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Considerable efforts have been dutiful to bimetallic nanomaterials with various architectures due to their interest from
both scientific and technological outlooks for the modification of physical and chemical properties of metal nanomaterials. Bimetallic colloids function in favor of environment and
biomedical catalysis, but they are distinct from those of the
corresponding monometallic nanomaterials. Many methods
for the preparation of bimetallic nanomaterials have been
reported, such as alcohol and citrate reduction, hydrothermal, sonochemical method, coprecipitation, reverse micelles,
and biosynthesis. Among all, the biosynthesis of metal nanomaterials has been explored as an alternative to developing
environmentally benign procedures. Alternatives for the
synthesis of bimetallic nanomaterials are currently being
explored through bacteria, plant biomass, live plants, and
their extracts. The catalytic property of metal nanomaterials
is also of great interest because of their particle size.
This special issue presents the recent advances and
techniques for producing and evaluating the mechanical
and catalytic properties of bimetallic nanomaterials. Due
to the issue’s focus towards mechanistic studies, photocatalytic degradation, biomedicine, and catalytic application in
organic reactions, we were particularly interested in articles describing novel bimetallic nanomaterials’ design and

application. It contains six articles including two reviews and
four research articles.
In their paper, “Analysis of Pd-Ni nanobelts melting
process using molecular dynamics simulation,” C. Gang et
al. simulated the heating process of Pd-Ni alloy nanobelts
using molecular dynamics (MD) and calculated the melting temperature of these features with the aid of thermodynamic concepts. The melting and breaking of PdNi alloy nanobelts can be indicated by increasing and
decreasing regions of total energy relating to temperature curve. With increasing temperature, number of face
center cubic (FCC) pairs will decrease and almost disappear at melting point. The melting point is lower than
bulk phase Pd-Ni alloy, and the melting point obtained
by MD is close to the one calculated by thermodynamic
method.
In their research article “Sol-gel synthesized magnetic
MnFe2 O4 spinel ferrite nanoparticles as novel catalyst for
oxidative degradation of methyl orange,” L. Zhang and Y.
Wu prepared the MnFe2 O4 spinel ferrite (MNF) nanoparticles from metal nitrates by the sol-gel process followed
by calcination at different temperatures. Compared to the
other MNF nanoparticles, the MNF-500 nanoparticles had
a single crystalline phase; their specific surface area was
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50.2 m2 ⋅g−1 and had better low-temperature oxidation activity. Due to the large number of active oxygen species on
the surfaces and the ion transference of Mn and Fe elements, the MNF-500 nanoparticles showed a high methyl
orange degradation efficiency up to 98%. Additionally, the
saturation magnetization of the MNF-500 nanoparticles was
43.1 A⋅m2 ⋅kg−1 that made them easy to separate from the
methyl orange solution by an external magnetic field. Thus,
this kind of MnFe2 O4 nanoparticles will have a potential
for oxidative degradation of dye in the water treatment
fields.
In their paper, “Ag-Cu colloid synthesis: bimetallic nanoparticle characterisation and thermal treatment,” J. Sopoušek
et al. prepared Ag-Cu bimetallic colloidal nanoparticles (NPs)
by solvothermal synthesis from metalloorganic precursors
in a mixture of organic solvents. The nanoparticles were
characterized by dynamic light scattering (DLS) and small
angle X-ray scattering (SAXS). The properties of metallic
core and organic shell of the nanoparticles were studied by
direct inlet probe mass spectrometry (DIP/MS), Knudsen
effusion mass spectrometry (KEMS), double-pulse laserinduced breakdown spectroscopy (DPLIBS), and differential scanning calorimetry (DSC). The transmission electron
microscopy (TEM) and scanning electron microscopy (SEM)
were also used for particle characterization before and after
thermal analysis. Their experiment yielded results that were
for Ag-Cu nanoparticles for the first time. The detected
liquidus temperature has been compared with the prediction
obtained from the calculation of the phase diagram of Ag-Cu
nanoalloy. The experimental results also showed that of the
near-eutectic composition, Ag-Cu nanoparticles possess the
FCC crystal lattice. Surprisingly, spinodal decomposition was
not observed inside the Ag-Cu nanoparticles at temperatures
up to 230∘ C. The eutectic Ag-Cu microparticles are formed
before melting.
In “Preparation and characterization of Au/Pd modifiedTiO2 photocatalysts for phenol and toluene degradation under
visible light—the effect of calcination temperature,” A. Cybula
et al. reported the effect of calcination temperature on photocatalytic activity under visible light in toluene and phenol
degradation for rutile modified with Au/Pd monometallic and bimetallic nanoparticles. The sample that contains
0.5 mol% Pd/TiO2 exhibited the highest activity under visible
light irradiation in gas and aqueous phase reaction among all
photocatalysts calcined at 350∘ C, while the sample modified
only with gold nanoparticles showed the lowest activity.
The Au/Pd–TiO2 sample calcinated at 350∘ C possesses the
highest photocatalytic activity when degrading phenol under
visible light, which is more than 14 times higher than that of
the sample calcinated at 450∘ C. Enhancement in annealing
temperature to 450∘ C resulted in an increase of palladium
concentration in the outer shell for small nanoparticles and in
the drop of photoactivity in phenol and toluene degradation
under visible light. Further increase of temperature to 700∘ C
caused a slight increase in activity in the gas phase and
no change in photoactivity in the aqueous phase under
visible light irradiation, probably due to the formation of
homogenous alloys structures.
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In their review, “Recent advances in facile synthesis of
bimetallic nanostructures: an overview,” A. D. Banadaki and
A. Kajbafvala illustrate that the synthesis of bimetallic
nanocrystals with controlled morphologies has attracted
much attention during the last decade based on their efficacy
in various applications particularly in catalysis, sensing,
and drug delivery. Among several methods, wet-chemical
(colloidal) synthesis methods have been more popular due
to their ease of use and their potential for implementing
environmentally friendly production routes. They categorized these methods in four groups, namely, continuous
growth, crystalline coalescence, core/shell growth, and galvanic replacement. Based on the type of application, each of
the above may be preferred; however, galvanic replacement
and core/shell growth methods are the two most preferred
synthesis methods in the recent years. It has been observed
that the morphology of the product is dependent on many
factors, most importantly temperature of the reaction, reaction duration, facet bias of capping agents, and reduction
potential of any of the involved agents. Despite recent
advances in controlling the morphologies of nanostructures,
the literature suggests that only the morphology of the Pt
and Pd based nanocrystals can readily be determined while
the similar control is not evident for other noble metals.
Recent literature in this field suggests that researchers are
employing organic and less powerful reductants to reduce
the environmental impact associated with the production of
these materials. However, use of such materials inhibits the
use of nonnoble metals that are readily available with less
cost. In the end they conclude that, despite the performance
of the products (multiple times better than the parent metals)
and the advances in producing them, many of the proposed
methods are only applicable in laboratory scale and are still
expensive to be implemented in the industrial scale.
In her review, “Progress, challenge, and perspective
of bimetallic TiO2 -based photocatalysts,” A. Zielińska-Jurek
mentioned that bimetallic photocatalysts have attracted considerable attention in recent years as a class of highly active
catalysts and photocatalysts active under both UV-Vis and
light irradiation. Bimetallic alloy nanoparticles possess the
ability to absorb visible light, in a wide wavelength range
(broad LSPR peak), and therefore revealed the highest level
of activity as a result of utilization of a large amount of
incident photons. On the other hand, bimetallic nanoparticles can enhance the rate of trapping photo-excited electrons and inhibit the recombination process due to the
capability of the storage of photo-excited electrons. Based
on the literature, two groups of the bimetallic photocatalysts were distinguished. The first group includes bimetallic TiO2 photocatalysts (BMOX) highly active under UVVis and light irradiation in a variety of oxidation reactions, and the second type presents bimetallic photocatalysts
(BMRED) exceptionally active in hydrogenation reactions.
This review summarized recent advances in the preparation
and environmental application of bimetallic photocatalysts.
Moreover, the effects of various parameters such as particles shape, size, amount of metals, and calcination on the
photocatalytic activity of bimetallic photocatalysts are also
discussed.
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Nobel metal nanomaterials with interesting physical and chemical properties are ideal building blocks for engineering and
tailoring nanoscale structures for specific technological applications. Bimetallic nanomaterials consisting of magnetic metals and
noble metals have attracted much interest for their promising potentials in many fields including magnetic sensors, catalysts,
optical detection, and biomedical applications. Particularly, effective control of the size, shape, architecture, and compositional
microstructure of metal nanomaterials plays an important role in enhancing their functionality and application potentials, for
example, in fuel cells, optical and biomedical sensing. This paper focuses on recent advances in controllable synthesis of bimetallic
nanostructured materials. Recent contributions in controllable synthesis of bimetallic nanomaterials with different architectures
including nanoparticles, nanowires, nanosheets, or nanotubes and their assemblies are presented in this paper. A wide range of
facile synthesis methods are covered herein with high emphasis on wet chemical methods owing to their facility of use, efficacy,
and smaller environmental footprint.

