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bstract

In this work a microfluidic system for the production of very small gold nanoparticles (GNP) by reduction with borohydride will be presented, as
ell as their direct surface modification with thiol ligands. Furthermore, the microsystem was tested for the generation of other metal nanoparticles,

s for example, silver, copper and complex particles. The size distributions were determined using scanning electron microscopy and an analytical
entrifugation method. Additionally, in situ UV–vis spectroscopy was applied for online monitoring and kinetic measurements. Reactor fouling in
he course of the syntheses was monitored with a microscope camera, and methods like silanization and pH-adjustment were explored to minimize
he fouling. The direct reduction of chloroauric acid with borohydride yielded reproducibly gold nanoparticles in the size range between 4 and
nm without recognizable fouling of the reactor. Between 200 and 4000 �l/min, the flow rate does not affect the size distribution of the obtained

old nanoparticle dispersions. An increasing dilution of the reactants leads to a decrease in the mean diameter of the particles. The influence of
he concentration ratio (BH4

−)/Au and the effect of the pH were also investigated, but no significant trend was observed. Surface modification of
hese particles was achieved in the microsystem and monitored via UV–vis measurement and size distribution determination.

2007 Elsevier B.V. All rights reserved.

-throu

p
g
e
i
l
d
fl
[
f

a
n
m
o
t
c
b

eywords: Metal nanoparticles; Micro-synthesis; Borohydride reduction; Flow

. Introduction

Microreactors are of interest for synthesis procedures due to
he possibility of precise control of reaction and mixing con-
itions. The small distances for diffusive exchange of heat and
atter are one of the key advantages of micro-reaction technol-

gy. Thus, micro-flow-through processes were introduced even
or heterogenous processes despite all difficulties related to the
igh surface-to-volume ratios in micro-channels.

It was shown, that the formation of emulsions can easily
e achieved by use of multilamination mixers or split-and-
ecombine mixers [1]. The generation of dielectric nanoparticles
y precipitation succeeded in a micro-flow-through process [2].
etal nanoparticles [3,4] as well as semiconductor nanoparticles

5,6] and polymer nanobeads [7] can be generated in microre-
ctor arrangements. In addition, nanoparticle/molecule adducts
an be produced and handled in micro-fluid devices [8–10].
The process parameters for the formation of nanoparticles
re particular important for the control of particle size, particle
hape, aggregation and composition in case of more com-
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lex particles. The rate of nucleation and the rate of particle
rowth depend in different ways on the local concentrations of
ducts. In particular, the conditions of local transport and mix-
ng by interdiffusion depend strongly on the flow rate and the
ocal geometric conditions. It was shown, that the particle size
istribution of gold nanoparticles can be improved by a micro-
ow-through process in comparison to a conventional synthesis
11]. Moreover, micro-flow-through synthesis was also success-
ully applied for the synthesis of metal nanorods [12,13].

The local concentration and the concentration change in time
re of particular importance for the preparation of complex metal
anoparticles. The order of mixing and the flow-rate-controlled
ixing rate change the product composition significantly in case

f Au/Ag nanoparticles. The strong influence of mixing condi-
ions is reflected by drastical changes in the optical spectra of
olloidal product solutions [14]. These effects can be explained
y the different behaviour of metal ions in relation to nucleation
nd particle growth.

In addition to the fluidic conditions and the local con-
entration, the reduction potential of reducing agent and the

echanisms of charge transfer between reducing agent and
etal ions are of large importance for the quality of products in
icro-flow-through nanoparticle synthesis. Therefore, the appli-

ation of NaBH4 as a reducing agent with very high reduction
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ower for the generation of nanoparticles in micro-flow-through
ynthesis is reported, here. Boranates were applied for nanopar-
icle synthesis in conventional reactors earlier and were found
o be well suited for the formation of special surface-modified
anoparticles [15,16]. Here, the application of this reducing
gent in relation to the conditions in micro-flow-through pro-
esses is studied and compared with the behaviour in case of
educing agents with lower reduction power.

. Mechanistic background of formation of metal
anoparticles

The formation of metal nanoparticles from metal ions or coor-
ination compounds by a redox reaction with a reducing agent in
olution is a rather complex process. Coordination chemistry of
etal ions, ligand exchange and intermediate formation of multi-

enter complex compounds as well as electrochemical processes
lay a role beside the direct transfer of electrons between the
articipating ions and the reducing agent. The different electro-
hemical and coordination properties of different metal ions and
he different mechanisms of oxidation of reducing agents have
o be taken into account for the understanding of the influence
f flow-through conditions on nanoparticle formation.

