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Description
TECHNICAL FIELD
[0001] The invention provides a flow system method for preparing substantially pure nanoparticles.
BACKGROUND ART

[0002] In recent years nanomaterials have become a subject of significant interest due to their size-dependent prop-
erties and potential application in the field of catalysts, sensors and other fields of nanotechnology and microelectronics.
Nanoparticles of metals or their alloys with diameter ranging from several to several dozens of nanometers are of
particular interest. Metallic nanoparticles display increased reactivity of the surface atoms and exceptional optical prop-
erties. Moreover, because of their highly developed surface area, nanoparticles are considered an attractive material
for usein heterogenic catalysis. Metallic nanoparticles can also be used in medicine as carriers for therapeutic substances.
[0003] Different methods of nanoparticle synthesis are known. One of such methods utilizes continuous-flow micro-
reactors. A continuous-flow microreactor is a device used for carrying out a chemical reaction in a small volume. It
comprises one or more channels of small diameter for transporting the reagents in and the product out of the system,
as well as a mixing compartment or a combination of mixing compartments, which allow for the mixing of the reagents.
Use of such type of a device has many advantages, as it allows for quick and thorough mixing of the reagents and makes
the temperature control easy. The continuous-flow microsystems for nanoparticle synthesis have been described, for
example in publication WO 2004/076056 and WO 2009/133418. Use of continuous-flow microsystems for synthesis of
nanoparticles of noble metals, such as Pt, Pd and Au, has been discussed in a review article by Wojnicki M. et al.

("Zastosowanie mikroreaktoréw przeplywowych do syntezy nanocz8stek metali szlachetnych (Pt, Pd, Au). Przegldd
literatury", Rudy Metale, 2011, vol. 56, no 12, p. 745-752).

[0004] Methods for nanoparticle synthesis using continuous-flow microreactors comprise chemical reduction of metal
precursors, i.e. metal salts, such as Pd(OAc),, PdCl,, PtCl,, AuCl;, AgNO3, Cu(OAc),, CuCl,, RhCl; and FeCls, in a
solution and in the presence of surfactants or other organic molecules, which aim to stabilize nanoparticles (their con-
centration and type determine nanoparticle size) and prevent nanoparticle aggregation.

[0005] Sodium citrate, ascorbic acid, hydrazine, sodium borohydride, lithium tetraethylborohydride, methyl alcohol,
ethylene glycol, 1,2-hexadecandiol and glucose are commonly used as reducing agents (see, for example Streszewski

B.etal., "Synteza nanoczdstek ztota metodd redukcji jonéow kompleksowych ztota (111) za pomocd hydrazyny w ukladzie

mikroreaktora przeptywowego", Rudy Metale, 2011, vol. 56, no 12, p. 752-761).

[0006] Polyvinylpyrrolidone (PVP) (as discussed in, for example, in Wagner J. etal., "Generation of metal nanoparticles
in a microchannel reactor", Chemical Engineering Journal, 2004, no 101, p. 251-260; Kohler J.M. et al., "Formation of
isolated and clustered Au nanoparticlesin the presence of polyelectrolyte molecules using a flow-through Si chip reactor”,
Journal of Materials Chemistry, 2005, no 15, p. 1924-1930; Wagner J. et al., "Continuous synthesis of gold nanoparticles
in a microreactor", Nano Letters, 2005, vol. 5, no 4, p. 685-691.) and polyvinyl alcohol (PVA) (as discussed in, for
example, in Kéhler J. M. et al., "Formation of Au/Ag Nanoparticles in a Two Step Micro Flow-Through Process”, Chem.
Eng. Technol. 2007, vol. 30, no 3, p. 347-354; Kéhler J. M. et al., "Preparation of metal nanoparticles with varied
composition for catalytically applications in microreactors", Chemical Engineering Science, 2008, vol. 63, p. 5048-5055;

Wojnicki M. et al., "Synteza nanoczdstek ztota stabilizowanych PVA (alkohol poliwinylowy) w mikroreaktorze przepty-
wowym"; Rudy Metale, 2009, vol. 54, no 12, p. 848-852) are often used as stabilizing agents. Other stabilizing agents
used in the art include sulfobetaine (Song Y. et al., "Synthesis of palladium nanoparticles using a continuous flow
polymeric microreactor”, Journal of Nanoscience and Nanotechnology, 2004, vol.4, no 7, p. 788-793) and poly(benzyl
ether) (Torgoe K. etal., "Microflow reactor synthesis of palladium nanoparticles stabilized with poly(benzyl ether) Dendron
ligands", Journal of Nanoparticle Research, 2010, vol. 12, no 3, p. 951-960). Sometimes a reducing agent can, at the
same time, play a role of a stabilizing agent, as it is in the case of sodium citrate (Weng C. H. et al., "Synthesis of
hexagolan gold nanoparticles using a microfluidic reaction system", Journal of Micromechanics and Microengineering,
2008, vol. 18, p. 1-8; Sung-Yi Yang, "Size controlled synthesis of gold nanoparticles using a micromixing system"”,
Microfluid Nanofluid, 2009, vol. 8, p. 303-311).

[0007] Straightforward size control of the produced nanoparticles is an advantage of using continuous-flow microsys-
tems for nanoparticle synthesis. Nanoparticle size depends on temperature, reagent flow rate and length of the channels,
where reduction reaction takes place. Use of surfactants and other organic molecules as stabilizing agents is a disad-
vantage of nanoparticle synthesis methods known in the art. Use of stabilizing agents is very unfavorable, because they
strongly adsorb on the surface of the newly formed nanoparticles and before further use of the nanoparticlesit is necessary
to use complex procedures, for example electrochemical methods, to purify their surface (see, for example, publication
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of Solla-Gullon J. et al., "Electrochemical characterization of platinum nanoparticles prepared by microemulsion: how to
clean them without loss of crystalline surface structure”, J. Electroanal. Chem., 2000, vol. 491, no 1-2, p. 69-77), and
this, very often, alters the nanoparticle properties (for example, catalytic properties). Furthermore, very often it is not
possible to remove the adsorbed stabilizing agents entirely from the nanoparticle surface (see, for example, Park, J. Y.
et al., "The Role of Organic Capping Layers of Platinum Nanoparticles in Catalytic Activity of CO Oxidation", Catalysis
Letters 2009, vol. 129, no 1-2, p. 1-6).

[0008] A further disadvantage related to use of continuous-flow microsystems known in the art is that they are limited
to low reagent concentrations, which results in obtaining of colloids having low concentration of nanoparticles.

[0009] Therefore there exists a considerable demand for a method enabling nanoparticle synthesis, in particular
nanoparticles of metals or their alloys, in essentially pure form, which method would make it possible to use such
nanoparticles directly, i.e. without the need of performing the inconvenient purification processes. It would be also
advantageous, if a method was developed, whose application would lead to obtaining stable nanoparticle colloids of
high concentration and would make it possible to produce nanoparticles on a large scale.

DISCLOSURE OF INVENTION

[0010] The inventors of the present invention have developed a synthesis method for producing pure nanoparticles,
which makes it possible to control size of the synthesized nanoparticles and at the same time eliminates the need to
use the stabilizing agents, in particular stabilizing agents in the form of surfactants and other organic molecules. Moreover,
this method results in nanoparticles in the form of colloids having high concentration of nanoparticles, the said colloids
being characterized by high stability. This method further makes it possible to produce the nanoparticles on a large scale.
[0011] The invention relates to the method of claim 1. Examples of continuous-flow systems used to carry out the
method of the invention are presented schematically in Fig. 1a and Fig. 1b.

[0012] Inthe preferred embodiment the method of the invention comprises one step, in which the precursor substance
solution undergoes reduction reaction using the reducing agent solution and homogeneous nanoparticles are obtained.
The term "homogeneous nanoparticles" should be understood as nanoparticles having uniform atom distribution through-
out the entire volume of the nanoparticle. The homogeneous nanoparticles include, in particular, both the metal nano-
particles, as well as metal alloy nanoparticles. Fig. 1a presents a system, in which the method comprising one reduction
step is carried out. In this system the tube, in which the reducing agent solution is flowing, is fed with the precursor
substance solution through a different tube. After mixing of the two solutions, nanoparticles are formed as a result of the
reduction reaction. These formed nanoparticles flow together with the stream of the reaction mixture in the direction of
the site, where the tube feeding the substance neutralizing the reducing agent is connected. The nanoparticle colloidal
solution flows out of the system.

[0013] Inanother preferred embodimentthe method ofthe invention comprises at least two steps, inwhich the precursor
substance solution undergoes reduction reaction using the reducing agent solution and layered nanoparticles of core-
shell type are obtained. Fig. 1b presents a system, in which the method comprising two reduction steps is carried out.
In this system the tube, in which the reducing agent solution is flowing, is fed with the solution of the first precursor
substance (precursor substance 1) through a different tube. After mixing of the two solutions nanoparticles, which
constitute the core, are formed as a result of the reduction reaction (step no 1). These formed nanoparticles flow together
with the stream of the reaction mixture in the direction of the site, where the tube feeding the second precursor substance
(precursor substance 2) is connected. The reduction of the second precursor substance (step no 2) results in formation
of the shell made of a different substance on the nanoparticles formed in the first step. The layered nanoparticles flow
with the stream of the reaction mixture in the direction of the site, where the tube feeding the substance neutralizing the
reducing agent is connected. The colloidal solution of the core-shell nanoparticles flows out of the system.