1. Introduction
Nanoscience and nanotechnology have grown at an enormous rate in the last three decades, and recent advances
in nanostructured materials have opened up new opportunities for diverse applications in electronics, catalysis,
energy, materials chemistry, and even biology. Materials in
the nanometer-size regime often exhibit properties distinct
from their bulk counterparts, in part because nanosized
clusters have electronic structures that have a high density of
states, but not yet continuous bands [1–6]. Facile synthesis
in designing nanostructured materials has been a driving
force for the development of new methodologies for several
decades. Indeed, this has led scientists’ interest to the development of versatile and generalized synthetic methods readily
adaptable for the preparation of a variety of nanostructured
materials [7]. Nanostructured materials have been prepared
by a variety of synthetic methods, including microwave, ultrasonic, sonochemistry, sol-gel, chemical vapor deposition, and
chemical precipitation. One could claim that selecting an

appropriate synthesis route ultimately determines the success
or failure of nanostructured materials, as physical properties
and applications of nanostructured materials are heavily
dependent upon the preparation method [8–35].
Metallic materials play an undeniable role in the modern human life [36, 37]. From architecture, transportation
equipment, electronic technology, information science, and
technology to biomedical applications, metallic materials
are all indispensable constituents [38–40]. Compared to
their bulk counterparts, possessing high mechanical strength,
good malleability, and electric-magnetic properties, metal
nanomaterials exhibit particular physical and chemical characteristics because of their small-size effect, surface area,
and quantum-size effect and have potential applications in
the fields of catalysis, magnetic recording, sensing, medical
diagnosis, and so forth [41, 42]. For example, nanomaterials
like Cu, Ag, and Au have surface plasmon in the visible
light regime of the spectrum which can be used as biosensor
imaging and optoelectronic devices [43, 44]. Some nanomaterials, such as Pt and Pd, as well as Ag and Au, have
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outstanding catalytic activity. The transition metals, such as
Fe, Co, and Ni, are ferromagnetic elements which have been
widely used in different magnetic and spintronic devices [45].
Bulk Au is a nonmagnetic yellow metal; however, 10 nm Au
nanoparticles appear red because they can absorb green light;
2-3 nm Au particles exhibit considerable magnetism; smaller
Au nanoparticles can even turn into insulators [46, 47].
Although bulk Au is very unreactive for low-temperature
carbon monoxide (CO) oxidation, nanoscale Au particles are
chemically active for this reaction and it has been proven
that Au clusters in the range of 3.5 nm exhibit the maximum
reactivity [48, 49]. Above examples indicate why, controllable
synthesis of metal nanostructured materials has attracted
much attention over the past two decades [50–53].
Bimetallic nanomaterials, composed of two distinct
metal elements, have a certain mixing pattern or chemistry
sequence and geometry architecture and perform specific
functions [54, 55]. Their performance often surpasses the
enhancement of the properties associated with their single
counterparts and exhibits many interesting and useful properties with broadened application fields often explained by
synergistic effects of nanomaterials [56–59]. By changing
their components and morphologies, their relevant physical,
electrical, or chemical performances can be successfully
modified [60, 61]. Discovering the nano-/microstructure
nature of physiochemical properties in the bimetallic nanomaterials has become the main focus of many researchers
[62–74].
The structures of bimetallic nanomaterials are complicated and can take multiple forms. According to the
mixing pattern of two different metals, three main types of
structures can be identified for bimetallic nanomaterials, that
is, core/shell, heterostructure or intermetallic, and alloyed
structures [46, 75]. In the formation process of core/shell
structures, often one type of metal ions is reduced first
and forms an inner core, while the other metal grows as a
shell surrounding the nucleated core. However, under proper
conditions, individual nucleation and growth of two kinds of
metal atoms can occur. If they share a mixed interface during
the growth process, heterostructure forms. Intermetallics
and alloys belong to another group entirely different from
core/shell or heterostructure bimetallic nanomaterials. They
are both a homogeneous mixture of two metals where often
metal-metal bonds are dominant structure of the products.
The difference between these two groups can be reflected in
the powder X-ray diffraction (PXRD) patterns. For core/shell
or heterostructure compounds, the characteristic diffraction
peaks of two kinds of metals can be observed together,
while for intermetallics and alloys, the characteristic peaks
of individual metals disappear and new Bragg reflections can
be observed, indicating that new compounds are created.
The distribution of two distinct metal atoms determines the
structure of the product. In general, alloys have random
atomic orders, while intermetallics have long-range atomic
orders.
Although many methods have been developed for the
preparation of monometallic nanomaterials (especially for
Ag, Au, Pd, Pt, etc.) [76, 77], controllable synthesis of bimetallic nanomaterials is much more complicated [78, 79]. The

Journal of Nanomaterials
synthesis of bimetallic compounds can be carried out in the
solid, gaseous, or solution state. Bimetallic compounds are
traditionally obtained using metallurgical techniques which
melts two kinds of bulk metals under proper conditions [80].
This solid state method requires high-temperature heating
and annealing for long periods of time, and it is difficult
to obtain nanocrystalline bimetallic compounds with high
surface areas which are urgently needed in various applied
fields such as energy, environment, and catalysis [81]. The
solution state method is more powerful and versatile and
has been the preferred method by many researchers lately.
In a solution-based synthetic system, the nucleation and
growth process of bimetallic nanomaterials can be easily
controlled by adjusting the reaction parameters including
the concentration of reactants, the mole ratio between precursors and surfactants, and the reaction temperature and
time, which has been confirmed during the preparation of
monometallic nanomaterials. Nevertheless it is not an easy
task to synchronously control the nucleation and growth of
two distinct metals due to their different thermodynamic and
kinetic characteristics under the same reaction conditions. In
recent years, researchers have made great efforts in controllable synthesis of bimetallic nanomaterials. In the following
section, we present a review on facile, green, and low-cost
methods for synthesis of bimetallic nanomaterials.

2. Discussion
It has been observed that development of the catalysts
in the form of zero-dimensional (0D) nanostructures
(nanoparticles) or one-dimensional (1D) nanostructures
(nanowires/nanotubes) increases the efficiency of the materials and lowers the costs of production. Thanks to their
higher surface area, nanoparticles exhibit higher catalytic
activity but show less stability over the time mainly due to
their tendency to agglomerate forming larger particles. 1D
nanostructures however are less prone to instability over
multiple use since the agglomeration is less likely to happen in
1D structures [82–86]. Furthermore they show better carbon
corrosion resistance particularly for the carbon supported
systems. Bimetallic structures or alloy metal nanocrystals
usually have better catalyst performance than monometals
owing to the synergistic effect of both metals [87, 88]. The
following parts of this paper provide a summary of the latest
facile synthesis techniques employed in developing bimetallic
nanostructures with different morphologies (including 0D,
1D, etc.). The organization of the sections of this paper is
based upon the importance of certain metals and amount of
attention directed toward certain combinations by the leading
research community.
2.1. PdPt Nanostructures. Due to their relatively high energy
density and convenient form factor, direct alcohol fuel cells
(DAFCs) have attracted considerable attention as power
sources. Pt and Pd owing to their high electrocatalytic
activities are considered the most efficient noble-metal catalysts for DAFCS. High production costs and low resources
for noble-metal materials are the main hurdle in developing efficient DAFCS. The following section summarizes
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(a)

(b)

(c)

(d)

Figure 1: High resolution transmission electron microscope (HRTEM) images taken along a direction perpendicular to the flat top faces of
(a, b) hexagonal and (c, d) triangular PdPt core/shell nanoplates. (Adapted with permission from [89]. Copyright 2008 American Chemical
Society.)