The nucleation proceeds under completely different condi-
ions as the particles growth. Nucleation occurs in a locally
omogenous solution. It is determined by the coupling between
igand exchange in the direct environment of the metal ions and
he charge transfer (Fig. 1a). Therefore, the direct interaction
etween coordinating ligands, reducing agent and metal ions
s decisive for the formation of metal cores. That is why the
ucleation is very strongly controlled by the specific chemical
roperties of the involved species. In particular by the conditions
or the formation of chemical species with two or more metal
toms in near neighborhood, which are able to interact directly
fter reduction in order to form a metallic bond. Nucleation
ust be understood as a coordination chemistry process leading

rom single coordination compounds via double or multicenter
omplexes to coordination compounds of metal multiatom cen-
ers. Therefore, the following generalized reaction equation is
roposed:

[MLn]+ + R → [MaLm]a−1 + R+ + (na − m)L (1)

: metal; R: reducing agent; L: ligand; a, m, n: stoichiometric
oefficients.

In contrast to nucleation, the growth of nanoparticles can be
nderstood as composed of two separate electrochemical pro-
esses, which are coupled only by the electrochemical potential
f the growing metal nanoparticles (Fig. 1b). The electrochem-
cal reactions can be described as cathodic and anodic partial
rocesses in analogy to the mixed potential formation in electro-
hemical open-circuit processes well known from open-circuit
etal deposition, from corrosion and from technical etching pro-

esses of metal films. The transition of metal ions to metal atoms

t the surface of the nanoparticles represents the cathodic partial
rocess:

MLn]+ + e− → M + nL (2)

i
c
t
a

ig. 1. Nanoparticle formation (schematically): (A) nucleation and (B) electro-
hemical processes in particle growth (ad = adsorbed).

For this process the standard potential of the metal, the
haracter of ligands, respectively the stability of coordination
ompound and the electrode potential are of importance. The
H is only in relation to the effect of protons to the ligands state
f interest. The concentration of reducing agent is only of impor-
ance in relation to the covering of nanoparticle surface by the
educing agent or in case that the reducing agent acts as ligand.

The oxidation of reducing agent can occur nearly indepen-
ently from the metal reduction at the surface of the same metal
anoparticle. The spontaneously formed open-circuit electrode
otential of the growing metal nanoparticle is the only obliga-
ory link between cathodic and anodic partial process. Following
ormulation characterizes the anodic partial process, in general:

→ R+ + e− (3)

In many oxidation processes, in particular in case of oxoan-
ons and of many organic reducing agents protons are involved
n the reaction, and, therefore, the pH is of large importance. In

ase of using metal compounds as reducing agents, the present
ypes and concentrations of ligands will be of importance for the
nodic partial process, too.
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Following to this, the electrochemical potential represents
he central parameter for the open-circuit electrochemical condi-
ions for metal nanoparticle growth. This potential is determined
y the character and intensity of all involved electrode pro-
esses. The standard electrochemical potential of the reducing
gent oxidation is of particular importance, therefore. Borohy-
rides are under use as reducing agents of high reduction power
n chemical synthesis since many years. Their high reduction
ower is due to a very low electrochemical potential. They are
uited for the preparation of metal nanoparticles. But, their prop-
rties as ligands and the sensitivity against pH is quite different
o other well introduced reducing agents like citric acid, ascor-
ic acid or others. Thus, it was expected, that the formation of
anoparticles by sodium borohydrate reduction in a micro-flow-
hrough arrangement will differ considerably from the known
etal nanoparticle synthesis in microsystems by use of organic

eductions agents.

. Experimental

.1. Synthetical method

The applied syntheses are derivations of a conventional
ethod for the synthesis of small GNP, as earlier described [15].

.2. Experimental arrangements and devices

Static chip micro-mixers based on Si/glass technology were
sed for the preparation of nanoparticles. The mixers contain
ight split and recombine units. The fluid channels are designed
hrough three planes resulting in an efficient lamination of the
nlet streams of liquids as described earlier [17].

