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Importance & Applications of Nanotechnology

Bimetallic nanoparticles as catalysts

From the pioneering work of Sinfelt [1,2], the proposal of mix 
together two different metallic atoms to improve catalytic activ-
ity has been paid increasing attention [3-9]. Bimetallic catalysts 
have been proved to show a better catalytic behavior than usual 
monometallic ones [6,10-12], due to the so-called “electronic 
factor”. It allows the movement of electrons from one metal to 
another because of partially filled d-band. For example, when 
Cu (filled d band) is added to Ni (incompletely filled d band), the 
extra electrons from Cu are included in the lattice, so electrons 
from Cu enter the Ni d band until it is filled. In this way, the 
degree of filling of the d band can be modified by varying the 
composition of the bimetallic catalyst [1]. As a result, the pres-
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A simulation study on the preparation of bimetallic 
nanocatalysts in microemulsion template was carried out to 
analyze the influence of different synthetic parameters on 
the composition of nanoparticle surface. In particular, the 
surface composition was studied by varying reduction rates 
of the two metals, reactants concentration and microemul-
sion composition. From this study, one can suggest that the 
enrichment in the slower metal at the surface is favored by 
microemulsions that provide of a rigid surfactant film. In ad-
dition, the enrichment is more pronounced as the reduction 
rate of the second metal is slower and as the reactants con-
centration is higher.
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ence of a second metal modifies electronic interactions and het-
erometallic bonding interactions change the surface electronic 
properties of nanoparticles [8,10,12-17]. The overall efficiency 
observed in bimetallic catalysts accounts for synergistic effects 
[11,18-20]. This synergic/cooperative interaction is directly due 
to the electronic exchange between metals, which favors the 
reactants interaction, becomes more stable the reaction inter-
mediates and facilitates the release of products. The result is an 
enhanced catalytic activity, reflected in the increasing progress 
in this field. A number of bimetallic catalysts are studied in dif-
ferent kinds of reactions, as shown in Table 1 (see also Table 1 
in reference [21]).
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Table 1: Reactions catalyzed by bimetallic nanocatalysts.

Bimetallic nanocatalysts Catalyzed reaction References

Au-Ag CO oxidation [22]

Au-Pd Suzuki and Heck reactions [23]

Au-Pt Oxygen reduction [24]

Au-Pt Oxygen reduction [25]

Au-Pt Methanol electrooxidation [26]

Au-Pt Oxygen reduction [27]

Au-Pt Methanol electrooxidation [28]

Au-Pt Coupling reactions [19] 

Cu-Fe Coupling reactions [29]

Pd-Ag Formic acid oxidation [30]

Pd-Ag Glycerol oxidation [31] 

Pd-Ag Ethanol oxidation [32]

Pd-Sn CO oxidation [33]

Pt-Co Oxygen reduction [8]

Pt-Cu Oxygen reduction [34]

Pt-Pd Hydrogenation [35]

Pt-Pd Electrosynthesis H2O2 [36]

Pt-Pd Oxygen reduction [37]

Pt-Ni Hydrogenation [38]

Pt-Ni Oxygen reduction [39]

Pt-Re Reforming reactions [40]

Pt-Sn CO oxidation [33]

Ni-Cu Ethane hydrogenolysis [1]

Ni-Cu Cyclohexane dehydrogenation [1]

Ni-Pd Hydrogenation of nitrobenzene [41] 

Ro-Ir Alkane hydrogenolysys [42]

Ro-Fe Alkane hydrogenolysys [42]

Rh-Sn Hydrogenation [43]

Ru-Co Oxidation of alcohols [44]

Ru-Co Diesel soot oxidation [45]

Ru-Sn Hydrogenation of polyenes [46]

Ru-Ro Hydrogenolysis of glycerol [47]

Ni-Sn CO oxidation [33]

Futhermore, bimetallic nanocatalysts show additional ad-
vantages in relation to their stability when compared with 
monometallic ones. This is the case of Au-Pd nanocatalysts that 
catalyze the dehydrogenation reaction of formic acid. The pres-
ence of Au hinders the poisoning of the active sites of Pd by CO 
produced in a secondary reaction [11]. As a rule, the presence 
of the second metal can enhance the catalyst stability, which 
favors its recovery and recycling [21]. Finally, bimetallic nano-
catalystst are arousing interest in green chemistry and future 
biomass-based ��������������������������������������������    refineries [47,48]. Comprehensive review ar-
ticles on bimetallic nanocatalysts are already available [19,48-
55].