[0014] Also, as the substance neutralizing the reducing agent, a redox buffer can possibly be used having a potential
at which the reducing agent becomes oxidized. A possibility to control precisely the potential of the colloid solution is an
advantage resulting from using the redox buffer. The redox potential control of the colloid solution makes the control of
the nanoparticle surface charge possible, and thus it is possible to select appropriate conditions under which the colloid
is stable. Also formation of the outer shell consisting of an atomic monolayer deposited on the core of a different metal
is also possible when the redox buffer is used. In order to do that it is necessary to prepare a colloid of nanoparticles,
which nanoparticles constitute the cores, wherein to the said colloid a redox buffer is added having a potential suitable
for under-potential reduction (i.e. Under-Potential Deposition, UPD) of the metal outer layer (i.e. shell) on the metal of
the core. At the same time, the buffer potential has to be high enough to prevent the over-potential reduction (i.e. Over-
Potential Deposition, OPD) of the metal outer layer, and thus the formation of the subsequent metal layers of the shell
is avoided. In case of the most of the noble metals the UPD and OPD processes are noticeably separated on the potential
scale and this method is used for monolayer deposition on the surface of metallic electrodes, whose potential is controlled
by the means of a potentiostat (see, for example, S. Szabd, "Underpotential deposition of metals on foreign metal
substrates", International Reviews in Physical Chemistry 1991, vol. 10, no 2, p. 207-248).
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[0015] Asused hereinthe phrase pure nanoparticles” refers to the nanoparticles on surface of which neither surfactants
nor other organic molecules are adsorbed. Not limiting to any theory, it can be stated that nanoparticles obtained by the
method of the invention are stabilized by addition of the substance neutralizing the reducing agent to the reaction system,
due to a rapid elimination of the reducing agent and as a result of formation of hydrated oxides and/or hydroxides and/or
hydroxysalts on the surface of the nanoparticles. Use of the precursor substances that do not provide the reaction mixture
with ions, which could strongly adsorb on the surface of the nanoparticles formed in the reduction process, is particularly
preferred.

[0016] The method of the invention can be used, in particular, in the synthesis of nanoparticles of metals and their
alloys. Therefore, in the preferred embodiment, the precursor substance is a metal precursor or a mixture of metal
precursors, preferably a metal salt or a mixture of different metal salts. The method of the invention is preferably used
for the synthesis of metal nanoparticles selected from a group comprising palladium, silver, gold, platinum, ruthenium,
osmium, iridium, rhodium, copper, nickel, cobalt and iron, as well as alloys thereof. More preferably, the method of the
invention is used for synthesis of nanoparticles of noble metals, i.e. platinum, palladium, ruthenium, osmium, iridium,
rhodium, silver and gold, and their alloys. In another, particularly preferred, embodiment copper nanoparticles are ob-
tained.

[0017] Semiconductor nanoparticles, such as nanoparticles of copper (1) oxide (Cu,0) and palladium () oxide (PdO),
are also obtained by the method of the invention. In a particularly preferred embodiment Cu,O nanoparticles are obtained.
[0018] A possibility to synthesize copper (1) oxide is very beneficial, because this material is a p-type semiconductor
with a narrow band gap of ~2 eV and attractive Fermi level position for the process of water photolysis. It is widely used
as a photocathode material in the photoelectrolytic cells in heterojunction with zinc oxide, as well as in the technology
lithium ion batteries. It should be emphasized that Cu,0 has to be coated with a thin layer of another semiconductor,
which is resistant to reduction or photoreduction in aqueous solutions at the hydrogen evolution potential. It has recently
been shown that Cu,O can effectively be protected by a thin layer of TiO, deposited by a method of atomic layer
deposition (ALD) (A. Paracchino et al., Nature Materials, 10, 2011, 456-461).

[0019] Any substances whose reduction under specific reaction conditions results in nanoparticle formation can be
used as a precursor substance in the method of the invention. The preferred precursor substances, whose solutions
are used in the method of the invention, are salts selected from a group comprising AgNO3, AgCIO4, AgHSO,, Ag,SOy,
AgF, AgBF,4, AgPFg, CH3COOAg, AgCF3S03, CuCly, Cu(NO3),, CuSOy,, Cu(HSO,),, Cu(ClO4),, CuF,, (CHCOO),Cu,
HoPtClg, HgCIboN,Pt, PtCly, PtBry, Ky[PtCl]l, Nay[PtCly], Lio[PtCly], HyPt(OH)g, PHNO3),,  [PH{NH3)4ICI,,
[Pt(NH3)4J(HCO3),, [Pt(NH3)41(OAC),, (NH,4),PtBrg, KoPtClg, PtSO,, P{(HSO,),, PH(CIO,),, HoPdClg, HgCl,N,Pd, PACl,,
PdBry, Ky[PdCly], Nay[PdCly], Lis[PACly], HoPA(OH)g, PA(NO3),, [PA(NH3)4ICI,, [PA(NH3)4I(HCO3),, [PA(NH3)4](OAC),,
(NH4),PdBrg, (NH3),PdClg, PdSO,, Pd(HSQO,),, Pd(CIO,),, HAUCI,, AuCl;, AuCl, AuFj;, (CH3),SAUCI, AuF, Au-
CI(SC4Hg), AuBr, AuBr3, NazAu(S5,03),, HAUBry,, K[AU(CN),], CoF,, Co(NO3),, CoCly, CoSQO,4, Co(HSO,)s, Co(ClO4),,
(CHCOO0),Co, CoBry, [Co(NH3)6ICl3, [COCI(NH3)5]Cly, [Co(NO,)(NH3)5ICly, NiF,, Ni(NO3),, NiCly, NiSO,4, Ni(HSO,),,
Ni(CIO,),, (CHCOO),Ni, NiBr,, Ni(OH)HSO,, Ni(OH)CI, FeF,, Fe(NO,),, FeCl,, FeSO,, Fe(HSO,),, Fe(ClO,),, (CH-
COO),Fe, FeBr,, FeF3, Fe(NOgy),, FeCls, Fex(SO,),, Fe(HSO,)3, Fe(ClO,),, (CHCOO)5Fe, FeBrs, RuCl, ((CH3),S0),,
RuCls, [Ru(NH3)5(N5)ICl,, Ru(NO3)3, RuBrjz, RuFs3, Ru(ClOy,)3, Osl, Osl,, OsBrs, OsCl,, OsFg, OsFg, OsOFs, OsFo,
IrFg, IrCls, IrF 4, IrF 5, Ir(CIO,4)3, K3[IrClg], Ko[IrClg], Naj[IrClgl, Nas[IrClg], Lis[IrClg], Lis[IrClgl, [I(NH3)4Clo]Cl, RhF3, RhFy,
RhClg, [Rh(NH3)5CIICl,, RhCI[P(CgH5)3]3, KIRh(CO),Cly], Na[Rh(CO),Cl,] LI[Rh(CO),Cly], Rhy(804)3, Rh(HSO,)3 and
Rh(CIO,)3, their hydrates or mixtures of these salts and/or hydrates. In the preferred embodiment, the precursor substance
is selected from a group consisting of PA(NO3),, Cu(NO3),, HAUCI,, Pt(NO3), and K,PtCly. In a further preferred em-
bodiment the precursor substance is a mixture of PA(NO3), and Pt{(NOs),.

[0020] According to the invention a concentration of the precursor substance solution used in the method of the
invention is preferably in the range from 1 mM to 1 M, and more preferably amounts to 5 or 10 mM.

[0021] Alternatively the precursor substances can be selected in a way resulting in synthesis of semiconductor nan-
oparticles, for example metal oxide nanoparticles.

[0022] In the method of the invention any substance can be used as a reducing agent, provided that under specific
reaction conditions it is capable of reducing the precursor substance while being oxidized. The reducing agent used in
the method of the invention is preferably selected from a group comprising hydrazine, hydrazine sulfate, hydrazine
nitrate, ascorbic acid, sodium borohydride, sodium hypophosphite, lithium tetraethylborohydride, methanol, 1,2-hexa-
decanediol, hydroxylamine and dimethylborazane DMAB. Hydrazine is the particularly preferred reducing agent used
in the method of the invention.

[0023] According to the invention a concentration of the reducing agent solution used in the method of the invention
is preferably in the range from 0.5 mM to 4 M, and most preferably amounts to 20 mM.