the latest research devoted to development of facile synthesis
techniques for producing the PtPd nanostructures leading to
improved catalytic activity, higher stability, and lower costs.
The majority of the researchers in the recent years seem to
prefer the wet chemical reduction procedure for synthesis of
nanostructure; hence, we start with this method and finish
with the highlights of other methods.
2.1.1. Wet Chemical Reduction. It has been observed that Pt
monolayer supported on a Pd (111) surface shows an improved
activity for oxygen reduction reaction (ORR) relative to pure
Pt (111) surface. Lim et al. [89] used an epitaxial growth
technique to grow thin Pt layers on triangular or hexagonally
shaped Pd nanoplates (Figure 1). Na2 PdCl4 is first reduced
using poly-N-vinyl-2-pyrrolidone (PVP) and forms the Pd
nanoplates which serve as seeds for Pt atoms. Next, Pt atoms
are formed by reducing the H2 PdCl6 using citric acid. In this
synthesis approach, small lattice mismatch (0.77%) between
Pt and Pd as well as mild reduction speed of citric acid are
identified as the key parameters in achieving the growth of Pt
shells on Pd nanoplates.
Later in an effort to further increase the unit surface
area of the Pt-based electrocatalysts and reduce the Pt load
hence cost of the fuel cells, Lim et al. proposed a method
for synthesis of PdPt bimetallic nanodendrites consisting of a
dense array of Pt branches on Pd nanocrystals (uniform octahedrals produced by reducing Na2 PdCl4 with L-ascorbic acid
in an aqueous solution) [90, 91]. They used L-ascorbic acid

to reduce the K2 PtCl4 in presence of uniform Pd nanocrystal
seeds in aqueous solution (Figure 2). Using their simple
method of synthesis, they were able to produce substantially
high surface areas and oxygen reduction reactivity (ORR).
Their product showed two and a half times more activity on
the basis of equivalent Pt mass for the ORR than the stateof-the-art Pt/C catalyst and five times more activity than the
first-generation supportless Pt-black catalyst.
In 2010 and for the first time, Guo et al. [92] proposed a wet chemical approach for the synthesis of highquality three-dimensional (3D) Pt-on-Pd bimetallic nanodendrites supported on graphene nanosheets (TP-BNGN)
with porous texture, considerable electrochemically active
area, and much higher (up to 4 times) electrocatalytic activity
toward methanol oxidation than the platinum black (PB)
and commercial E-TEK Pt/C catalysts. PVP-functionalized
graphene nanosheets were used to load small Pd nanoparticles for producing graphene/Pd nanoparticle hybrids via a
simple and surfactantless route at room temperature. They
used the ascorbic acid for reducing the K2 PtCl4 in an aqueous
solution for direct growth of the Pt on Pd seeds. One of the
main limitations of the Pt-nanoparticle based catalysts is the
lack of durability in the strongly acidic medium. Mazumder
et al. [93] investigated the performance of Pd/FePt core/shell
structure in strongly acidic medium of 0.1 mol HClO4 . They
also showed that the catalysis of these nanoparticles is a
function of FePt shell thickness. Their product showed much
higher durability while exposed to HCLO4 . They compare
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Figure 2: (a) TEM image of truncated octahedral Pd nanocrystals. (b) HRTEM image of a single truncated octahedron of Pd recorded along
the [011] zone axis. (c) TEM image of PdPt nanodendrites. (d) High angle annular dark field (HAADF) STEM image of PdPt nanodendrites.
(Adopted with permission from [90]. Copyright 2009 American Association for the Advancement of Science.)

the ORR of their product with a commercial Pt catalyst
(BASF) and show approximately 12 times higher performance
compared to the commercial counterpart. Wang et al. [94, 95]
proposed a facile and economical approach to improve the
activity and reduce the Pt consumption of the electrocatalysts
by galvanic displacement reaction between PdCu/C and the
PtCl6 2− to deposit the Pt atoms on the template. Liu et al.
[96] proposed a more sophisticated yet facile procedure
for synthesis of PtPd nanoparticles. Their method is based
on coreduction of Pd(acac)2 (acac = acetylacetonate) and
Pt(acac)2 with morpholine borane in oleylamine at 90 and
180∘ C. Based on the operating temperature, they were able to
control the relative proportion of the Pd to Pt. The prepared
nanoparticles exhibit both durability and activity in optimum
proportion of Pd to Pt. Long et al. [97] used a slightly
different approach by employing AgNO3 as the metallic salt.
In their proposed method, the simultaneous reduction of the
mixture of PtPd precursors by ethylene glycol occurred in the
presence of PVP and AgNO3 at 160∘ C. They suggested that
the thickness of the Pd nanoshell can be controlled by the
quantity of the Na2 PdCl4 precursor. They also observed that
the morphologies of the PtPd core/shell nanoparticles depend
on the crystal orientation of these nanoparticles.

For certain applications, such as optical sensing and
localized surface plasmon resonance, nanoparticles with
concave structure have received much attention. Zhang et al.
[98, 99] used a simple galvanic replacement reaction between
PtCl6 2− ions and Pd nanocrystals to fabricate PdPt based
bimetallic concave nanocrystals with different shapes. They
utilized combination of the PVP and KBr as the reducing
medium and utilized the preferential adsorption of Br− ions
only on the 111 facets of Pd and also reaction time to various
morphologies (Figure 3). Their product showed four times
higher catalytic activity compared to commercial Pt/C. Wu et
al. [100] recently devised a very fast procedure for preparing
macroscopic free-standing Pd and PdPt 2D nanomembranes.
They used the aqueous solution of PdCl2 and Na3 CA as
the base at boiling temperature and NH2 OH⋅HCl as the
reducing agent and produced the nanomembranes in a fast
self-assembly at water-air interface as fast as 15 minutes. Their
best performing product (Pd33Pt67 -FNMs) showed 4.4 times
higher catalytic performance than commercial Pt black. In
2013, Huang et al. [101] used a facile wet chemical strategy to
synthesize PdPt bimetallic nanotubes by self-assembly of Pt
and Pd on Te nanowires at room temperature. Te nanowires
were used as both reducing agent and sacrificial template
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Figure 3: The morphology, structure, and composition of the PdPt concave nanocubes that were prepared using the standard procedure.
(a) Scanning electron microscope (SEM) image, (b) HADDF-STEM image, (c) dark-field TEM and energy dispersive spectroscopy (EDS)
mapping/analysis, and (d) HRTEM image. (Adopted with permission from [98]. Copyright 2011 American Chemical Society.)

for obtaining PdPt nanotubes in aqueous solution. They
observed improved stability as well as superior catalytic activity due to the change in morphology of the nanostructures
from zero- to one-dimensional structure. Table 1 summarizes
the key components of wet chemical methods for synthesis of
PdPt nanostructures.
2.1.2. Other Methods. Besides wet chemical reduction of precursor metals, other methods have been proposed for synthesis of PtPd nanoparticles [102–106]. Kobayashi et al.
[103] reported a solid-solution alloy where Pd and Pt are
homogeneously mixed at the atomic level using the process
of hydrogen absorption/desorption (PHAD). Zhang et al.
[104] produced three-dimensional PdPt core/shell nanostructures with controllable shape and composition by using a
one-step microwave heating method. The optimum PdPt
particles have a mass activity of 11 times higher than that of
pure Pt. Similarly, Bo et al. [105] used microwave irradiation
to prepare PtPd bimetallic alloy nanoparticles on onion
shaped mesoporous carbon vesicle (MCV) as a template
in presence of ethylene glycol. More recently, Cao et al.