The use of bimetallic nanocatalysts depends on the ability to 
design and tune the available active sites. A first factor to take 
into account is the nanocatalysts size. The catalyst are usually 
made up of small metal nanoparticles spread on an inert sup-
port. The catalytic activity of these particles depends on their 
size, since small ones show higher activity due to the greater 
number of atoms available on the particle surface. The second 
requirement is a precise control of the surface composition. A 
heterogeneous catalytic reaction occurs on the catalyst surface, 
on which the adsorption and desorption of reactants, interme-
diates and products take place. Therefore, the enhancement of 
catalysts performance is conditioned by the ability to control the 
arrangement of the two metallic atoms within the first atomic 
layers from the nanoparticle surface [28,54,56-58]. The optimal 
metal distribution at the surface depends on the particular re-
action. For example, Au-Pt nanocatalysts were used to catalyze 
electro-oxidation of methanol, for which the best arrangement 
was a Pt-Au alloyed surface [26]. However, to catalyze oxygen 
reduction reaction and formic acid electrooxidation, a Pt shell 
on Au core arrangement showed a better catalytic activity. Be-
cause the ability to manipulate the surface composition of the 
bimetallic nanocatalysts is a key aspect to take into account, 
many efforts are being devoted to study innovative methods to 
synthesize bimetallic nanostructures with highly specific metal 
arrangements at the surface.

Bimetallic nanocatalysts from microemulsions

Among the available methods to produce nanoparticles, the 
water-in-oil microemulsion route is of great interest since this 
colloidal system favors the formation of catalysts in the nano-
size range with narrow size distribution. The control of the 
particle size can be achieved by simply varying the water-to-
surfactant molar ratio, which controls the size of the reversed 
micelles. Another advantage is that nanocatalyst are prepared 
at room temperature, while conventional methods of nanopar-
ticle formation often require high temperatures, resulting in 
large nanoparticle sizes [59]. In addition, the special synthesis 
conditions provided by micelles lead frequently to catalytic ma-
terial with improved catalytic properties [59]. Due to all these 
reasons, microemulsion route is one of the most favourite syn-
thetic method to control the size and composition of bimetal-
lic nanoparticles. The advances in this synthetic approach have 
been impressive in recent years and a number of different 
couples of bimetallic nanocatalysts have been propared from 
microemulsions (see reviews [59] and [60]].

Briefly, a microemulsion consists of water reverse micelles 
dispersed in the oil phase, and surrounded by a surfactant film. 
Reactants are dissolved in the water micelles, and can be ex-
changed between them by direct material transfer during an 
intermicellar collision [61]. By the intermicellar exchange, the 
reactants can be located in the same micelle, so chemical reac-
tion can proceed inside the nanoreactor. The subsequent nucle-
ation and growth of the particle are restricted because of the 
space limitation inside the micelle, giving rise to the formation 
of size-controlled particles.

Even though the reaction medium is complex, microemul-
sion route has several advantages when compared to tradi-
tional methods, as mentioned above. Nevertheless, research is 
needed for a better understanding of the microemulsion route 
due to the complication to managing the material intermicellar 
exchange. Initially, reactants are located in different micelles, so 
the whole process (reaction, nucleation and growth to build up 
final particles) depends on the material intermicellar exchange. 
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This exchange is dictated by the microemulsion composition, 
mainly by the surfactant, whose lipophilic portion is anchored 
into oil and the hydrophilic one into water. It gives rise to a film 
surrounding the micelle surface that can break up when a mi-
celle-micelle collision is energetic enough, forming a transient 
dimer which allows the intermicellar exchange of material. This 
means that the exchange rate between micelles controls the 
reactants encounter, and, as a consequence, plays a key role 
in chemical kinetics in microemulsions, and has been shown to 
affect final nanoparticle properties [62-64].

Theoretical studies on the synthesis of nanoparticles in mi-
croemulsions are scarce and an enormous trial- and error- ef-
fort is needed to tune the bimetallic arrangement. A simulation 
model was developed with the aim of predicting the arrange-
ment of final bimetallic nanoparticle. The validity of the model 
predictions was verified by comparing experimental and simu-
lation results [65]. It is expected that theoretical researches will 
lead to a better understanding of this complex procedure and 
facilitate experimental trials. In the study at hand, we focus on 
the surface composition of the resulting nanoparticle predicted 
by simulation under different experimental conditions (chang-
ing microemulsion composition and reactants concentration) 
and for different couples of metals (changing the reduction 
rates). In this way���������������������������������������������, the model predictions can be used to estab-
lish practical guidelines to obtain bimetallic nanocatalysts.