[0024] The selection of the substance neutralizing the reducing agent is of particular importance. The substance
neutralizing the reducing agent, also called the terminator, is designed to remove rapidly the reducing agent from the
reaction system. Therefore, it preferably exhibits oxidizing properties. Not limiting to any theory, the Inventors have found
that use of an oxidizing agent as the substance neutralizing the reducing agent is also preferred because it can lead to
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control of the redox potential of the colloid solution, thus stabilizing the colloid dispersion: under higher potential the
Coulomb repulsion of the positively charged nanoparticles exceeds the van der Waals forces of nanoparticle attraction.
The selection of the redox potential determines the level of surface charge (the surface charge density of the metal/sem-
iconductor). By alteration of the electrokinetic potential, it is possible to select conditions under which the colloid exhibits
extremely high stability. At higher potentials oxidation of the surface of the newly formed nanoparticles takes place (i.e.
oxides are formed on the nanoparticle surface), providing stability to the nanoparticles. Hydrolysis products of unreduced
metal, hydroxides and hydrated oxides or hydroxysalts may also favor stabilization of the nanoparticles. The hydrated
oxides, hydroxides and hydroxysalts do not adsorb strongly on the nanoparticle surface, therefore the said surface can
be easily modified further. Oxide formation and/or surface adsorption of hydrated oxides may also prevent nanoparticle
aggregation. The process of nanoparticle aggregation is unfavorable and makes further applications of the nanoparticles
impossible.

[0025] A substance neutralizing the reducing agent used in the method of the invention is preferably selected from a
group comprising hydrogen peroxide, oxygen, ozone and NO,. More preferably, the substance neutralizing the reducing
agent is supplied to the system in the form of a solution, and most preferably it is the hydrogen peroxide solution.
[0026] The choice of the neutralizing substance will also be influenced by properties of the metal of the nanoparticles.
For example, the surface of platinum and gold nanoparticles cannot be oxidized using hydrogen peroxide. For this
purpose a stronger oxidizing agent should be used, for example ozone.

[0027] A redox buffer can also be used as a substance neutralizing the reducing agent, wherein the said redox buffer
comprises aredox pairwhose oxidized (ox) and reduced (red) form concentration are comparable (i.e. log([ox]/[red])=*2).
Example of such redox pairs can include: Fe(CN)g3/Fe(CN)g*, Fed*/Fe2*, [Co(bipy)s]2*/[Co(bipy)s]3t,
Co(phen);3*/Co(phen)s?*,  [Ru(bipy)s]P*/[Ru(bipy)sl?*,  [RUNNH)el*/[RUNH3)6l2*  [RUCN)6I*/IRU(CN)g]*,
Fe(phen)s3*/Fe(phen);2+ and Ce4t/Ce3*.

[0028] The use ofaredox buffer comprising nicotinamide adenine dinucleotide (NADH - reduced form, NAD+ - oxidized
form) is preferred for biomedical applications.

[0029] According to the invention a concentration of the solution of a substance neutralizing the reducing agent used
in the method of the invention is preferably in the range from 0.1 mM do 10 M, and more preferably amounts to 35 mM
or40 mMor 9.8 M.

[0030] In the preferred embodiment the pH of the solution of a substance neutralizing the reducing agent is adjusted
by addition of a buffer, acid or base. Selection of an appropriate pH is of particular importance for synthesis of base
metal nanoparticles. In other preferred embodiment the pH of the reaction mixture and the final colloid solution can be
adjusted by adding a solution of an acid or base to one, two or all solutions of the precursor substance, reducing agent
and terminator used in the method of the invention.

[0031] ltis also possible to supply the reducing agent to the reaction mixture in the gaseous form.

[0032] In the method of the invention, it is important to select the precursor substance, reducing agent and substance
neutralizing the reducing agent so that they do not become a source of contamination for the newly formed nanoparticles,
in particular the source of surfactants or other organic molecules, which during the reaction or afterwards could adsorb
on the nanoparticle surface. It is, however, possible to use in the method of the invention salts of lower organic acids,
such as acetates, as precursor substances.

[0033] Use of the system hydrazine (as a reducing agent) and hydrogen peroxide (as a substance neutralizing the
reducing agent) is particularly preferred in the method of the invention, since as a result of hydrazine oxidation by
hydrogen peroxide primarily only nitrogen and water are formed.

[0034] In the method of the invention the reduction reaction is carried out preferably in temperature in the range from
0 to 100°C, and most preferably in 40°C. The temperature is a significant factor, which influences the size of the syn-
thesized nanoparticles. The inventors have shown that the increase in temperature results in the size increase of the
nanoparticles synthesized by the method of the invention and at the same time widens the size distribution of the obtained
nanoparticles.

[0035] In the preferred embodiment the particular tubing segments of the continuous flow system, through which the
stream of the reagents, the reaction mixture and products flow in the flow system are either thermostated or maintained
at the room temperature. More preferably, the particular tubing segments of the continuous flow system, through which
the stream of the reagents, the reaction mixture and products flow are maintained at different temperatures. In the
particularly preferred embodiment of the method of the invention, the stream of products is cooled down, most preferably
to room temperature, after the substance neutralizing the reducing agent is supplied to the system.

[0036] Fig. 1a presents a continuous flow system, in which the reduction reaction is carried out in the thermostated
region having specific temperature (Temp. 1), for example 40°C, whereas the stream of products is adjusted to room
temperature (Temp. 2). Of course the reduction reaction in the method of the invention can be carried out in the room
temperature. It is also possible to control the temperature of the product stream, in the form of the colloid solution of the
homogenous nanoparticles, in a thermostat.

[0037] Fig. 1b presents a continuous flow system, in which in the first step the reduction reaction is carried out in the
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thermostated region having specific temperature (Temp. 1), for example 40°C, in the second step the reduction reaction
is carried out in the thermostated region having specific temperature (Temp. 2), for example 50°C, whereas the product
stream in the form of the layered core-shell type nanoparticles is adjusted to room temperature (Temp. 3). Temperature
Temp. 1 and Temp. 2 can be the same or different. It is also possible to control the temperature of the product stream
in a thermostat.

[0038] In a particularly preferred embodiment the method is carried out in the aqueous environment, in which metal
nanoparticles are formed as a result of reduction of metal aqua complexes.

[0039] The method of the invention is preferably carried out in a continuous flow system, in which the inner diameter
of the tubes ranges from 2" to 1/64", preferably from 1/8" to 1/32". As tubing having greater diameter is employed, it is
possible not only to use higher reagent concentration, but also to obtain colloid solution of nanoparticles of high con-
centration. Thus it is possible to use the method of the invention on a large scale. The method of the invention can also
be used in the microflow systems, in which the diameter of the channels is several or several dozens micrometers in
diameter.

[0040] The method of the invention is preferably carried out in the continuous flow system, in which the length of tubes,
wherein the reduction reaction takes place, ranges from 1 cm to 5 m, more preferably from 40 cm to 60 cm.

[0041] In the preferred embodiment the reagent flow rate in the continuous flow system, wherein the method of the
invention is carried out, ranges from 1 ml/h to 100 I’h, more preferably from 200 ml/h to 3200 ml/h.

[0042] The length of the tubes, in which the reduction reaction takes place, and the reagent flow rate in the continuous
flow system are selected in such a manner, so that an appropriate reduction reaction time is ensured. Preferably the
reduction reaction time ranges from 0.01 s to 1 h.

[0043] Most preferably, palladium nanoparticles are obtained by the method of the invention, wherein in the method
10 mM Pd(NO3), is used as a precursor substance, 20 mM hydrazine is used as a reducing agent and 35 mM hydrogen
peroxide is used a substance neutralizing the reducing agent.

[0044] Alternatively copper (I) oxide nanoparticles are obtained by the method of the invention, wherein in the method
10 mM Cu(NQ3), is used as a precursor substance, 20 mM hydrazine is used as areducing agent and 3.79 mM hydrogen
peroxide is used a substance neutralizing the reducing agent supplemented with 2.69 mM NaOH (pH=12). The pH of
the obtained nanoparticle colloid solution was about 7.

[0045] Moreover, gold nanoparticles are obtained by the method of the invention, wherein in the method 5 mM HAuCI,
is used as a precursor substance, 3 mM hydrazine is used as a reducing agent and 9.8 M hydrogen peroxide is used
as a substance neutralizing the reducing agent.

[0046] Platinum nanoparticles are also obtained by the method of the invention, wherein in the method 10 mM K,PtCl,
is used as a precursor substance, 20 mM hydrazine is used as a reducing agent and 40 mM hydrogen peroxide is used
a substance neutralizing the reducing agent.

[0047] In a further embodiment homogeneous Pd/Pt alloy nanoparticles are obtained by the method of the invention
as a result of the reduction reaction of the mixture of PA(NO3), and Pt(NOj),, which is used as a precursor substance.
[0048] In another embodiment in the first step of the method of the invention the solution of Cu(NOs), as a precursor
substance undergoes the reduction reaction using hydrazine solution, which results in formation of the copper core, and
in the second step to the reaction mixture Pd(NO3), solution as a precursor substance is supplied, whose reduction
results in formation of the palladium shells on the copper nanoparticles formed in step 1, and the reduction reaction is
terminated by addition of hydrogen peroxide solution and a base, wherein the base concentration is sufficient to ensure
neutral pH of the product stream.