[106] used electrochemical deposition to consolidate the
PdPt compound on a chitosan-grapheme hybrid (Cs -Gs )
modified glassy carbon electrode (GCE). Their proposed
method involves the deposition of the PdPt in aqueous
solution containing 0.5 mM of H2 PtCl6 and 0.5 mM PdCl2
for 200 seconds. The obtained product has been used as a
biosensor to measure the cholesterol level in blood.
2.2. AuAg Nanostructures. AuAg nanoparticles are of great
importance mainly due to their optical properties owing to
their surface plasmon resonance (SPR). Smaller particles can
strongly scatter the photon path, hence enhancing the electromagnetic field surrounding the particle. This phenomenon
is the main motivation in achieving smaller AuAg nanoparticles with controlled morphologies. However, other properties
of these particles, for example, catalytic activity with CO,
have been investigated and utilized for various purposes.
AuAg nanoparticles (similar to other bimetallic nanoparticles) are prepared in two main categories: alloyed bimetallic nanostructures and core/shell nanoparticles [107]. The
alloyed structures are prepared using three main processes,
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Metallic salts
Na2 PdCl4
H2 PdCl6
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Fuel cell

Na3 CA
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PVP
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oxidation
Optical
sensing

Fuel cell

⋅⋅⋅

PVP/AgNO3

Application
Catalysis

Additive agent
⋅⋅⋅

Table 1: Wet chemical methods for synthesis of PdPt nanostructures.
Performance
Not reported
2.5 more reactive
than Pt/C
Up to 4 times the
base metals
12 times higher
than BASF
30% more active
and durable
3 times higher
current density
4 times higher
than Pt/C
4.4 times higher
Pt black
Better stability
and higher activity
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[100]

[98]

[97]
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Reference
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the simplest being the co-reduction of both monometallic
nanoparticles with poor control on the shape and size.
Second is often referred to as digestive ripening and involves
refluxing a mixture of Au and Ag nanoparticles in 4-tertbutyltoluene for an extended period of time in the presence
of dodecanethiol and argon. Finally, replacement reaction
is another effective alloying procedure for preparing the
AuAg nanoparticles. This method relies on the difference in
standard electrode potential between Au and Ag. Core/shell
structures however are prepared in two main categories,
namely, seed mediated growth and replacement reaction. The
former is the most commonly used method in preparing
core/shell AuAg nanoparticles. The core particles are often
prepared in a separate procedure and shell is being deposited
later in the process. Core and shell atoms are interchangeable
and the morphology of the product is dictated and can be
controlled by the core particles. Replacement reaction can
also be used to create core/shell nanostructures with Ag
cores. This process can fabricate three different products
(core/shell nanoparticles, hollow nanoparticles, and AgAu
alloys) where the size and type of the product are strongly
dictated by the synthesis conditions. The following section
includes important milestones and latest developments in
preparing the AuAg nanoparticles using the above methods.
Similar to the previous section, we start with the wet chemical
reduction methods as the method of choice for facile and
green synthesis of nanoparticles and finish with other novel
methods for this purpose.
2.2.1. Wet Chemical Reduction. In 2004, Selvakannan et al.
[108] were the very first who devised a new ecofriendly
synthesis method for fabricating the AuAg nanoparticles.
Among many amino acids, they found that amino acid,
tyrosine, is capable of reducing silver ions under alkaline
conditions. They used tyrosine to reduce their aqueous silver
sulfate solution and produce the Ag nanoparticles. They again
used tyrosine along with the Ag nanoparticles and HAuCl4
to deposit Ag particles on Au. Later in 2006, Sakai and
Alexandridis proposed poly(ethylene oxide)-poly(propylene
oxide) (PEO-PPO) as the reducing agent for producing AuAg
nanoparticles [109, 110]. They found out that, based on the
concentration of the reductants, they are able to control the
core/shell structure of the product. Based on this observation,
they were able to create different nanostructures all in single
mixing (one-pot) procedure.
Chen et al. [111] and later Lee et al. [112] proposed
a method for fabricating porous cubic shaped nanoparticles with controllable pores. Lee et al. used truncated Ag
nanocubes produced in advance via a thermal annealing
process. Then HAuCl4 is reduced in presence of PVP. The
galvanic replacement reaction occurs with priority on {100}
planes and the amount of HAuCl4 is shown to control the
amount of etching at the corner of cubes while the prepared
nanoparticles can be utilized for drug delivery (Figure 4).
Liu et al. [113] used NaBH4 to reduce the AuCl4 − and
used AgNO3 as the precursor to produce AuAg nanoparticles.
They used commercial silica/alumina as support for the
deposition. They found out that the Ag particles obtained
from the mentioned reduction process are highly uniform
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in size (∼3 nm) even in elevated temperatures and resist
sintering. Their product showed up to 5 times better CO
oxidation capability even better than AU/TiO2 . Among many
chemical reduction methods, Philip in her paper proposed a
unique and completely green procedure for synthesis of AuAg
nanoparticles [114]. She proposed a mushroom extract (from
Volvariella volvacea) as a reducing/stabilizing agent to be
blended with HAuCl4 -3H2 O and AgNO3 . However the size
distribution of the particles seemed to be unfavorably wide.
Recently much attention has been directed toward proposing
a fabrication procedure capable of generating nonsymmetric
bimetallic particles (Figure 5). Xing et al. [115] proposed a
new approach that reduces the symmetry of Au nanocores
in an AuAg nanoparticle by limiting the availability of the
free surface for deposition. In this case, eccentric polymer
PANI (polyaniline) shells have been utilized to control the
overgrowth of Ag+ ions on Au nanorods.
Tokonami et al. [116] proposed a method for synthesis of
AuAg nanoparticles by adding the AgClO4 into an aqueous
dispersion of Au nanoparticles in room temperature. Netzer
et al. [117] report a simple and straightforward method to fabricate AuAg bimetallic porous nanowires with superior surface enhanced Raman scattering activities. Their nanowires
were obtained by dispersing the Ag nanowires in HAuCl4
at room temperature. Recently, Hong et al. [118] report a
technique for producing ultrathin AuAg nanowires by using
octadecylamine as both a solvent and a surfactant. The latest
development in the field involves the use of a particular form
of starch (i.e., degraded pueraria starch-DPS) as a reducing
agent and capping agent reported by Xia et al. [119]. They used
preprepared Ag nanoparticle seeds and mixed them with Au
ions and DPS in an aqueous solution. The resulting bimetallic
nanoparticles were observed to grow in DPS matrix as the
capping and reducing agent. The proposed method yields
spherically shaped nanoparticles with high catalytic activity
(higher than AgAu monometallic nanoparticles) while being
considerably facile and green. Table 2 summarizes the key
components of wet chemical methods for synthesis of AuAg
nanostructures.
2.2.2. Other Methods. Okazaki et al. [120, 121] proposed a
considerably different approach for synthesizing nanoparticles. They used a sputtering technique to simultaneously
deposit gold and silver particles in ionic liquids (ILs). The
composition of nanoparticles is controlled by controlling the
area and arrangement of the metals in the circular foils. They
proposed a fan shape configuration in which the area of both
of the elements can be controlled. The produced nanoparticles have uniformly sized spherical shapes ranging between
3 and 9 nm. Gonzalez et al. used photochemical cleavage
process to generate AuAg nanoparticles [122]. Depending on
the type of surfactant being used, different structures were
obtained, that is, core/shell structures and alloy nanoparticles. In their procedure, they used cetyltrimethylammonium chloride (CTAC) and sodium dodecyl sulfate (SDS)
as surfactants and conventional metallic salts as reductants.
Shang et al. [123] proposed a strategy that extends the use
of polyelectrolyte multilayer (PEM) nanoreactors to generate
bimetallic nanoparticles. Their procedure consists of loading
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Figure 4: SEM images of four different stages of galvanic replacement reaction with Ag nanocubes serving as the sacrificial template. (a)–
(d) Ag nanocubes with sharp corners titrated. (e)–(h) Ag nanocubes with truncated corners reacted. (Adopted with permission from [111].
Copyright 2006 American Chemical Society.)

the polyethylenimine and polyacrylic acid simultaneously
with Ag and Au ions followed by thermal treatment leading
to formation of nanoparticles. Their study illustrates the
role of several parameters such as pH, type of polymers,
and reduction approach in formation and shape of AuAg
nanoparticles. Zhang et al. [124] used underpotential deposition (UPD) combined with redox replacement to fabricate
AuAg nanoparticles. They used glassy carbon (GC) as the
base and reduced the HAuCl4 -H2 O in presence of PVP. The
UPD method has been employed to deposit a thin layer of
Pb on the prepared Au/GC electrode. Morphology of the

particles obtained from this strategy is very similar to the
particles obtained by Tsai et al. [121].
2.3. AuPd Nanostructures. Bimetallic nanostructures are
increasingly being used in fuel cells and sensing applications
due to their predominant catalytic properties, AuPd being
no exception. It has been shown that the AuPd nanocrystals
can act as electrocatalysts for the oxidation of alcohols. The
combination of gold and palladium is popular since these
metals are miscible at any ratio. Due to the high catalytic
activity of Pd and Pt, bimetallic colloids of gold and silver in
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Figure 5: (a) Schematic illustration of the colloidal synthesis of Janus nanoparticles using Au nanorods as seeds. (b, c) TEM images of eccentric
PANI infused (AuAg) nanoparticles. (d) Concentric PANI infused (AuAg) nanoparticles. (e) Eccentric (AuAg) and PANI nanoparticles with
higher reaction time. (f) HRTEM image of the Au-Ag interface. (g) SAED pattern of an eccentric AuAg core. (Adopted with permission from
[115]. Copyright 2011 American Chemical Society.)