Simulation model on the synthesis of bimetallic nanopar-
ticles in microemulsions

The computer model simulates the kinetic course of the re-
action (see reference [66] for details). Briefly, a set of micelles 
randomly positioned on a three dimensional square lattice rep-
resents the microemulsion. Reactants are initially distributed 
throughout micelles using a Poisson distribution. The one-pot 
method is recreated by mixing equal volumes of the microemul-
sions, each one containing one kind of reactant (reductor R and 
two metal salts A+ and B+).

An effective collision is simulated by chosing at random a 
10% of micelles, which fuse and establish a channel between 
micelles, that permits the exchange of material. One Monte 
Carlo step finishes when the material carried by colliding mi-
celles is modified obeying to the following criteria:

Reactants (1.	 A+, B+ and/or R) and free metal atoms (A and/
or B) are transferred between colliding micelles according 
to the concentration gradient principle, i.e., material move 
from the more to the less concentrated micelle. The ex-
change parameter kex determines the maximum number of 
reactants and atoms that can be transferred.

The aggregation of metal atoms inside micelles gives rise to 2.	
growing particles, whose exchange is limited by the chan-
nel size between colliding droplets, which depends on the 
flexibility of the surfactant film. The maximum particle size 
allowed to be transferred is quantified by the flexibility pa-
rameter (f). To include Ostwald ripening, when both collid-
ing micelles are carrying particles, the smaller one moves 
to the micelle containing the greater one, if flexibility pa-
rameter allows the exchange.

The chemical reduction takes place when the metal salt (A+ 
and/or B+) and the reductor (R) are placed inside the same micelle 
after intermicellar redistribution of material during a collision. To 
simulate different reduction rates, a different percentage of the 
metal precursor carried by colliding micelles will be reduced, if 

there is enough reducing agent. In the case of Au salt (instanta-
neous reduction), 100% of Au salt is reduced. In order to test the 
influence of reduction rates, the second metal was character-
ized by a reduction rate of 50%, 20% and 10% of reactans inside 
colliding micelles can be reduced during a collision. For exam-
ple, Au/Pt nanoparticles were successfully reproduced by simu-
lation using a reduction rate 100% for Au, and 10% for Pt [65].

The surfactant film flexibility is included in the model by the 
kex (dimer stability) and the f (intermicellar channel size) param-
eters [67]. Thus, a flexible film, such as isooctane/tergitol/wa-
ter, was successfully related to a channel size f=30, associated 
to kex=5 free atoms exchanged during a collision [65]. 

Each simulation run results in a set of micelles which can 
contain a particle, whose composition can be different.�������� �������The se-
quence of metals deposition of each nanoparticle (which ������deter-
mines the metal segregation in final nanostructure) is monitored 
as a function on time. Then results are averaged over 1000 runs 
and the resulting sequence is divided in ten concentric layers 
(a spherical arrangement is assumed). Last of all the dispersion 
and averaged composition is calculated layer by layer.

Surface composition of bimetallic nanocatalysts synthe-
sized in microemulsions

Previous studies showed that the main factors affecting to 
metal segregation are the difference between reduction rates 
of the two metals, concentration and microemulsion composi-
tion. It is expected that this influence will be reflected in the 
surface composition of final nanoparticle, so we will study each 
case as follows.

Influence of the metals reduction rates. Reduction poten-
tials are directly related to the tendency of the salt to become 
reduced. It is assumed that the metal salt with a higher reduc-
tion potential metal will have the priority in reduction. If a one-
pot method is used, both chemical reductions start at the same 
time. If in addition the reduction potentials are quite similar, the 
reductions take place at the same time, supporting the forma-
tion of an alloy due to the mix of the two metals from the be-
ginning. As an example, Ag and Pd, whose reduction potentials 
are comparable (ε0 Ag+/Ag = 0,80 V; ε0 Pd2+/Pd = 0,915 V), were 
always obtained as alloys if prepared by a one-pot method in 
microemulsions [17,68,69]. Conversely, metals with different 
reduction potentials will give rise to segregated nanostructures, 
such as Au-Pt (ε0 AuCl4

- /Au = 1,002 V; ε0 PtCl6
2-/Pt = 0,742 V). The 

faster Au reduction gives rise to mostly Au core, surrounded by 
an enriched in Pt shell. Summarizing, the metal segregation is 
favored by a large difference between reduction potentials of 
the two metals composing the nanocatalysts.