[0049] In the method of the invention a stable nanoparticle colloid is obtained (stable even for a period longer than 4
months), preferably metal or metal alloy nanoparticle colloid, which is characterized by very high purity and high con-
centration of the reduced metal (even about 1000 ppm and higher). The concentration of the nanoparticles in the colloid
can be controlled through the concentration of the reagents used, especially concentration of the precursor substance.
For example, in case of 10 mM concentration of Pd(NO3), the colloid solution was obtained, in which palladium content
in the form of nanoparticles amounted to approximately 360 ppm.

[0050] The synthesized nanoparticles have diameters in the range from 1 to 50 nm, preferably 1.5 to 30 nm, more
preferably 2 to 15 nm, and most preferably form 3 to 10 nm. Moreover, the method of the invention makes it possible to
obtain nanostructures with specific sizes, because size distribution of the nanoparticles synthesized under specific
reaction conditions is relatively narrow. The nanoparticles can be also fractionated from the colloid by centrifugation.
[0051] In the preferred embodiment the method of the invention comprises further a colloid nanoparticle centrifugation
and/or drying step, wherein nanoparticle powder is obtained.

[0052] As a result of a specific reagent selection the product obtained by the method of the invention is a stable colloid
of substantially pure nanoparticles or nanoparticles per se. The fact that the nanoparticles obtained by the method
according to the invention are not contaminated by surfactants or other organic molecules enables their direct use
(nanoparticles as such or in the form of the obtained colloids). Such nanoparticles, especially metal nanoparticles, are
used inter alia as very effective heterogeneous catalysts. Modification of their surface with selected substances, such
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as therapeutic substances, is also possible. Stable metal nanoparticle colloids can also be used as inks for printing
elements to be applied in electronics or as material for SERS studies (especially, for example, Au, Ag, Cu) and in fuel
cells as selective catalysts of oxygen reduction (especially nanoparticles of Pt, Pd and Pt/Pd alloys).

[0053] Significant purity of the nanostructured materials obtained by the method according to the invention enables
their use in photoelectrochemical cells. This applies in particular to metal oxide semiconductor (MOS) nanoparticles.
For example, iron (I1l) oxide is an attractive photoanode material (U. Bjorkstén et al., Chem. Mater., 1994, 6, 858-863),
and copper (I) oxide is a very active photocathode material in cells of this type.

[0054] The method of the invention leads to synthesis of copper (I) oxide nanoparticles, which do not comprise sur-
factants and can be coated with a protective layer obtained, for example, in the process of atomic layer deposition (ALD),
as discussed above. It is noteworthy, that until now in the state of the art no method of synthesis of pure Cu,O have not
been disclosed, whereas the surfactants exclude a possibility of using ALD for further nanoparticle surface modification.
[0055] Pure Ptand Pd nanoparticles can also find application in photoelectrochemical cells as catalysts of the reaction
of hydrogen evolution/storage. Use of nanostructured metals of platinum group significantly improves the photocathode
effectiveness. Nanoparticles of Cu and Au, which exhibit the surface plasmon resonance effect, can, in turn, be employed
to increase the effectiveness of the photoelectrodes (R. Solarska et al., Angewandte Chem. - Int. Ed., 2010, 49 (43),
7980-7983) or as sensors operating based on a characteristic resonance frequency resulting from alteration of the
dielectric environment of the nanoparticles (K.L. Kelly et al., J. Phys. Chem. B, 2003, 107 (3), 668-677). It should be
underlined that for such application use of pure nanoparticles is required.

[0056] The nanoparticles obtained by the method of the invention can be used in medicine and as heterogeneous
catalysts or their use in fuel cells and photoelectrochemical cells.

[0057] The above and other advantages and benefits will become more apparent based on the examples of the
invention embodiments presented below.

BRIEF DESCRIPTION OF DRAWINGS
[0058] The subject of the invention was illustrated in a drawing, in which:

Figure 1a presents a scheme of the continuous flow system for synthesis of the substantially pure homogenous
nanoparticles that is used in the method of the invention;

Figure 1b presents a scheme of the continuous flow system for synthesis of the substantially pure core-shell nan-
oparticles that is used in the method of the invention;

Figure 2 presents a TEM micrograph of palladium nanoparticles obtained in Example 1A;

Figure 3 presents a size distribution histogram of palladium nanoparticles obtained in Example 1A;

Figure 4 presents a representative chronovoltamperometric curve for palladium nanoparticles obtained in Example
1A,

Figure 5 presents representative size distribution histograms of palladium nanoparticles present in the supernatants
after centrifuging a sample of the 16-day colloid obtained in Example 1A at 6 kRPM (Fig. 5a) and 15 kRPM (Fig.
5b), respectively;

Figure 6 presents a TEM micrograph of palladium nanoparticles obtained in Example 1B;

Figure 7 presents a TEM migrograph of palladium nanoparticles obtained in Example 1C;

Figure 8 presents a chronovoltamperometric curve for palladium nanoparticles obtained in Example 1C;

Figure 9 presents a chronovoltamperometric curve for Cu,O nanoparticles obtained in Example 3;

Figure 10 presents a UV/VIS spectrum for Cu,O nanoparticles obtained in Example 3;

Figure 11 presents a current-potential characteristics for Cu,O nanoparticles obtained in Example 3 under chopped
illumination;

Figure 12 presents a TEM micrograph of Cu,O nanoparticles obtained in Example 3;

Figure 13 presents a TEM micrograph of gold nanoparticles obtained in Example 4;

Figure 14 presents X-ray diffraction patterns registered for Cu,O, Au, Ptand Pd nanoparticles according to Example 8.

EXAMPLES
Continuous flow system used in Examples

[0059] Continuous flow system for synthesis of substantially pure nanoparticles used in the method of the invention
is presented schematically on Fig. 1a i 1b. It is composed of a set of Teflon tubes, through which the reagents are
pumped and the product in the form of the nanoparticle colloid is discharged. Pumps are an important element of this
system because they ensure a fixed flow rate of the reagents throughout the system. The region, where reduction of a
precursor substance takes place is thermostated.
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A list of the used reagents
[0060]

* palladium: Pd(NO3),'xH,0, 99.9%, Alfa Aesar

* hydrazine: N,H,-H,O, 50-60% concentration, Aldrich

*  Perhydrol: hydrogen peroxide 30% solution, pure for analysis, Chempur
*  copper: Cu(NQOj3),- 3H,0 pure for analysis, POCH

* gold: HAuCl,, 99.99%, Alfa Aesar

* platinum: K,PtCly, 99.99%, Alfa Aesar

* sodium hydroxide: NaOH, pure for analysis, POCH

* nitric acid: HNO3 65% pure for analysis, POCH

e sulfuric acid, 99.999%, Sigma Aldrich

Example 1. Synthesis of palladium nanoparticles of controlled size and their properties characteristic

[0061] A) Reduction reaction is carried out in the continuous flow system presented in Fig. 1a, in a Teflon tube having
the inner diameter of 1/32" and length of 40 cm, wherein the flow rate of the reagents in the reaction tube is 200 mi/h.
[0062] Aqueous solution of 10 mM palladium (ll) nitrate (Pd(NOs),) is used to obtain a stable colloid of palladium
nanoparticles. 20 mM aqueous solution of hydrazine is used as the reducing agent.

[0063] Thereactionis carriedoutintemperature of 40°C, and 35 mM solution of hydrogen peroxide is used to terminate
the reaction.

[0064] A stable black colloid of palladium nanoparticles is the product of the reaction. The metal concentration in the
obtained colloid amounts to about 360 ppm. The colloid obtained is stable for a period of 4 months (or even longer)
without a need for mixing and/or sonication in the ultrasonic bath.

[0065] A TEM micrograph of palladium nanoparticles obtained by the described method is presented in Fig. 2.
[0066] Diameter of the obtained palladium nanostructures ranges from 1.5 to 5 nm. A representative histogram of
nanoparticle size distribution is presented in Fig. 3. By the method described in the present example nanoparticles having
relatively narrow size distribution are obtained.

[0067] The purity for palladium nanoparticles was confirmed by electrochemical methods. A representative chrono-
voltamperometric curve for the obtained palladium nanoparticles is presented in Fig. 4. The curve was recorded for
palladium nanoparticles, after they were transferred to a gold electrode, in 0.5 M solution of sulfuric acid. The polarization
rate was 5 mVs™!. The potential scale was presented in reference to the sulfate-mercury electrode.

[0068] Peaks thatare clearly apparent at potential E = -0.43V indicate high purity of the material surface. Peaks related
to the processes of hydrogen absorption and desorption from the nanoparticle depth are present at more cathodic
potentials.

[0069] The presence of the hydrated oxides and/or palladium hydroxides at the surface of the newly formed palladium
nanoparticles was also confirmed by the cyclic chronovoltamperometry (data not presented).

[0070] The colloid stability was investigated by comparing TEM micrographs of nanoparticles taken directly after
reaction termination and 16 days after the nanoparticles were obtained (data not shown).

