels at room temperature through the system at a constant flow rate of in
each case 3 ml/min. The pressure in the system was adjusted to 20 bar by regulation of the

pressure valve (R3A relief valve, Nupro Company).

This afforded a grey-black Ag,O nanosol which was stable in terms of colloid chemistry and had

30 no significant sedimentation.,



Chem e GrbH). 25 Hi gh-pressure HPLC punps with pressure sensors (Shinmadzu
LC-7 A were used to punp both reactants fromreactant vessels at room
tenperature through the systemat a constant flowrate of in each case 3
m/mn. The pressure in the system was ﬁpiusted to 20 bar by regul ation of
the pressure valve (R3A relief valve, Nupro Conpany). This afforded a
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Reduction of the Ag20 nuclei to nmetallic silver particles in a batch process
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Exanpl e, 1 - i . Whi i usly stirring with 50 mM of a 1.0
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dem neralized water) anal ogously to Exanple 2 was carried out three tines.
An Ag nanoEsdmpiil¢h was stable in terns of colloid chemstry and had a pH
of 7.7 was obtained. The exam nation of the particle size by neans of

electron TR&dulasi 8 hd r}\%%qluglglr %ol r%clatgl?lc Qﬁv\f{elr r}‘)grti%les in a batch process in the presence of

15 Fe(I)SO,

The 500 ml of the Ag,O nanosol produced in Example 1 were admixed while continuously stirring
with 50 ml of a 1.0 millimolar aqueous and oxygen-free solution of Fe(11)SO, and then with 25 ml
of a 2.33 molar aqueous formaldehyde solution (70 g/1), stored at 60°C for 30 min and cooled. This
afforded a sol which was stable in terms of colloid chemistry and comprised metallic silver
20 nanoparticles. The washing process of the particles (by means of centrifugation and redispersion in
demineralized water) analogously to Example 2 was carried out three times. An Ag nanosol which

was stable in terms of colloid chemistry and had a pH of 7.7 was obtained.

The examination of the particle size by means of electron microscopy showed particles having a
diameter between 15 and 60 nm with a significantly reduced fines fraction compared to the sample

25  without Fe(I)SO, from Example 2.

The examination of the particle size by means of electron microscopy showed crystalline Ag

particles with an effective hydrodynamic diameter of 84 nm.

The silver nanosol was examined by means of UV/Vis spectroscopy. The examination showed a

marked plasmon peak with Esu/E,, = 0.35. The peak maximum occurs at 414 nm.



di anmeter between 15 and 60 nmwith a significantly reduced fines fraction
conpared to the sanmple 25 without Fe(ll1)SO4 from Exanpl e 2. The exam nati on
of the particle size by nmeans of el ectron mcroscopy showed crystalline Ag
particles with an effective hydrodynam c, i aneter of 84 nm The silver
nanosol was exam ned by neans of UV/Vis spectroscopy. The exam nation showed
a nmarked peak with E500/ Em = 0. 35. The peak maxi num occurs at 414
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3.0 wwth a 0.1 nolar nitric acid solution. Subsequently, the so[ was adm xed
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nanosoLO vvaaitgmim ned by nmeans of UVNi s spectroscopy. The exam nati on showed
a nmarked plasnon peak with Esoo/ Em = 0.12. The peak maxi num occurs at 414

nm Exanpl e 12 Conti nuous production and reduction of Ag20 nuclei to silver
nanopart i cFesexamalatign o ithe paticlExaenbly endananfl cRctRd Migrgseonyi hhesd wevstellipy dduced

conti nuOuséﬁiﬁ%@d’égﬁgﬁﬁﬁ&g@?bfﬁﬂ&m53395‘{%@ cally in Figure 2. Figure 2 shows

a schemati Ion o e appar for perform ng the continuous
variant of the process, without being limted thereto. Reference nunerals
for Fi gur eTiZ exa@matlon deheapardadnsze by means of dynamic light scattering showed particles having

an effective hydrodynamic diameter of 34 nm.

15 The silver nanosol was examined by means of UV/Vis spectroscopy. The examination showed a

marked plasmon peak with Esp/E,, = 0.12. The peak maximum occurs at 414 nm.

Example 12

Continuous production and reduction of Ag,O nuclei to silver nanoparticles analogously to

Example 1 and 2
20 Ag particles were produced continuously by the process shown schematically in Figure 2.

Figure 2 shows a schematic illustration of the apparatus for performing the continuous variant of

the process, without being limited thereto.