An arrangement with two or three mixing steps was nec-
ssary in order to study the influence of concentrations,
oncentration ratios during the micro-flow-through synthesis.

modular arrangement with residential loops was applied
nstead of an integrated multistep mixer in order to allow
onger time for interdiffusion during the passage of residential
oops.

The principle arrangement is shown in Fig. 2. The fluid inlets
re differently addressed for the three classes of experiments
eported here: for the synthesis of GNPs, the tetrachloroau-
ate solution and the buffer solution (potassium carbonate)
ere mixed at first, then water could be added in the sec-
nd mixing step in order to vary the absolute concentration
f metal complex and carbonate. After the second residence
oop, the reducing agent was mixed with the other educts
Fig. 2a).

The first mixer was used for the introduction of desired metal
oncentrations in the experiments of silver nanoparticle prepa-
ation (Fig. 2b). In this case, the reducing agent was added
y the second micro-mixer. In this way, the absolute concen-
rations as well as the concentration ratio of metal salt and

odium borohydrate can be choosen arbitarely. The third mixer
an be used for the application of ligands for the modifica-
ion of the molecular shell around the primerly formed metal
ore.

4

s

ig. 2. Modular microreactor arrangement for flow-through process: (a) syn-
hesis of gold nanoparticles and (b) synthesis of surface-modified silver
anoparticles.

.3. Nanoparticle characterization

The obtained colloidal solutions were characterized by
V/VIS spectralphotometry (Specord 200, Analytik Jena AG)

nd by differential centrifugation sedimentation DCS (CPS
nstruments Inc., USA). For SEM imaging, droplets of col-
oidal solution were placed on chips of polished monocrystalline
ilicon. After a short drying, the chips were rinsed with deion-
zed water and dryed again. In this way, nanoparticles became
dsorbed at the electrically conductive substrate (it cannot be
xcluded that some particle aggregation is due to the adsorption
rocess).

.4. Chemicals

All used chemicals were p.A. graded and used as
btained from the corresponding suppliers: tetrachloroacid
Roth, Germany); mercaptoundecanoic acid, mercaptounde-
anol (Sigma–Aldrich); sodiumborohydride, silver nitrate
Merck, Germany).
. Results and discussion

The micro-flow-through synthesis allows the formation of
table colloidal solutions of gold nanoparticles (GNPs) with-
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ig. 3. Flow rate dependence of GNP formation by micro-flow-through reduc-
ion with borohydride.

ut cooling, despite the high reactivity of the borohydride. GNP
olutions were obtained at flow rates between 200 �l/min and
ml/min at room temperature using an experimental arrange-
ent as shown in Fig. 2a. The well reproducible synthesis of
NPs is (probably) due to the high mixing efficiency and the

ow interdiffusion time in the static micro-mixers. It was found,
hat the mean size was nearly the same over the comparable high
ow rate range (Fig. 3). There was also no significant influence
f flow rate on size distribution. The obtained particles possess a
ean diameter of a little less than 4 nm in all experiments. This

bservation suggests rate-independent nucleation conditions in
he experiments.

The influence of absolute concentration of tetrachloroaurate
nd borohydride on the nucleation was studied by experiments
ith a variation of the ratio of both educts and an additional
ater input. The volume part of water in relation to the flow of

etrachloroaurate and borohydride solution was varied between
and 225%. The diluted solutions also yield GNPs in form of a

table colloidal solution in a well reproducible manner. However,
e found a clear tendency to smaller mean particle diameters
ith decreasing Au and BH4 concentration (Fig. 4), the effect
eems to be stronger at small flow rate ratios.
This observation can only be interpreted by an increasing

ucleation number in case of decreasing concentration. This
ffect could be due to a fast growth of formed metal cores at

ig. 4. Influence of dilution on GNP formation under conditions of constant
ow rate-ratios of tetrachloroaurate, carbonate and sodium borohydride.

t
t
t
v

F
s

ig. 5. Reduction of particle size distribution with flow rate in the flow-through
ynthesis of SNPs by use of borohydride at room temperature.

igher concentration leading to a fast drastical lowering of tetra-
hloroaurate content under the nucleation threshold. At lower
oncentrations, the growth is less quick, which means that the
ucleation threshold is later achieved. In result, more and smaller
ores could be formed at lower concentrations.