[0071] A possibility to fractionate the palladium nanoparticles based on their diameter was demonstrated by taking
TEM micrographs of nanoparticles from the supernatant of the 16-day colloid after it was centrifuged at 6 kRPM and 15
kRPM, as presented in Fig. 5a and Fig. 5b, respectively. B) Reduction reaction is carried out in the continuous flow
system presented in Fig. 1a, in a Teflon tube having the inner diameter of 1/32" and length of 40 cm, wherein the flow
rate of the reagents in the reaction tube is 200 ml/h.

[0072] Adqueous solution of 10 mM palladium (lI) nitrate (Pd(NO3),) in 10 mM HNO3; (pH=2) is used to obtain a stable
colloid of palladium nanoparticles. 20 mM aqueous solution of hydrazine is used as the reducing agent.

[0073] Thereactionis carried outintemperature of 40°C, and 40 mM solution of hydrogen peroxide is used to terminate
the reaction.

[0074] A black colloid of palladium nanoparticles is the product of the reaction. Fig. 6 presents a TEM micrograph of
palladium nanoparticles obtained under such conditions. The diameter of the obtained palladium nanostructures amounts
to about 15 nm.

[0075] C) Reduction reaction is carried out in the continuous flow system presented in Fig. 1a, in a Teflon tube having
the inner diameter of 1/16" and length of 60 cm, wherein the flow rate of the reagents in the reaction tube is 320 mi/h.
[0076] Adqueous solution of 1 mM palladium (Il) nitrate (Pd(NO3),) is used to obtain a stable colloid of palladium
nanoparticles. 2 mM aqueous solution of hydrazine is used as the reducing agent.

[0077] The reaction is carried out in temperature of 80°C, and 12.8 mM solution of hydrogen peroxide is used to
terminate the reaction.
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[0078] A stable black colloid of palladium nanoparticles is the product of the reaction. The colloid obtained is stable
for a period of 2 months (or even longer) without a need for mixing and/or sonication in the ultrasonic bath. Fig. 7 presents
a TEM micrograph of palladium nanoparticles obtained under such conditions. The diameter of the obtained palladium
nanostructures amounts to about 3 nm.

[0079] The purity for palladium nanoparticles was confirmed by electrochemical methods. A representative chrono-
voltamperometric curve for the obtained palladium nanoparticles is presented in Fig. 8. The curve was recorded for
palladium nanoparticles, after they were transferred to a gold electrode, in 0.5 M solution of sulfuric acid. The polarization
rate was 5 mVs™!. The potential scale was presented in reference to the sulfate-mercury electrode.

[0080] Peaks thatare clearly apparent at potential E = -0.43V indicate high purity of the material surface. Peaks related
to the processes of hydrogen absorption and desorption from the nanoparticle depth are present at more cathodic
potentials. The separation of these processes from the reaction of hydrogen evolution (below E = -0.7 V) is indicative
of very small nanoparticle volume.

Reference example. Synthesis of palladium nanoparticles without addition of hydrogen peroxide

[0081] Nanostructure synthesis was carried outas described in Example 1A, except that no hydrogen peroxide solution
is added.

[0082] An unstable black colloid of palladium nanoparticles is the product of the reaction. The metal concentration in
the obtained colloid is high. Nevertheless the colloid is not stable and the nanoparticles undergo aggregation.

Example 2. Synthesis of palladium nanoparticles having controlled size in a powder form

[0083] A portion of the colloid obtained in Example 1A-C was centrifuged, subsequently dried and black powder was
obtained.

Example 3. Synthesis of copper (l) oxide nanoparticles of controlled size and their properties characteristic

[0084] Reduction reaction is carried out in the continuous flow system presented in Fig. 1a, in a Teflon tube having
the inner diameter of 1/32" and length of 40 cm, wherein the flow rate of the reagents in the reaction tube is 200 ml/h.
[0085] Adqueous solution of 10 mM Cu(NO,), is used to obtain a stable colloid of copper (I) oxide nanoparticles. 20
mM aqueous solution of hydrazine is used as the reducing agent. The reaction is carried out in temperature of 40°C,
and 3.79 mM solution of hydrogen peroxide with addition of 2.69 mM NaOH (pH=12) is used to terminate the reaction.
The obtained colloid solution has pH=~7.

[0086] A stable orange-yellow colloid of copper (I) oxide nanoparticles is the product of the reaction. The colloid
obtained is stable for a period of 2 weeks (or even longer) without a need for mixing and/or sonication in the ultrasonic bath.
[0087] A representative chronovoltamperometric curve for the obtained copper (I) oxide nanoparticles is presented in
Fig. 9. The curve was recorded for copper (l) oxide nanoparticles, after they were transferred to a gold electrode, in a
saturated solution of Na,COjs. The polarization rate was 5 mVs-1. The potential scale was presented in reference to the
sulfate-mercury electrode.

[0088] Fig. 10 presents a UV/VIS spectrum recorded for copper (l) oxide nanoparticles. The spectrum shows an
absorption band (.« = 525 nm) corresponding to surface plasmon resonance (SPR) characteristic for copper nano-
particles. The exact band position depends on the nanoparticle size (see Mott et al., "Synthesis of Size-Controlled and
Shaped Copper Nanoparticles", Langmuir, 2007, 23, 5740-5745).

[0089] Nanoparticles of copper (l) oxide obtained by the described method also exhibit photocatalytic activity. Fig. 11
presents a chronovoltamperometric curve (a cathodic part) recorded for 50 pg of Cu,O nanoparticles obtained directly
from synthesis onfluorine-doped tin oxide (FTO) electrode in a buffered solution (pH=9) of 1M Na,SO,. During polarization
attherateof 1 mVs-1, the electrode was illuminated with a halogen lamp (100 mWcm-2) equipped with a shutter comprising
a mechanic diaphragm triggered every 3 seconds. Thus obtained curve displays a characteristic oscillation between
light and dark currents.

[0090] Thisexperimentconfirms the photocatalytic activity of copper (I) oxide nanoparticles. The obtained nanoparticles
"direct from synthesis’ (i.e. without further treatment or purification) exhibit substantial photocurrents with an order of
magnitude amounting to about 50uA cm2,

[0091] Resulting from the significant purity of nanoparticles obtained by the method of the invention, a possibility of
their coating with a protective layer of other semiconductors using an ALD method in combination with the photocatalytic
activity, renders this material useful as an active photocathode material in the process of water photoelectrolysis.
[0092] Fig. 12 presents a TEM micrograph of Cu,O nanoparticles obtained under conditions described above.
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Example 4 Synthesis of gold nanoparticles

[0093] Reduction reaction is carried out in the continuous flow system presented in Fig. 1a, in a Teflon tube having
the inner diameter of 1/32" and length of 5 cm, wherein the flow rate of the reagents in the reaction tube is 100 ml/h.
[0094] Adqueous solution of 5 mM HAuUCI, is used to obtain a stable colloid of gold nanoparticles. 3 mM aqueous
solution of hydrazine is used as the reducing agent.

[0095] Thereactionis carried out in temperature of 40°C, and 9.8 M solution of hydrogen peroxide is used to terminate
the reaction.

[0096] A stable pink colloid of gold nanoparticles is the product of the reaction. The metal concentration in the obtained
colloid amounts to about 350 ppm. The colloid obtained is stable for a period of 5 weeks (or even longer) without a need
for mixing and/or sonication in the ultrasonic bath.

[0097] A TEM micrograph of gold nanoparticles obtained by the described method is presented in Fig. 13. Diameter
of the obtained gold nanostructures is about 50 nm.

Example 5 Synthesis of platinum nanoparticles

[0098] Reduction reaction is carried out in the system presented in Fig. 1a, in a Teflon tube having the inner diameter
of 1/32" and length of 40 cm, wherein the flow rate of the reagents in the reaction tube is 100 ml/h.

[0099] Aqueous solution of 10 mM K,PtCl, is used to obtain a stable colloid of platinum nanoparticles. 20 mM aqueous
solution of hydrazine is used as the reducing agent.

[0100] Thereactionis carriedoutintemperature of 40°C, and 40 mM solution of hydrogen peroxide is used to terminate
the reaction.

[0101] A stable black colloid of platinum nanoparticles is the product of the reaction.

Example 6. Synthesis of alloy Pd/Pt nanoparticles

[0102] Reduction reaction is carried out in the system presented in Fig. 1a, in a Teflon tube having the inner diameter
of 1/32" and length of 40 cm, wherein the flow rate of the reagents in the reaction tube is 200 ml/h.

[0103] Adqueous solution of 5 mM palladium (ll) nitrate (Pd(NOj),) and 5 mM platinum (Il) nitrate (Pt(NO,),) is used
to obtain a stable colloid of palladium - platinum alloy nanoparticles. 20 mM aqueous solution of hydrazine is used as
the reducing agent.

[0104] Thereactionis carriedoutintemperature of 40°C, and 35 mM solution of hydrogen peroxide is used to terminate
the reaction.

[0105] A stable black colloid of Pd/Pt alloy nanoparticles is the product of the reaction. The colloid obtained is stable
for a period of 2 weeks (or even longer) without a need for mixing and/or sonication in the ultrasonic bath.