combination with Pd and Pt have been studied in great detail.
Similar to previous sections these particles can be prepared
either in an alloy formation or as a core/shell structure. This
section is devoted to the recent advances in preparation of
AuPd nanoparticles.
2.3.1. Wet Chemical Reduction. It has been shown that incorporation of Au into Pd nanoparticles can reduce the material
cost while enhancing their catalytic activity, selectivity, and
stability. Camargo et al. [125] reported the synthesis of PdAu

hybrid nanostructures in tadpole shapes, with the head
being an Au nanoparticle and the tail being a Pd nanorod.
The synthesis is based upon the galvanic replacement reaction between single-crystal Pd nanorods and AuCl4 − ions.
HAuCl4 was added to Pd nanorods which dissolves the Pd
into the solution and deposits the Au on the ends of the rod.
Au deposition only occurs at the ends as electrons resulting
from the oxidation of Pd tend to be separated as far as
possible. As more HAuCl4 was added, more Pd would be
dissolved from the nanorod which causes further deposition
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Figure 6: TEM images of (a) Pd nanorods and (b)–(d) samples that were obtained by titrating the Pd nanorods with different volumes.
(Adopted with permission from [125]. Copyright 2007 American Chemical Society.)

of Au onto both ends of the rods. However at some point the
deposition makes a transition to one-end growth and forms
the particles shown in (Figure 6). Lee et al. [126] utilized
ascorbic acid as a reducing agent and PVP as a stabilizing
agent to synthesize AuPd nanoparticles. They observed that
the nanoparticles inside the solution consolidate into the
three-dimensional flower-shaped nanoparticles. Ksar et al.
[127] devised a method by which they were able to prepare
spherically shaped nanoparticles of PdAu with Pd acting
as shell on the gold rich Au and used Pd(NH3 )4 Cl2 and
[Au(en)2 ]Cl3 as metallic salts and surfactant cetyltrimethylammonium bromide (CTAB) as the reducing agent while
being exposed to 𝛾-irradiation.
Later in 2009, Lee et al. [112] for the first time devised
a one-step aqueous synthesis of core/shell AuPd nanoparticles with a well-defined octahedral shape. They used an
aqueous solution of HAuCl4 /K2 PdCl4 in equal proportions
in presence of CTAC to prepare the nanoparticles in 90∘ C
under various reaction times up to 48 hours (Figure 7). The
obtained nanoparticles show unique electrocatalytic activity
as well as optical properties associated with Pd. Lim et al. [128]
later for the first time were able to control the morphology
and the localized surface plasmon resonance (LSPR) peaks of
nanoparticles by carefully choosing the reducing agents and
molar mixing of the metallic salts. They were able to produce
cubic core/shell PdAu nanoparticles by reducing the HAuCl4
with L-ascorbic acid on Pd nanocubes. Same group later in
2010 used the hydrazine as the reducing agent to coreduce the
HAuCl4 and K2 PdCl4 in aqueous solutions [72]. As a result

they observed the formation of nanodendrites due to the fast
reduction rate of metal ions and subsequent fast growth of the
particles (Figure 8).
Mazumder et al. [129] later reported a method which
could control the thickness of the Au deposit on the Pd
nanoparticles. They similarly used Pd (acac)2 (acac = aceylacetonate) for preparing the Pd seeds then used the HAuCl4
in presence of oleylamine (OAm) at 80∘ C to deposit the Au.
Zhan et al. [130] proposed an entirely ecofriendly and fast
method for preparation of the AuPd bimetallic nanoparticles.
They used the cacumen platycladi leaf extract as the reducing
agent to coreduce the Au and Pd precursors (obtained from
HAuCl4 and PdCl2 ) in an aqueous solution. The obtained
nanoparticles have a spherical shape (Figure 9).
Liu and Yang [131] proposed a method in which they
coreduce the HAuCl4 and PdCl2 in presence of dextran as
the reducing agent and maintain the temperature in 100∘ C for
12 hours. The result is bimetallic AuPd foam with interlaced
necklaces assembled from granular nanocrystals.
Hong et al. [132] were able to produce octapodal
shaped AuPd nanoparticles by selective etching of {100}
facets of K2 PdCl4 by the AuBr4 − . They coreduced the
NaAuBr4 /K2 PdCl4 in presence of L-ascorbic acid and CTAC
at 50∘ C. They observed the effect of Br− reducing the Au
as a function. The high surface energy of the Au atoms on
{100} is reported to be the main reason for the difference in
reduction of various facets of nanoparticles. Recently AuPd
nanoparticles are widely being used in diagnostic medicine.
Ge and coworkers used an aqueous solution of Na2 PdCl4 ,
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Figure 7: (a) SEM and (b) HRTEM images of the AuPd nanooctahedra. (c) High-magnification HRTEM image of the square region in (b).
(d) HAADF-STEM image and cross-sectional compositional line profiles of an AuPd nanooctahedron. (e) HAADF-STEM-EDS mapping
images of the AuPd nanooctahedra. (Adopted with permission from [112]. Copyright 2009 American Chemical Society.)
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Figure 8: TEM images of (a) Au1 Pd1 , (b) Au3 Pd1 , and (c) Au1 Pd3 bimetallic nanoparticles. (Adopted with permission from [72]. Copyright
2010 American Chemical Society.)

HAuCl4 , and ascorbic acid as the reducing agent to synthesize
AuPd nanoparticles for detecting cancer cells [133]. Table 3
summarizes the key components of wet chemical methods for
synthesis of AuPd nanostructures.
2.3.2. Other Methods. Mandal et al. [134] proposed Keggin
ion-capped gold nanoparticles after UV illumination as
reducing agents while exposing them to Pd2+ and Pt4+ ions
for selective reduction of nanoparticles only on the surface.
For the first time, they were able to avoid the nucleation of

Pd and Pt nanoparticles in solution. Later a novel method
was proposed by Kobayashi et al. to synthesize solid solution
nanoparticles with Pd and Au being homogeneously mixed
at the atomic level with various varying atomic ratios [135].
They used H2 gas as a reducing agent. They first reduced
the PdCl2 by alcoholic reduction reaction and then mixed
HAuCl4 in presence of H2 gas. The XRD and TEM tests reveal
that the Pd and Au atoms are homogeneously mixed in the
obtained nanoparticles. Zhang et al. [136] recently proposed
a procedure to use ionic liquid microemulsion as the reducing
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Figure 9: TEM image (a), HRTEM image (b), and selected area diffraction pattern (c) of the AuPd bimetallic nanoparticles. (Adopted with
permission from [130]. Copyright 2011 Elsevier.)

agent. They employed H2 O/Triton X-100 (TX-100)/1-butyl3-methylimidazolium hexafluorophosphate to reduce the
[PdCl6 ]2− ions. Their method produces Pd4 Au small sized
nanoparticles with a uniform size distribution. In 2013, He
and coworkers [137] developed a method to produce AuPd
nanoparticles without the need to reducing agents. They used
grapheme oxide (GO) to simultaneously reduce both Au
and Pd and form a stable suspension of AuPd nanoparticles.
The proposed method is important from environmental
standpoint as there are no reductants being used and since the
product AuPd nanoparticles/GO catalyst is recyclable. Finally
Chen et al. in 2014 have used electrodeposition of Pd particles
on Au substrate to create DNA modified sensors for Pb ion
detection [138].
2.4. Ag (M) Nanostructures. Ag nanoparticles have recently
attracted much attention owing to their excellent properties originating from string surface plasmon resonance
and surface-enhanced Raman scattering. It has also been
observed that Ag ions play an important role in regulating the
nanocrystal growth [139]. Furthermore, it has been observed

that alloying with Ag improves the catalytic and optical
response of the other metal [102, 140]. However combination
of Ag with other metals is less investigated. In this section,
we present the latest achievements in preparing bimetallic
nanoparticles containing Ag as one of the constituents. In
2003, He et al. used a stepwise ion-exchange reduction
approach to produce AgPd nanoparticles [141]. The ionexchanged sites were prepared on thin TiO2 films using Mg2+
ion. The Ag+ and Pd2+ ions then replace the Mg2+ ions
using the reducing H2 plasma. Their product demonstrates
an improved catalytic activity of 367 times more than that of
Pd black and 1.6 times more than that of Pd monometallic
nanoparticles. Their research has been a successful try for
synthesis of bimetallic nanoparticles using a facile and energy
efficient method; however, the proposed method had little
control over the morphology of the nanoparticles. Later, Liu
et al. used ethanol combined with HCHO to modify the
seeding process of Ag preparation and were able to achieve
uniform shell-core and hollow CuAg and PtAg nanoparticles
[142].