A well reproducible formation of stable colloidal solutions
as also found in micro-flow-through synthesis experiments of

ilver nanoparticles (SNPs) with borohydride at room tempera-
ure. In contrast, to the GNP synthesis, the mean diameters of the
ormed SNPs were much larger and amounted to about 15 nm
n experiments with the experimental arrangement of Fig. 2b
nd in a flow rate range of educt solutions between 200 and
000 �l/min. The higher diameter of SNPs can only be explained
y a higher ratio of growth rate to nucleation rate in the forma-
ion of silver nanoparticles. It is well known from many other
xperiments, that the nucleation of silver is kinetically hindered
n relation to the growth in comparison to gold, which also
hows a higher nucleation tendency in case of other reducing
gents.

Whereas the mean particles size of SNPs is nearly uneffected
y the flow rate in the investigated flow rate range, the size dis-
ribution width is lowered with increasing flow rate in contrast

o the GNP formation (Fig. 5). This finding hints to the impor-
ance of mixing rate for the duration of nucleation. A higher
alue for the size distribution width speaks for a longer duration

ig. 6. Influence of AgNO3/NaBH4 ratio on the size and size distribution of
ilver nanoparticles formed in micro-flow-through process.
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The addition of specific ligands in the last mixing step leads
to a shift of spectral properties of the formed colloidal solutions.
The effect of ligands on the shape of the gold plasmon and the
108 J. Wagner et al. / Chemical Engine

f the nucleation phase, a lower value for a shorter duration of
he nucleation phase. Hence, it can be concluded, that the nucle-
tion occurs only in a short time interval, but under very well
ixed conditions in case of high flow rates (4 and 8 ml/min).

t can further be concluded, that the realization of fast mixing
y a micro-flow-through process under high flow rates allows
drastical narrowing improvement of size distribution of silver
anoparticles.

The size of SNPs can be tuned by the ratio of flow rates of

orohydride and silver salt solution. The SNP size decreases
ith increasing ratio of the both educts (Fig. 6). This behaviour

s obviously due to the increasing nucleation rate in case of
ncreasing borohydride concentration. Thus, the density of silver

ig. 7. Optical absorption characteristics of nanoparticles without and with spe-
ific ligand shells: (a) GNPs prepared by reduction with ascorbic acid; (b) GNPs
repared by reduction with sodium borohydride; (c) SNPs prepared by reduc-
ion with ascorbic acid; MUD: mercaptoundecanol, MUA: mercaptoundecanoic
cid.

F
t
(
r
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ores increases with increasing excess of borohydride in relation
ig. 8. Examples of prepared nanoparticles (SEM images). (a) Gold nanopar-
icles (borohydride reduction, without ligands); (b) silver nanoparticles
borohydride reduction, without ligands); (c) gold nanoparticles (borohydride
eduction, with thiolated ligands), scale bar 0.1 �m.
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ilver absorption band speaks for the integration of these ligands
n the molecular shell of the metal nanoparticles (Fig. 7). The
nfluence of thiolated ligands on gold nanoparticles seems to be
little stronger in case of an ascorbic acid reduction (Fig. 7a)

han in case of a borohydride reduction process (Fig. 7b). The
ffect of ligands on the spectral properties is still more important
n case of SNPs than in the case of GNPs. The addition of MUD
r MUA leads to a remarkable bathochromic shift of the silver
lasmon absorption band (Fig. 7c).

The differences in the size of nanoparticles and their aggrega-
ion behaviour is well confirmed by the SEM images. The size of
articles at silicon surfaces is in good agreement with the data
f DCS. The electron micrograph shows small particles with
narrow size distribution (Fig. 8a) in case of GNPs (without

dditional ligands), larger particles in case of SNsPs (Fig. 8b)
nd a significant enhanced tendency for aggregation in case of
hiolated ligand addition (Fig. 8c).

. Conclusions

Gold and silver nanoparticles can be prepared by reduction of
etal salt solutions with borohydride in micro-flow-through sys-

ems at room temperature. At higher flow rates, stable colloidal
olutions of both metals are obtained. A modular arrangement of
hree static chip micro-mixers is well suited for the miniaturized
ynthesis.

The size and size distribution of metal nanoparticles depends
n the process parameters. Thus, size and size distribution
ere controlled in a continuous micro-reaction process more

asily than in a batch reactor. The size of gold nanoparti-

les can be tuned by the educt concentration in a certain
ange. Silver nanoparticles of particular narrow size distri-
ution were obtained at high ratios of borohydride to metal
alt.

[

[
[
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