Example 7. Synthesis of core-shell type nanoparticles of copper and palladium

[0106] Reduction reaction is carried out in the continuous flow system presented in Fig. 1b, in a Teflon tube having
the inner diameter of 1/32" and length of 40 cm for each of the two steps, wherein the flow rate of the reagents in the
reaction tube is 200 ml/h in the first step and 300 ml/h in the second step.

[0107] In the first step a solution of 10 mM Cu(NO,), undergoes a reduction reaction using 20 mM aqueous solution
of hydrazine as the reducing agent. In the second step a solution of 10 mM Pd(NQO;), is fed to the reaction mixture. 3.79
mM solution of hydrogen peroxide with addition of 2.69 mM NaOH is used to terminate the reaction.

[0108] A stable colloid of nanoparticles is the product of the reaction. It is stable for a period of 2 weeks (or even
longer) without a need for mixing and/or sonication in the ultrasonic bath.

Example 8. X-ray powder diffraction analysis of Cu,0, Au, Pt and Pd nanoparticles

[0109] The presence of metal oxides, such as PdO or Cu,0, to the extend dependent on concentration of hydrogen
peroxide and pH of the solution, was confirmed by X-ray powder diffraction.

[0110] The X-ray diffractograms were registered in Bragg-Brentano geometry with the X-Pert Philips diffractometer,
using a tube with a copper anode, supplied with a current of 30 mA at voltage of 40 kV, and a curved graphite mono-
chromator. The wavelength of radiation (A\CuKa) amounted to 1.54178 A. The diffraction lines were recorded by "step-
scanning" method in the range from 20° to 140° 28 and 0.05° step.

[0111] Fig. 14 presents X-ray diffractograms for 10 nm palladium nanoparticles, 50 nm gold nanoparticles, 5 nm
platinum nanoparticles and 10 nm copper (l) oxide nanoparticles.

[0112] Diffractograms indicate the presence of metal oxides and lack of other crystalline phases, apart from the metals
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and oxides thereof. Moreover, broadening of half-width at maximum intensity (FWHM) is an evidence of nanocrystalline
phase presence.

Example 9. Use of palladium nanoparticle colloid as a catalyst

[0113] In the present Example palladium nanoparticles synthesized in Example 1A were used as a catalyst in the
Suzuki reaction.

[0114] The Suzuki reaction plays an important role in organic synthesis of polyalkenes, styrene derivatives and sub-
stituted diaryl compounds. Because of availability and low prices of phenylboronic acids, the Suzuki reaction is a method

widely used by pharmaceutical industry [Przemyst Chemiczny 3/2012].

[0115] Palladium nanoparticles obtained by the method of the invention exhibit significantly higher catalytic activity in
the Suzuki reaction than palladium nanoparticles stabilized by PVP. This is due to blocking of the catalyst active sites
by PVP. Adecrease in Pd catalyst activity togetherwith the surfactant concentration increase was described by Narayanan
et al. [Radha Narayanan and Mostafa A. EI-Sayed, J. Am. Chem. Soc., 2003, 125 (27), p. 8340-8347].

[0116] In the following reaction

Ph-Br + Ph-B(OH)2 = Ph-Ph

after 1 hour of synthesis in 40°C and in the presence of Pd nanoparticles as a catalyst, significantly larger amounts of
biphenyl were obtained in case of pure nanoparticles in comparison to the synthesis in which PVP stabilized nanoparticles
are used.

[0117] This example shows that nanoparticles of the invention can be used directly as heterogenic catalysts.

Example 10. Modification of palladium and copper nanoparticles with paracetamol

[0118] Palladium nanoparticles obtained in Example 1A and copper nanoparticles obtained in Example 3 were incu-
bated in paracetamol solution for 1 day, without their prior purification.

[0119] After rinsing the nanoparticles were analyzed by spectroscopic means and the presence of paracetamol ad-
sorbed at the nanoparticle surface was demonstrated.

[0120] This example shows that nanoparticles obtained by the method of the invention can be modified directly after
synthesis with therapeutic substances and used in treatment.

Claims

1. A method of synthesis of pure nanoparticles, on the surface of which neither surfactants nor other organic molecules
are adsorbed, of controlled size in a continuous-flow system, wherein said continuous-flow system comprises tubing,
in which a stream of reagents and products flows in a continuous manner, and wherein said method comprises at
least one step, in which a precursor substance solution undergoes the reduction reaction using a reducing agent
solution and nanoparticles are produced, characterized in that the reduction reaction is terminated after the last
step by adding a substance neutralizing the reducing agent and a nanoparticle colloid is produced.

2. Themethodof claim 1, wherein the method comprises one step, in which the precursor substance solution undergoes
the reduction reaction using the reducing agent solution and homogeneous nanoparticles are obtained.

3. The method of claim 1, wherein the method comprises at least two steps, in which the precursor substance solution
undergoes the reduction reaction using the reducing agent solution and layered nanoparticles of core-shell type are

obtained.

4. The method of one of claims 1-3, wherein the precursor substance is a metal precursor or a mixture of metal
precursors.

5. The method of claim 4, wherein the metal precursor is a metal salt or a mixture of different metal salts.

6. The method of claim 4 or 5, wherein the metal is selected from a group comprising palladium, silver, gold, platinum,
ruthenium, osmium, iridium, rhodium, nickel, cobalt, copper and iron.

12
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The method of one of claims 1 - 6, wherein the precursor substance is a salt selected from a group comprising
AgNO3, AgCIO,, AgHSO,, Ag,SO,, AgF, AgBF,, AgPFg CH3COOAg, AgCF3S03, CuCly, Cu(NQO3),, CuSQy,,
Cu(HSOy),, Cu(ClOy),, CuF,, (CHCOO),Cu, HyPtClg, HgCloN,Pt, PtCly, PtBry, Ko[PtCly], Nas[PtCly], Lis[PtCly],
HoPt(OH)g, Pt(NO3),, [P{(NH3)4]Cly, [Pt(NH3)4J(HCO3),, [PH{NH3)4J(OAC),, (NH4)oPtBrg, KoPtClg, PtSO,, P{HSO,),,
Pt(CIO,4),, H,PdClg, HgCl,N,Pd, PdCl,, PdBry,, K,[PdCl], Nay[PdCl], Liy[PdCl,], HyPd(OH)g, Pd(NOj),,
[Pd(NH3)4ICly, [PA(NH3)4J(HCO3),, [PA(NH3)4I(OAC),, (NH4),PdBrg, (NH3),PdClg, PASO,, PA(HSO,),, PA(CIO,),,
HAuCI,, AuCls, AuCl, AuF3, (CH3),SAUCI, AuF, AuCI(SC4Hg), AuBr, AuBrj, NazAu(S,03),, HAUBr,, K[AU(CN),],
CoF,, Co(NO3),, CoCly, CoSOy, Co(HSOy,),, Co(ClO,),, (CHCOO),Co, CoBry, [Co(NH3)6]Cls, [CoCI(NH3)5]CI,,
[Co(NO5)(NH3)5ICly, NiF,, Ni(NO3),, NiCly, NiSO,, Ni(HSO,4),, Ni(ClO,),, (CHCOO),NI, NiBry, Ni(OH)HSO,,
Ni(OH)CI, FeF,, Fe(NO3),, FeCl,, FeSO,, Fe(HSO,),, Fe(ClO,),, (CHCOO),Fe, FeBr,, FeFs, Fe(NO3)3, FeCls,
Fex(80,)s, Fe(HSO,)5, Fe(ClO,),, (CHCOO),Fe, FeBry, RuCl, ((CH3),S0),, RuCls, [Ru(NH3)5(N5)ICly, RU(NO3)s,
RuBr3, RuF3, Ru(ClO,)3, Osl, Osly, OsBrg, OsCly, OsF5, OsFg, OsOF 5, OsFy, IrFg, IrClg, IrF 4, IrF 5, IF(CIO4) 5, Ky[IrClg],
Ko[IrClgl, Nag[IrClgl, Nay[IrClgl, Lig[IrClg], Lis[IrClgl, [Ir(NH3)4Cl5ICI, RhF3, RhF,, RhCls, [Rh(NH3)5CIICl,, Rh-
CI[P(CgH5)3l3, KIRh(CO),Cly], Na[Rh(CO),Cly] LI[Rh(CO),Cly], Rho(SQ4)3, Rh(HSO,); and Rh(CIO,);, their hy-
drates or mixtures of these salts and/or hydrates.

The method of one of claims 1 - 7, wherein the reducing agent is selected from a group comprising hydrazine,
ascorbic acid, sodium borohydride, sodium hypophosphite, lithium tetraethylborohydride, methanol, 1,2-hexade-
canediol, hydroxylamine and dimethylborazane DMAB.

The method of one of claims 1 - 8, wherein the substance neutralizing the reducing agent is selected from a group
comprising hydrogen peroxide, oxygen, ozone, NO, and a redox buffer.

The method of one of claims 1 - 9, wherein the particular tubing segments of the continuous flow system, through
which the stream of the reagents, the reaction mixture and products flows, are maintained at different temperatures.