Method
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Reduction
Reduction
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Structure
1D
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Pd(NH3 )4 Cl2
[Au(en)2 ]Cl3
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⋅⋅⋅
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Table 3: Wet chemical methods for synthesis of AuPd nanostructures.
Application
Catalysis
SERS
Fuel cell
Catalysis
SPR
Catalysis
Catalysis
SERS
Fuel cell
Cancer cell sensing

Performance
Not reported
3.5 times Pd NPs
Not reported
Not reported
Not reported
Not reported
Not reported
High SERS (6G)
Not reported
Not reported
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Figure 10: Typical (a) SEM and (b) TEM images of AgAu nanoboxes; (c) electron diffraction pattern of a single nanobox; (d) HRTEM
image near the box wall; (e) HAADF/STEM image; (f, g) STEM/EDX element mappings of Ag and Au, respectively; and (h) cross-section
composition line profiles of one nanobox. (Adopted with permission from [146]. Copyright 2010 American Chemical Society.)

Lee et al. [143] used the simultaneous reduction of
Pd(OAc)2 and AgNO3 in presence of SDS to produce
core/shell nanoparticles with more concentration of Pd on
the shell. They were also able to control the size of the
nanoparticles by changing the proportion of the Ag and Pd
ions concentration. Gao et al. [144] showed that successive
reduction of AgNO3 and H2 PtCl6 using hydrazine will create
hollow bimetallic nanoparticles with controllable plasmon
resonance peaks. Xu and coworkers [145] used diphenyl ether
(DPE) to deposit Pt on Ag nanoparticles to prepare hollow
Pt nanoparticles. However, their work is presented here in
regard to their synthesis process. Later in 2010, He et al.
[146] proposed a fast method to prepare hollow and porous
nanoparticles with Ag being the parent metal combined with
other metals, for example, Au, Pt, and Pd. They used Lascorbic acid to reduce the different aqueous metallic salt
solutions. They report that the surfactant CTAB molecules
greatly affect the morphologies of the obtained nanoparticles
(Figures 10 and 11).
Recently, Sachen and coworkers [147] used a pulsed
laser dewetting technique on bilayer Ag and Co films to
make bimetallic nanoparticle arrays. Thickness of individual
layers as well as the arrangement of the layers controls
the size characteristics of nanoparticles. Although their
method is not considered to be a facile method, here
we report it as one of the recently established routes
in processing the Ag nanoparticles. In 2013, Szyman’ska
reported a chemical vapor deposition technique to synthesize AgCu nanoparticles [148]. The [Ag(𝜇-O2 CC2 F5 )]n and

[Cu{CH2 =C(H)SiMe3 }(𝜇-O2 CC2 F5 )]m were used as precursors under high pressure and temperature to deposit the
Ag and Cu particles on Si substrate. The proposed method
however is costly and is not accessible for general use.
2.5. Cu (M) Nanostructures. Studies of catalytic reduction of
nitrates indicate the efficacy of bimetallic nanosized catalysts
compared to their monometallic counterparts. These catalysts are often the combination of a metal from transition
group of periodic table (i.e., Cu, Fe, etc.) with a nobel metal
(i.e., Pd, Pt, etc.). Cu based bimetallic nanoparticles are
proven to be efficient in catalytic reaction, for example, in
nitrate reduction; hence they are discussed in this section.
Liu et al. [149] proposed a colloidal method for synthesis
of CuPt nanorods that could yield results in less than an
hour. They proposed mixing of Pt (acac)2 , Cu(acac)2 , 2hexadecanediol, oleic acid, oleylamine (as a stabilizer), and
1-octadecene all at once and heating the solution first up to
120∘ C for 20 minutes and then up to 225∘ C for 30 minutes.
The result is a combination of CuPt nanorods and with
a small portion of nanospheres that are separated using
centrifugation (Figure 12). They also report that an increase in
molar ratio of oleylamine will increase the length of nanorods
while the same effect can be obtained by using diphenyl ether
and dibenzyl ether as solvents. Other nanoparticle shapes
such as monodisperse spherical CuPt nanocrystals can also
be obtained in shorter heating times and lower temperatures.
Even CuPt nanocubes can be synthesized by using larger
portions of 1,2-hexadecanediol.
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Figure 11: SEM image of (a) Pd nanocubes and (b) SEM, (c) TEM, and (d) HRTEM images of branched AgPd nanocrystals, (e) is the enlarged
image of the white box in panel (d), (f) HAADF/STEM image and STEM/EDS element mappings (for (g) Ag and (h) Pd of AgPd nanocrystals.
(Adopted with permission from [146]. Copyright 2010 American Chemical Society.)
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Figure 12: TEM images of Cu-Pt nanorods with average lengths of (a) 12.6, (b) 27.8, (c) 37.1, and (d) 55.5 nm. (e) Cu-Pt cubes and (f) Cu-Pt
nanorod catalyst prior to reaction. (Adopted with permission from [149]. Copyright 2009 American Chemical Society.)

In general, monodisperse cubic nanocrystals are of great
interest as building blocks for self-assembly [150, 151]. However up until recently, there has been no report of producing sub-10 nm gold nanoparticles [152]. Liu and Hight
Walker proposed a one-step colloidal polyol approach for
the synthesis of single crystalline AuCu nanocubes with
controllable size and composition [153]. Their method comprises simultaneous reduction of Cu(acac)2 and HAuCl4
by 1,2-hexadecanediol (HDD) in diphenyl ether (DPE) solvent, in presence of 1-adamantanecarboxylic acid (ACA), 1hexadecylamine (HDA), and 1-dodecanethiol (DDT).
They also performed a number of investigations on the
effect of reaction parameters and found out that the size of
nanocubes has direct relationship with the amount of DDT,
Cu(acac)2 , and HAuCl4 present in the reaction. Therefore,
by reducing the amount of these agents they were able to
obtain nanocubes with edge length of 5 nm (Figure 13). They
also found out that composition of the nanocubes can be
controlled by careful adjustment of the same agents while
keeping the morphology of the product constant. Mazumder
et al. [154] also used a similar approach by reducing Cu(acac)2
and PdBr2 in oleylamine and trioctylphosphine. They were
able to control the size and composition of the spherically

shaped nanoparticles by carefully adjusting the reaction
parameters, for example, heating rate and metal salt molar
ratios.
Yu and Zhou [155] recently investigated the process
of nanoparticle formation in CuPt bimetallic nanoparticles. They produced the CuPt nanoparticles by reducing
the Pt(acac)2 and CuSO4 ⋅5H2 O as metallic precursors, in
presence of hexadecylamine or PVP as capping agents.
Their incremental investigation on crystal morphology of
the nanoparticles produced in presence of hexadecylamine
reveals that unlike conventional thinking the precursor salts
form amorphous clusters in very early stages of reaction
(Figure 14). Later in the process these clusters combine
and form crystalline islands which are the base for the
core/shell structure of the nanoparticles. The crystallization
was observed to extend from shell to core. However this form
of nanoparticle formation was not observed when PVP was
employed as a capping agent and classic formation route was
confirmed for this capping agent.
In 2013, Su et al. [156] produced PtCu nanotubes using the
conventional galvanic reaction. They first produced the Cu
nanowires by mixing the sodium hydroxide and Cu(NO3 )2
and the triggering agent N2 H4 . The ethanol solution of
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Figure 13: (a) TEM image of AuCu3 nanocubes, (b) TEM diffraction pattern, (c) HRTEM of as-prepared nanocubes, and (d) STEM image
and the corresponding EDX spectra following a line scanning profile of a single nanocube. The unmarked scale bars represent 5 nm. (Adopted
with permission from [153]. Copyright 2010 WILEY-VCH Verlag GmbH & Co.)