Reference numerals for Figure 2:

25 1. Delay zone
2. Delay zone
3. Mixer (silver oxide precipitation)

4, Delay zone



2. Delay zone 3. Mxer (silver oxide precipitation) 4. Delay zone -16- 5.
Del ay zone 6. M xer (reduction of silver oxide to silver) 7. Delay zone 8.
Pressure valve 5 9. Exit capillary 10. Product vessel The feed
capillaries, i.e. delay zones (1) and (2),.  to the mxer (3) and the feed
capillaries, i.e. delay zones (4) and (5), to the mxer (6), the delay zone
(7), consist o]? IS LI ary tubes having an internal 10 dianeter of 2.25 nm
Del ay zones (S ﬂ% (4) and (5) each have a length of 30 cm The m xer

used both ingt eduction stage was a multilanellar
m xer (conb r%lgg‘rep(rg@ﬁl@#e éhﬁﬁpﬁﬁg tost]gerL BTS GhrbH). The tenperatures of the

del ay zones (71]3"%2?;3 4. 5 and 7) and of the mxers (3) and (6) were
controlled b rsiton of (3) and (6) into a water bath at 10C. A 54
ml1inolar S%ll%és%v% silver nitrate (9.17 g/l of AgNO3) as reactant 1 and
a 54 mllinolar Fution of NaOH (2.14 g/1) with a dispersing assistant
concentg ati on 1tcjaglllﬁléz as reactant 2 were nade up. Reactant 3 consisted of
a 1350 mllinolar tion of formal dehyde (40.5 g/1). The solvent used was

dem neral i zeq, _vr\ﬁrggdcft(,éggqpared with MITi-Qolus, QPAK(r)2, MIlipore

Cor por ati on). I spersing assistant used was PVP K15 pol yvi nyl pyrrolidone
(Fluka Chem e 20 Hi gh-pressure HPLC punps with pressure sensors
(Shi madzu LC- 7 A) Were used to punp both reactants fromreactant vessels at
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Ehrfeld Mikrotechnik BTS GmbH). The temperatures of the delay zones (1, 2, 4, 5 and 7) and of

the mixers (3) and (6) were controlled by immersion of (3} and (6) into a water bath at 10°C.

A 54 millimolar solution of silver nitrate (9.17 g/l of AgNO;) as reactant 1 and a 54 millimolar

15 solution of NaOH (2.14 g/l) with a dispersing assistant concentration of 10 g/ as reactant 2 were
made up. Reactant 3 consisted of a 1350 millimolar solution of formaldehyde (40.5 g/1). The
solvent used was demineralized water (prepared with Milli-Qplus, QPAK®2, Millipore
Corporation). The dispersing assistant used was PVP K15 polyvinylpyrrolidone (Fluka Chemie
GmbH).

20 High-pressure HPLC pumps with pressure sensors (Shimadzu LC-7 A) were used to pump both
reactants from reactant vessels at room temperature through the system with a constant flow rate of
in each case 3 ml/min. The pressure in the system was adjusted to 20 bar by regulating the pressure

valve (R3A relief valve, Nupro Company).

This afforded a brown Ag nanosol which was stable in terms of colloid chemistry and had no

25  significant sedimentation.



conprising the steps of a) reacting a netal salt solution with a solution
contai ning hydroxide ions 5 b) reacting the solution obtained fromstep a)
with a reducing agent, characterized in that at |east one of the solutions
in step a) conprises a dispersing assistant. 2. Process according to C aim
1, wherein the di spersing assistant is selected fromthe group conprising
alkoxylatgﬁi | kyl ol am des, esters, am ne oxides, alkyl polyglucosi des,

al kyl phen ryIaIkyIphenoIs, wat er - sol ubl e honopolyners, random

copol yners, block 10 copol yners, graft polyners, polyethyl ene oxides,

pol yvi nyl lal colPebess fb@gﬁ&@uﬁﬁgm@il papdley volnyhbvied aohehisparide pohtyntiafyd 1 g/,
acet at es, ponV|n rrolld cel lul ose, starch, gelatin, gelatin
derivati ves, Wﬁ“g rs, pol yl ysi ne, pol yaspartic acid,
polyacrylates polyethylenesulphonates, pol yst yr enesul phonat es,

pol ymet hacryl atsgs, centensmbiabalt sfleausitsa Riutidh osmdihiag Bydrph@nbes aci ds with
f or mal dehyde, naphthalenesulphonates 15 I'i gnosul phonates, copol ynmers of
acrylic nmononer pol yet hyl elnlnes, ol yvi nyl am nes ol aIIyIanlnes

pol y(2-Vi nyl pydi néé%é“% ut&m‘;&mﬁ Eymreﬁei{wg}% HPB RN or | de.