The method of one of claims 1, 2, 4 - 10, wherein the precursor substance is Pd(NO3),, the reducing agent is
hydrazine, and the substance neutralizing the reducing agent is hydrogen peroxide.

The method of one of claims 1, 2, 4 - 10, wherein precursor substance is Cu(NQOs;),, the reducing agent is hydrazine,
and the substance neutralizing the reducing agent is hydrogen peroxide, wherein the solution of the substance
neutralizing the reducing agent further comprises NaOH.

The method of one of claims 1, 3 - 10, wherein in the first step the solution of the precursor substance Cu(NO3),
undergoes the reduction reaction using hydrazine solution, which results in formation of the copper core, and in the
second step to the reaction mixture the solution of the precursor substance Pd(NQOs;), is supplied, whose reduction
results in formation of the palladium shells on the copper nanoparticles formed in the first step, and the reduction
reaction is terminated by addition of hydrogen peroxide solution and a base, wherein the base concentration is
sufficient to ensure neutral pH of the product stream.

The method of one of claims 1, 2, 4 - 10, wherein the precursor substance is a mixture of Pd(NO3), and Pt{(NO3),,
whose reduction results in formation of homogenous nanoparticles of Pd/Pt alloy.

The method of one of claims 1 - 10, wherein the substance neutralizing the reducing agent is a redox buffer having
a potential suitable for an under-potential reduction of the metal outer layer on the metal core.

The method of one of claims 1 - 15, wherein the method comprises further a step of colloid nanoparticle centrifugation
and/or drying, wherein nanoparticle powder is obtained.

Patentanspriiche

1.

Verfahren zur Synthese von reinen Nanopartikeln, auf deren Oberflache weder Tenside noch andere organische
Molekiile adsorbiert werden, mit kontrollierter GréRe, in einem kontinuierlichen Durchflusssystem, wobei das Durch-
flusssystem eine Verschlauchung umfasst, worin der Strom von Reagenzien und Produkten in einer kontinuierlichen
Weise flieRt, und wobei das genannte Verfahren mindestens einen Schritt umfasst, bei dem eine Vorstufensubs-
tanzlésung der Reduktionsreaktion unter Verwendung von einer Reduktionsmittelldsung unterliegt und wobei Na-
nopartikeln hergestellt werden, dadurch gekennzeichnet, dass die Reduktionsreaktion nach dem letzten Schritt
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durch Zugabe einer das Reduktionsmittel neutralisierenden Substanz beendet wird und ein Nanopartikelkolloid wird
hergestellt.

Das Verfahren nach Anspruch 1, wobei das Verfahren einen Schritt umfasst, bei dem die Vorstufensubstanzlésung
der Reduktionsreaktion unter Verwendung von der Reduktionsmittelldsung unterliegt und homogene Nanopartikel
werden erhalten.

Das Verfahren nach Anspruch 1, wobei das Verfahren mindestens zwei Stufen umfasst, worin die Vorstufensubs-
tanzlésung der Reduktionsreaktion unter Verwendung von der Reduktionsmittellésung unterliegt und geschichtete
Nanopartikel vom Kern-Hdlle-Typ werden erhalten.

Das Verfahren nach einem der Anspriiche 1-3, wobei die Vorstufensubstanz eine Metallvorstufe oder eine Mischung
von Metallvorstufen ist.

Das Verfahren nach Anspruch 4, wobei die Metallvorstufe ein Metallsalz oder eine Mischung von verschiedenen
Metallsalzen ist.

Das Verfahren nach Anspruch 4 oder 5, wobei das Metall aus einer Gruppe umfassend Palladium, Silber, Gold,
Platin, Ruthenium, Osmium, Iridium, Rhodium, Nickel, Kobalt, Kupfer und Eisen ausgewahlt ist.

Das Verfahren nach einem der Anspriiche 1-6, wobei die Vorstufensubstanz ein Salz, aus einer Gruppe umfassend
AgNO3, AglO,, AgHSO,, Ag,SO,, AgF, AgBF,, AgPFg, CH3COOAg, AgCF3S03;, CuCly, Cu(NOg3),, CuSOy,
Cu(HSOy),, Cu(ClO,),, CuF,, (CHCOO),Cu, H,yPtClg, HgClLN,Pt, PtCl,, PtBr,, K;[PtCl,], Nay[PtCl,], Lb[PtCl,],
HoPt(OH)g, Pt(NO3),, [Pt(NH3)4]Cly, [Pt(NH3)4J(HCO3),, [Pt(NH3)4J(OAC),, (NH4),PtBrg, K,PtClg, PtSO,, P(HSO,)s,
Pt(ClO4),, HoPdClg, HgCIoN,Pd, PdCl,, PdBry, K,[PdACly], Nay[PdCly], Lip[PACly], HoPd(OH)g, PdA(NO3),,
[PA(NH3)4ICl,, [PA(NH3)4](HCO3),, [PA(NH3)41(OAC),, (NH,4),PdBrg, (NH3),PdClg, PASO,4, PA(HSO,),, PA(CIO,),,
HauCly, AuCl;, AuCl, AuFj;, (CH3),SAUCI, AuF, AuCI(SC4Hg), AuBr, AuBrj, NazAu(S,03),, HAUBr,, K[AU(CN),],
CoF,, Co(NQO3),, CoCly, CoSO,, Co(HSO,),, Co(ClO,),, (CHCOO),Co, CoBry, [Co(NH3)g]Cl3, [CoCI(NH3)5]Cl,,
[Co(NO,)(NH3)5ICIy, NiF,, Ni(NOs3),, NiCly, NiSO,, Ni(HSO,4),, Ni(ClO,),, (CHCOO),NI, NiBry, Ni(OH)HSO,,
Ni(OH)CI, FeF,, Fe(NOj),, FeCl,, FeSO,, Fe(HSO,),, Fe(ClO,),, (CHCOO),Fe, FeBry, FeFs, Fe(NO3);, FeCls,
Fex(SQO4)3, Fe(HSO,)3, Fe(ClOy)3, (CHCOO),Fe, FeBrs, RuCl, ((CH3),S0),, RuCls, [Ru(NH3)5(N2)ICH,, Ru(NO3),,
RuBrj;, RuF3, Ru(ClO,)3, Osl, Osl,, OsBrj, OsCly, OsFsg, OsFg, OsOF 5, OsFy, IrFg, IrClg, IrF 4, IrF s, I(CIO4) 3, K3[IrClg],
Ko[IrClgl, Nas[IrClgl, Nay[IrClg], Lis[IrClg], Lis[IrClgl, [Ir(NH3)4Clo]Cl, RhF3, RhF4, RhCl3, [Rh(NH3)sCIICl,, Rh-
CI[P(CgH5)3l3, KIRh(CO),Cly], Na[Rh(CQO),Cly] LI[Rh(CO),Cly], Rhy(SQ4)3, Rh(HSO,4)3 und Rh(CIOy,)3, ihrer Hy-
drate oder Mischungen dieser Salze und/oder Hydrate, ausgewahlt ist.

Das Verfahren nach einem der Anspriiche 1-7, wobei das Reduktionsmittel aus einer Gruppe umfassend Hydrazin,
Ascorbinsaure, Natriumborhydrid, Natriumhypophosphit, Lithiumtetraethylborhydrid, Methanol, 1,2-Hexadekandiol,
Hydroxylamin und Dimethylborazan DMAB ausgewabhlt ist.

Das Verfahren nach einem der Anspriiche 1-8, wobei die das Reduktionsmittel neutralisierende Substanz aus einer
Gruppe umfassend Wasserstoffperoxid, Sauerstoff, Ozon, NO, und ein Redox-Puffer ausgewéhlt ist.

Das Verfahren nach einem der Anspriiche 1 - 9, wobei einzelne Verschlauchungsabschitte des Durchflusssystems,
durch die der Strom von Reagenzien, das Reaktionsgemisch und Produkte flieRen, bei unterschiedlichen Tempe-
raturen gehalten werden.

Das Verfahren nach einem der Anspriiche 1, 2, 4 - 10, wobei die Vorstufensubstanz Pd(NO;), ist, das Reduktions-
mittel Hydrazin ist, und die das Reduktionsmittel neutralisierende Substanz Wasserstoffperoxid ist.

Das Verfahren nach einem der Anspriche 1, 2, 4 - 10, wobei die Vorstufensubstanz Cu(NOy3), ist, das Reduktions-
mittel Hydrazin ist, und die das Reduktionsmittel neutralisierende Substanz Wasserstoffperoxid ist, wobei ferner die
Ldsung von der das Reduktionsmittel neutralisierenden Substanz NaOH enthalt.

Das Verfahren nach einem der Anspriiche 1, 3 - 10, wobei im ersten Schritt die Losung von der Vorstufensubstanz
Cu(NO3), der Reduktionsreaktion unter Verwendung von der Hydrazinlésung unterliegt, was zur Bildung des Kup-
ferkemes fuhrt, im zweiten Schritt wird zu dem Reaktionsgemisch die Lésung von der Vorstufensubstanz Pd(NO3),
zugefihrt, deren Reduktion zur Bildung der Palladium-Hdlle auf den in dem ersten Schritt gebildeten Kupfer-Nano-
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partikeln fihrt, und die Reduktionsreaktion durch Zugabe von der Wasserstoffperoxid-Losung und einer Base be-
endet wird, wobei die Konzentration der Base ausreichend ist, um die neutrale pH-Wert des Produktstroms zu
gewahrleisten.