the obtained Cu nanowires was mixed, H2 PtCl6 ⋅6H2 O with a
Pt to Cu ratio of 0.5. The produced PtCu nanotubes exhibit 10fold improved activity with respect to oxygen reduction reaction. In addition, the durability of the produced nanotubes
improved compared to the Pt/C (40%) and Pt black.
2.6. Pt (M) Nanostructures. Xiao et al. [157] developed a
novel nonenzymatic glucose sensor based on PtM (M =
Ru, Pd, and Au) nanoparticles. In this study, the bimetallic
PtM nanocatalysts were prepared on the composite surface of multiwalled carbon nanotubes-ionic liquid by using
ultrasonic electrodeposition method. The synthesized PtM
nanoparticles were well-dispersed and showed the behaviors
of alloy. The atomic ratio of PtM was roughly consistent
with the concentration ratio in the electrodeposition solution. Electrochemical observation showed that the PtRu
(1 : 1)-multiwalled carbon nanotubes-ionic liquid modified
electrode had large active surface and high electrocatalytic
activity for glucose oxidation in neutral solutions. When it
was used as a glucose sensor, the linear range, sensitivity,
reproducibility, and selectivity were acceptable. They concluded that the novel sensor has potential application in
glucose detection. Wu et al. [158] introduced a new approach
to prepare ultralow Pt-loading Au flower-like nanostructures
using an underpotential deposition process. Electrochemical data depict that this ultralow Pt-loading Au flowerlike nanostructures exhibit excellent electrocatalytic activity
towards the reduction of hydrogen peroxide and glucose
oxidation. They have also shown good reproducibility and

selectivity, a low detection limit, and a wide linear range,
which can potentially be utilized as a novel biosensor to
analyze applicable samples. Their finding is of importance
for the sensing application of bimetallic nanomaterials made
by the underpotential deposition redox replacement method.
S. Alayoglu et al. [159] investigated the guided synthesis
of a nanoparticle catalyst comprising a Ru core covered
with an approximately 1 and 2 monolayer-thick shell of
Pt atoms. Next, the distinct catalytic properties of these
well-characterized core/shell nanoparticles were studied for
preferential CO oxidation in hydrogen feeds. For H2 streams
containing 1000 p.p.m. CO, the H2 lightoff is complete by
30∘ C, which is significantly better than for traditional PtRu
nanoalloys (85∘ C), monometallic mixtures of nanoparticles
(93∘ C), and pure Pt particles (170∘ C). Furthermore, density
functional theory studies suggest that the improved catalytic
activity for the core/shell nanoparticle originates from a
combination of an increased availability of CO-free Pt surface
sites on the RuPt nanoparticles and a hydrogen-mediated
low-temperature CO oxidation process that is obviously distinct from the traditional bifunctional CO oxidation mechanism reported in the literature. Guo and Sun [160] developed
a facile solution-phase self-assembly method to deposit FePt
nanoparticles on the graphene surface. Based on this study,
the graphene/FePt nanoparticles show enhanced catalytic
activity and durability for oxygen reduction reaction (ORR)
in 0.1 M HClO4 solution. Especially, the graphene/FePt
nanoparticles annealed at 100∘ C for 1 h have ORR activity
about 2 times higher than the unannealed graphene/FePt

Journal of Nanomaterials

19

(a)

(b)

(c)

(d)

Figure 14: HRTEM images from specimens of CuPt nanoparticles after different reaction times: (a) 6 min; (b) 8 min; (c, d) HRTEM images
of nanoparticles after heating for 0.5 h and 1.5 h, respectively. (Adopted with permission from [155]. Copyright 2013 Elsevier.)

nanoparticles, 3.7−4.5 times higher than the graphene/FePt
nanoparticles, and 5.9−8.8 times higher than the commercial graphene/Pt nanoparticles in the reduction potential
range of 0.512−0.557 V (versus Ag/AgCl). The graphene/FePt
nanoparticles are also stable under the ORR conditions and
show nearly no activity change after 10000 potential sweeps
between 0.4 and 0.8 V. This work demonstrates that grapheme
is indeed a promising support to enhance nanoparticles
activity and durability for ORR. The reported self-assembly
method in this study can be generalized to produce various
graphene/nanoparticles for catalytic applications. Zheng et
al. [161] investigated a simple procedure for the synthesis of
PtSn bimetallic nanoparticle catalyst. The as-prepared PtSn
nanoparticles were in a better dispersion with smaller size.
Electrocatalytic oxidation of methanol on the PtSn bimetallic
nanoparticles showed remarkably enhanced activity and
lifetime compared to that of Pt nanoclusters. Wang et al.
[162] reported on a facile and environment-friendly method
to synthesize intermetallic PtPb nanodendrites with controllable compositions (Figure 15). This involves a hydrothermalassisted coreduction of Pt and Pb inorganic precursors by

formic acid in an aqueous solution without the use of
any surfactant. Their systematic structural characterization
and in situ electrochemical infrared spectroscopic studies
of the formed PtPb nanodendrites show that the underlying morphogenesis, resulting from the intermetallic phase
evolution from a Pt-based face-centered cubic (FCC) to
a PtPb hexagonal type, is responsible for the significant
improvement in electrocatalytic activities toward the electrochemical oxidation of formic acid. They have expected these
intermetallic compounds with novel dendritic morphology
to show versatile technological applications, such as metal
alloying and processing, surface plasmon-related research
topics, design of novel bio- and chemical sensors, and fuel
cell catalyst development. In addition to their important
physical properties, the advanced hierarchical structures of
the as-synthesized nanodendrites are expected to hold great
potential for assembling hybrid functional nanodevices and
nanosystems.
2.7. Pd (M) Nanostructures. Li et al. synthesized [163] PdCo
bimetallic hollow nanospheres of about 80 nm diameter
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Figure 15: SEM migrographs of the as-synthesized Pt-containing nanostructures. (Adapted with permission from [162]. Copyright 2009
American Chemical Society.)

size and of about 9 nm thickness by use of polyethylene
glycol solution. They reported this synthesis route as the
first example of Pd-containing bimetallic hollow nanospheres
using soft template synthesis. Furthermore, this method was
successfully used to catalyze the Sonogashira reaction, which
reveals obvious advantages such as environmentally friendly
reaction conditions (the reaction proceeded in water), the
recyclability of the catalyst, simple experimental operation,
and high yields. It is also a new application of PdCo nanoparticles in organic synthesis. Similar fabrication of Co, PdNi, Ag2 S, and CdS hollow spheres via polyethylene glycolassisted route suggests that this facile, fast, and effective
method can be extended to prepare a variety of nanoscale
hollow spheres.
Wang et al. [164] reported on a simple method for the
fabrication of Pd-rich Pdx Co alloy nanoparticles supported
on carbon, using an adsorbate-induced surface segregation
effect. The electronic properties of Pd were modulated by
alloying with different amounts of Co, which can affect
the oxygen reduction reaction (ORR) activity. The electrocatalytic activity of the Pd3 Co@Pd/C nanoparticles for the
ORR was reported to enhance by spontaneously depositing
a nominal monolayer of Pt. The activities of the different
catalysts for the ORR could be correlated with the oxygen

adsorption energy and the d-band center of the catalyst
surface, as calculated using density functional theory, which
is in agreement with previous theoretical studies. They have
stated that the materials synthesized herein are promising
cathode catalysts for fuel cell applications and the facile
synthesis method could be readily adapted to other catalyst
systems, facilitating screening of high efficiency catalysts.
Caixia and coworkers investigated [165] the fabrication of
novel PdCu bimetallic nanocomposites with hierarchically
hollow structures through a simple galvanic replacement
reaction using dealloyed nanoporous copper (NPC) as both
template and reducing agent. The reaction process was monitored by UV-vis absorbance spectra and X-ray diffraction
(XRD), which clearly demonstrate a structure evolution from
NPC precursor to a Pd-rich PdCu alloy structure upon the
completion of the reaction. Structural characterization by
use of SEM and TEM reveals that the replacement reaction
between NPC and [PdCl4 ]2− solution results in a nanotubular
mesoporous structure with a nanoporous shell, which is
comprised of interconnected alloy nanoparticles with size
around 3 nm. Based on this study, the resulted PdCu nanostructure shows superior activity toward oxygen reduction
reaction (ORR) with a half-wave potential at 0.840 V, which is
significantly better than that of the commercial Pt/C catalyst.
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Figure 16: (a) TEM image of the CoPt hollow spheres with a bar scale of 200 nm; (b) HRTEM image of the CoPt hollow spheres with a bar
scale of 100 nm; (c) SEM image of the CoPt hollow spheres with a bar scale of 1ı́m; and (d) HRSEM image of the CoPt hollow spheres with a
bar scale of 100 nm. (Adapted with permission from [167]. Copyright 2007 American Chemical Society.)