Process according to Cla|n1l or 2, wherein the dispersing assistant |s
present in at IcaagéteriRDeh th&%@teﬁdﬁbnes&ithﬂdoﬁﬂohﬂn&eﬁ@f&ﬂm‘lﬁ@,talcﬁ)dﬂe@ifngE&sm@mﬂ- g/l
to < 100 g/l, preferably > 1 g/l to <_ 60 g/l, nDre preferably > 5 g/l
to <_ 40 g/l. 20 4. Process “according to C.ains I 0 3, wherein the netal
salt sol utdon Jdo9fRSHS ¥e¥ inérﬁ%q/ﬂl‘fﬂéh‘”hf‘é?'é theedignetsing aﬁ%ﬂﬁmttw'eg%&?ﬂb@ﬁﬁmug. ng

iron, rutheni urﬁbmglsmgﬂfalk&@més  albyMEhiHED  bebdrdll UMine ra,kfakel alkPbly At ddfles,
platlnun1 copper, silver , zi'nc and/or cadm um rocess according to

Clainms | to 4, afivéshenals, tanéfgkvbépl&nols oweraspeb\ﬁrl@g@mﬂymﬁrsx wed%tcenolwrsb block
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0.01 nol/1 to o nor'e pretrerably >
6. Process accaobivingl ZleohGlsandrgolyvinyd a&tatvmmlmlwlpmwl1d@1esstqebtﬂos¢omlch g¢latan,
hydr oxi de ions i react ases _.sel cteﬁ%fron1the
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according to d ai | to 6, wherein, the redyci nt is | ect fromthe
group - 18- conﬂ??@%ﬁg %d??%?@oﬂﬂ “waﬁ?ﬂ%dwghdngmﬁgﬁ¥%b @§ﬂ8F§535Pﬁ§hydes,
sugarsys tartar uf;gn@se onatdsl édpb@m@%'cﬂ*ac@ﬁ&ﬂbﬁbnﬁérﬁ%b@etﬂﬂ%e’iﬂin&§ pbR@hRRhines,
tri et hanol am ne, y roqui none, sodiu
polya ylammes poly(2- vmylpyrldmes) and/or polydiallyldimethylammonium chloride.
3. Process according to Claim 1 or 2, wherein the dispersing assistant is present in at least

one reactant solution in a concentration of > 0.1 g/l to < 100 g/l, preferably = 1 g/l to

< 60 g/l, more preferably > 5 g/l to < 40 g/l.

20 4, Process according to Claims 1 to 3, wherein the metal salt solution comprises ions which
are selected from the group comprising iron, ruthenium, osmium, cobalt, rhodium, iridium,

nickel, palladium, platinum, copper, silver, gold, zinc and/or cadmium.

3. Process according to Claims | to 4, wherein the metal ions are present in the metal salt
solution in a concentration of > 0.001 mol/l to < 2 mol/l, preferably = 0.01 mol/l to

25 < 1 mol/l, more preferably = 0.1 mol/l to < 0.5 mol/I.

6. Process according to Claims 1 to 5, wherein the solution comprising hydroxide ions is
obtainable from the reaction of bases selected from the group comprising LiOH, NaOH,
KOH, Mg(OH);, Ca(OH}),, aliphatic amines, aromatic amines, alkali metal amides and/or

alkoxides.

30 7. Process according to Claims 1 to 6, wherein the reducing agent is selected from the group
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products, electronic products, electroceramcs, optical ‘materials,

bi ol abel s, i nkghicakrdigaricetlyesrelnnd/pdimetiylsnineethansti nti ng, conducti ve

m crostructures, materials for forgeryproof marking, polyner conposites,

antim croby al Wc%gsi @Loﬁdﬁlg% Plaifct it(y?, \lvllﬂa%n?% e sfeBraWJlo‘%ri 1S carried out in a

microreactor.

10 9 Process according to Claims 1 to 8, wherein at least step a) and/or b} is carried out in

continuous operating mode.
10. Metal particles producible by a process according to Claims 1 t0 9.

11 Metal particles according to Claim 10, characterized in that the metal particles have a

particle size dsy value of > 0.01 pm to < 0.5 um.

15 12 Use of metal particles according to Claim 11 for producing catalysts, coating materials,
functional layers, transparent conductive layers, metallurgic products, electronic products,
electroceramics, optical materials, biolabels, inks for inkjet printing and screen printing,
conductive microstructures, materials for forgeryproof marking, polymer composites,

antimicrobial materials and/or active ingredient formulations,