Figure 1 shows simulations results on the distribution of par-
ticles with a given % of slower metal at the surface keeping con-
stant the microemulsion composition (flexible film, f=30, kex=5) 
and the reactants concentration (〈cmetal salts〉=16 reactants/mi-
celle, 〈cR〉 = 20 〈cmetal salts〉). Figures 1A, B, and C show results for 
different reduction rates of the slower reduction metal. 100% 
and 50% reduction rates shown in Figure 1A leads to a distribu-
tion in which most of the particles have an alloyed surface (72% 
particles have between 30 and 70% slow metal). As decreas-
ing reduction rate of the slow metal (see Figures 1B & 1C), a 
progressive slow metal enrichment at surface is observed. In 
Figure 1B the slower reduction rate (20%) leads to a slightly en-
riched surface (72% particles have more than 60% slow metal 
at surface). When reduction rate is slower (see Figure 1C, 10%) 
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the outer layer in most of particles is composed by 90-100% of 
slower metal. Therefore, the slower the reduction rate of the 
second metal, the higher the surface enrichment.

Influence of reactants concentration

Concentration of reactants inside micelles also affects metal 
segregation, since low concentrations favor the nanoalloy for-
mation and high ones gives rise to more segregated structures 
[65]. To clearly observe the surface, Figure 2 shows particle dis-
tribution of the outer layer at different concentrations, keep-
ing fixed reduction rates (100%, 20%) and microemulsion (f=30, 
kex=5, flexible film). The small concentration shown in Fig. 2A 
results mainly in an alloyed surface (73% of particles have be-
tween 30 and 70% slower metal at surface). As increasing con-
centration, the enrichment at the surface is more pronounced 
(see Figure 2B & 2C).

The transition from an alloyed to an enriched shell as concen-
tration increases is also observed when the difference between 
reductions rates is larger. Figure 3 shows the surface distribu-
tions when the slower metal is ten times slower than the faster 

Figure 1: % of slower reduction metal at nanoparticle surface for different reduction rates and keeping fixed concentration (〈cmetal salts〉=16 
reactants/micelle, 50% of each reactant, (〈cR〉= 20 〈cmetal salts〉) and microemulsion composition (flexible film, f=30, kex=5). In all cases, the 
faster reduction rate was 100% (all metal salts of the faster metal carried by colliding micelles are reduced at each effective collision). Figure 
1A, B and C: A 50%, 20% and 10% of metal salts of the slower reduction metal are reduced at each effective collision, respectively.

one. As one can see, enriched surfaces appear even at low con-
centrations (Figure 3A, 81% particles have more than 50% slower 
metal at surface). Higher concentrations result in more enriched 
surfaces. Thus, 57% particles show a pure surface at middle con-
centration (Figure 3B, c=16 reactants/micelle), while this per-
centage reaches 73% at high concentration (Figure 3C, c=32).

Influence of microemulsion composition 

Some metals couples have been obtained as core-shell or 
alloyed arrangements using different microemulsions [70]. As 
a rule, rigid surfactant films result in the formation of better-
segregated arrangements, while ones that are more flexible 
favor the alloy formation. It can be observed in Figure 4, that 
shows surface composition for different microemulsions and 
keeping fixed concentration and reduction rates. A progressive 
tendency to alloyed surfaces is observed as the film flexibility 
increases. So 73% of particles have an enriched shell (composed 
by more than 70% slow metal) when the film is rigid, and this 
percentage decreases to 53% for flexible films, and to only 24% 
if the film is very flexible. Therefore, the more flexible the film, 
the more alloyed surface.

Figure 2: % of slower reduction metal at nanoparticle surface obtained at different values of concentration. Figures A, B and C show 
results at 〈cmetal salts〉 = 4, 16 and 32 reactants per micelles respectively (50% of each reactant, 〈cR〉 = 20 〈cmetal salts〉). The microemulsion com-
position (flexible film, f=30, kex=5) and the reduction rates (100% and 20%) were kept fixed.
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Conclusions

The following guidelines to get a more enriched in the slower 
metal nanocatalysts surface can be proposed from simulation re-
sults: 1- As the reduction rate of the second metal is slower, the 
surface enrichment is higher. 2- As the concentration increases, 
the surface enrichment also increases. 3- As the film flexibility is 
more rigid, the surface enrichment is more pronounced.
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