Das Verfahren nach einem der Anspriche 1, 2, 4 - 10, wobei die Vorstufensubstanz eine Mischung von Pd(NOs),
und Pt(NO,), ist, deren Reduktion zur Bildung homogener Nanopartikeln von der Legierung Pd/Pt fuhrt.

Das Verfahren nach einem der Anspriiche 1 - 10, wobei die das Reduktionsmittel neutralisierende Substanz ein
Redox-Puffer mit einem Potential geeignet fir eine Unterpotential-Reduktion der Metall-AuRenschicht auf dem
Metallkern ist.

Das Verfahren nach einem der Anspriiche 1 - 15, wobei das Verfahren ferner einen Schritt der Zentrifugation
und/oder Trocknen von kolloiden Nanopartikeln umfasst, wobei ein Nanopartikelpulver erhalten wird.

Revendications

Méthode de synthése de nanoparticules pures, sur la surface desquelles ni tensioactifs ni d’autres molécules or-
ganiques ne sont pas adsorbés, de taille contrélée dans un systéme a écoulement continu, dans laquelle ledit
systéme a écoulement continu comprend un tube dans lequel un flux de réactifs et de produits s’¢coule de maniére
continue, et dans laquelle ladite méthode comprend au moins une étape dans laquelle une solution de substance
précurseur est soumise a la réaction de réduction en utilisant une solution d’agent réducteur, et des nanoparticules
sont produites, caractérisée en ce que la réaction de réduction est terminée aprés la derniere étape par addition
d’une substance neutralisant 'agent réducteur, et un colloide de nanoparticules est produit.

Méthode selon la revendication 1, dans laquelle la méthode comprend une étape, dans laquelle la solution de
substance précurseur est soumise a la réaction de réduction en utilisant la solution d’agent réducteur, et des na-
noparticules homogénes sont obtenues.

Méthode selon la revendication 1, dans laquelle la méthode comprend au moins deux étapes, dans lesquelles la
solution de substance précurseur est soumise a la réaction de réduction en utilisant la solution d’agent réducteur,
et des nanoparticules en couches de type noyau-coquille sont obtenues.

Méthode selon 'une des revendications 1 - 3, dans laquelle la substance précurseur est un précurseur métallique
ou un mélange de précurseurs métalliques.

Méthode selon la revendication 4, dans laquelle le précurseur métallique est un sel métallique ou un mélange de
différents sels métalliques.

Méthode selon la revendication 4 ou 5, dans laquelle le métal est choisi dans un groupe comprenant le palladium,
largent, I'or, le platine, le ruthénium, Fosmium, I'iridium, le rhodium, le nickel, le cobalt, le cuivre et le fer.

Méthode selon I'une des revendications 1 - 6, dans laquelle la substance précurseur est un sel choisi dans un
groupe comprenant AgNO3, AgCIO,, AgHSO,, Ag,SO,, AgF, AgBF,, AgPFg, CH3COOAg, AgCF3SO3, CuCly,
Cu(NO3),, CuSQy, Cu(HSO,)y, Cu(ClO4),, CuF,, (CHCOO),Cu, HyPClg, HgCILNLPt, PtCI,, PtBry, Ko[PtCly],
Na[PtCly], Li[PtClyl, HoPtOH)s, PHNO3),, [Pt(NH3)4ICl,, [PHNH3)4(HCO3),, [PH{NH,)4(OAC),, (NH,),PtBrg,
KoPtClg, PtSO,, PH(HSO,),, PHCIO,),, HoPdClg, HgClNoPd, PACl,, PdBr,, Ky[PdCl], Nay[PdCl], Liy[PdCly,
H,Pd(OH)g, PA(NO3),, [Pd(NH3),4]Cl,, [PA(NH3),J(HCO3),, [PA(NH3)4J(OAC),, (NH4),PdBrg, (NH3),PdClg, PASO,,
Pd(HSO,),, PA(CIO4),, HAUCI,, AuCls, AuCl, AuF 3, (CH3),SAUCI, AuF, AuCI(SC4Hg), AuBr, AuBrj, NazAu(S,03)s,
HAuBr,4, K[AU(CN),], CoF5, Co(NO3),, CoCly, CoSQ,4, Co(HSOy),, Co(ClO,),, (CHCOO),Co, CoBry, [Co(NH3)61CI3,
[CoCI(NH3)5]Cly, [Co(NO5)(NH3)5]Cly, NiF5, Ni(NO3),, NiCly, NiSO4, Ni(HSOy),, Ni(CIO,4),, (CHCOO),NI, NiBrs,
Ni(OH)HSO,4, Ni(OH)CI, FeF,, Fe(NOjy),, FeCl,, FeSO,, Fe(HSO,),, Fe(ClO,), (CHCOO),Fe, FeBry, FeFj,
Fe(NO3)s, FeCls, Fey(SOy4);, Fe(HSO,);, Fe(ClO,);, (CHCOO)sFe, FeBrs, RuCl, ((CH3),S0),, RuCls,,
[Ru(NH3)5(N5)ICl,, Ru(NO3)s, RuBrg, RuFs, Ru(ClO,)3, Osl, Osl,, OsBrj, OsCly,, OsF5, OsFg, OsOF;, OsF, Irfg,
IrClg, IrFy, IrFs, I(CIO4)3, K3[IrClgl, Ko[IrClgl, Nag[lrClg], Nay[IrClgl, Lis[IrClg], Lio[IrClgl, [Ir(NH3)4ClL]Cl, RhF5, RhFy,
RhCl3, [Rh(NH3)5CIICly, RhCI[P(CgH5)3]3, KIRh(CO),Cly], Na[Rh(CO),Cly] LI[Rh(CO),Cly], Rhy(804)3, Rh(HSO,)3
et Rh(CIO,); leurs hydrates ou des mélanges de ces sels et/ou hydrates.
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Méthode selon 'une des revendications 1 - 7, dans laquelle 'agent réducteur est choisi dans un groupe comprenant
I'hydrazine, I'acide ascorbique, le borohydrure de sodium, 'hypophosphite de sodium, le tétraéthyleborohydrure de
sodium, le méthanol, le 1,2-hexadécanediol, 'hydroxylamine et le diméthylamineborane DMAB.

Méthode selon 'une des revendications 1 - 8, dans laquelle la substance neutralisant 'agent réducteur est choisie
dans un groupe comprenant le peroxyde d’hydrogéne, 'oxygéne, I'ozone, le NO, et un tampon redox.

Méthode selon 'une des revendications 1 - 9, dans laquelle les segments de tube particuliers du systéme a écou-
lement continu, atravers lesquels le flux des réactifs, du mélange réactionnel et des produits s’écoule, sont maintenus
a des températures différentes.

Méthode selon 'une des revendications 1, 2, 4 - 10, dans laquelle la substance précurseur est le PA(NO;),, I'agent
réducteur est 'hydrazine, et la substance neutralisant 'agent réducteur est le peroxyde d’hydrogéne.

Méthode selon 'une des revendications 1, 2, 4 - 10, dans laquelle la substance précurseur est le Cu(NO3),, I'agent
réducteur est ’hydrazine, et la substance neutralisant 'agent réducteur est le peroxyde d’hydrogéne, dans laquelle
la solution de la substance neutralisant 'agent réducteur comprend en outre le NaOH.

Méthode selon l'une des revendications 1, 3 - 10, dans laquelle dans la premiére étape, la solution de substance
précurseur Cu(NOg3), est soumise a la réaction de réduction en utilisant une solution d’hydrazine, ce qui conduit &
la formation du noyau de cuivre, etdans la deuxieme étape la solution de substance précurseur Pd(NO3), estfournie
au mélange réactionnel, dont la réduction conduit a la formation des coquilles de palladium sur les nanoparticules
de cuivre formées dans la premiére étape, et la réaction de réduction est terminée par addition d’une solution de
peroxyde d’hydrogéne et d’'une base, dans laquelle la concentration de base est suffisante pour assurer un pH
neutre du flux de produits.

Méthode selon 'une des revendications 1, 2, 4 - 10, dans laquelle la substance précurseur est un mélange du
Pd(NO3), et Pt(NO3),, dont la réduction conduit a la formation des nanoparticules homogénes d’alliage de Pd/Pt.

Méthode selon 'une des revendications 1 - 10, dans laquelle la substance neutralisant 'agent réducteur est un
tampon redox ayant un potentiel approprié pour une réduction sous-nerstienne de la couche extérieure métallique

sur le noyau métallique.

Méthode selon I'une des revendications 1 - 15, dans laquelle la méthode comprend en outre une étape de centri-
fugation et/ou de séchage des nanoparticules colloidales, dans laguelle une poudre de nanoparticules est obtenue.
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Fig. 1
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Fig. 2
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Fig. 6
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