2.8. Co (M) Nanostructures. Han et al. [166] fabricated chainlike CoCu hollow nanoparticles via a one-pot facile synthesis
process, in which Co nanoparticles were reduced by NaBH4
first to provide an in situ template for the formation of
the CoCu hollow nanoparticles. Next, they selected the
reduction of p-nitrophenol to p-aminophenol by NaBH4
as a model system to evaluate the catalytic activity of the
resulting chain-like CoCu hollow nanoparticles. Interestingly
enough, they have seen that the chain-like CoCu hollow
nanoparticles showed high catalytic ability over Cu nanoparticles due to their higher surface areas. Moreover, the chainlike CoCu hollow nanoparticles possessed excellent cycle
stability and good magnetic property, indicating their great
potential applications as catalysts. The method employed
in this study may provide a way to synthesize other transition metal nanocomposites for other applications. Chen
et al. [167] reported one-step chemical synthesis of CoPt
hollow spheres with adjustable composition in an effort
to explore new synthesis methods, simplify the synthesis
procedure, and improve the synthetic efficiency. In this
synthesis, a direct thermolytic reduction of platinum acetylacetonate [Pt(CH3 COHCOCH3 )2 ] and cobalt(II) acetate
[Co(CH3 COO)2 ] in refluxing ethyl glycol was explored. In

the reacting mixture, an anionic surfactant sodium dodecyl sulfate (SDS) was used as the capping and structuredirecting agent. Figure 16 demonstrates TEM images of
the synthesized CoPt hollow spheres. These synthesized
CoPt hollow spheres demonstrated enhanced electrocatalytic
activity toward methanol oxidation in comparison with
Pt nanoparticles, which is crucial for anode electrocatalysis in DMFCs. Vasquez et al. [168] reported on the first
example of hollow magnetic CoPt nanospheres synthesized
through a novel and potentially general one-pot reaction
that exploits an in situ sacrificial template. These hollow
magnetic nanospheres have important potential applications
in drug delivery, catalysis, and composites industries. TEM
images of the products are shown in Figure 17. Yan et al.
[71] reported a general strategy for preparing magnetically
recyclable AuCo core/shell nanoparticles using a one-step
seeding-growth method under ambient atmosphere within
a short time. Unexpectedly, in contrast to its monometallic
and alloy counterparts, the resultant magnetically recyclable
AuCo nanoparticles exert excellent catalytic activity and
long-term stability toward the hydrolytic dehydrogenation of
aqueous AB under ambient atmosphere at room temperature.
Moreover, this rational and general method can be easily
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Figure 17: TEM micrographs of (a) CoPt hollow spheres and (b) a single hollow sphere showing that it is comprised of smaller particles; (c)
elemental mapping data (Co and Pt) for the sphere in (b); TEM micrographs of (d) the Co nanoparticle template generated in situ and CoPt
samples taken after reaction times of (e) 1 min and (f) 5 min. The hollow structures remain stable after heating to 300∘ C on a TEM grid (g).
(Adapted with permission from [168]. Copyright 2005 American Chemical Society.)

extended to the other metallic systems, which are used as
optical, magnetic, and electrical materials as well as heterogeneous catalysts.

3. Conclusions
Synthesis of bimetallic nanocrystals with controlled morphologies has attracted much attention during the last decade
based on their efficiency in various applications particularly
in catalysis, sensing, and drug delivery. Among several methods, wet chemical (colloidal) synthesis methods have been
more popular due to their ease of use and their potential for
implementing environmentally friendly production routes.
We categorize these methods into four groups, namely, continuous growth, crystalline coalescence, core/shell growth,

and galvanic replacement. Based on the type of application,
each of the above may be preferred; however, to the best of
our knowledge galvanic replacement and core/shell growth
methods are the two most preferred synthesis methods in
the recent years. In these methods, it has been observed that
the morphology of the product is dependent on many factors, most importantly temperature of the reaction, reaction
duration, facet bias of capping agents, and reduction potential
of any of the involved agents. Despite recent advances in
controlling the morphologies of nanostructures, the literature
suggests that only the morphology of the Pt and Pd based
nanocrystals can readily be determined while the similar
control is not evident for other noble metals. Recent literature
in this field suggests that researchers are employing organic
and less powerful reductants to reduce the environmental

Journal of Nanomaterials
impact associated with the production of these materials.
However, use of such materials inhibits the use of nonnoble
metals that are readily available with less cost. Despite the
performance of the products (multiple times better than the
parent metals) and the advances in producing them, many of
the proposed methods which are only applicable in laboratory
scale are still expensive to be implemented in the industrial
scale. Addressing the above limitations opens up new avenues
for future research.
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N. S. Sobal, U. Ebels, H. Möhwald, and M. Giersig, “Synthesis
of core-shell PtCo nanocrystals,” Journal of Physical Chemistry
B, vol. 107, no. 30, pp. 7351–7354, 2003.

Journal of Nanomaterials
[61] D. Kodama, K. Shinoda, K. Sato et al., “Chemical synthesis
of sub-micrometer- to nanometer-sized magnetic FeCo dice,”
Advanced Materials, vol. 18, no. 23, pp. 3154–3159, 2006.
[62] C. Wang, S. Peng, L.-M. Lacroix, and S. Sun, “Synthesis of high
magnetic moment CoFe nanoparticles via interfacial diffusion
in core/shell structured Co/Fe nanoparticles,” Nano Research,
vol. 2, no. 5, pp. 380–385, 2009.
[63] O. M. Wilson, R. W. J. Scott, J. C. Garcia-Martinez, and R.
M. Crooks, “Synthesis, characterization, and structure-selective
extraction of 1-3-nm diameter AuAg dendrimer-encapsulated
bimetallic nanoparticles,” Journal of the American Chemical
Society, vol. 127, no. 3, pp. 1015–1024, 2005.
[64] T. Som and B. Karmakar, “Core-shell Au-Ag nanoparticles
in dielectric nanocomposites with plasmon-enhanced fluorescence: a new paradigm in antimony glasses,” Nano Research, vol.
2, no. 8, pp. 607–616, 2009.
[65] Y. Kang, X. Ye, and C. B. Murray, “Size- and shape-selective
synthesis of metal nanocrystals and nanowires using CO as a
reducing agent,” Angewandte Chemie, vol. 49, no. 35, pp. 6156–
6159, 2010.
[66] Y. Kang and C. B. Murray, “Synthesis and electrocatalytic
properties of cubic Mn-Pt nanocrystals (nanocubes),” Journal of
the American Chemical Society, vol. 132, no. 22, pp. 7568–7569,
2010.
[67] X. Gu, L. Xu, F. Tian, and Y. Ding, “Au-Ag alloy nanoporous
nanotubes,” Nano Research, vol. 2, no. 5, pp. 386–393, 2009.
[68] Z. Liu, G. S. Jackson, and B. W. Eichhorn, “PtSn intermetallic,
core-shell, and alloy nanoparticles as CO-tolerant electrocatalysts for H2 oxidation,” Angewandte Chemie, vol. 49, no. 18, pp.
3173–3176, 2010.
[69] J. Xu, T. White, P. Li et al., “Biphasic Pd-Au alloy catalyst for lowtemperature CO oxidation,” Journal of the American Chemical
Society, vol. 132, no. 30, pp. 10398–10406, 2010.
[70] Y. Yoo, K. Seo, S. Han et al., “Steering epitaxial alignment of
Au, Pd, and AuPd nanowire arrays by atom flux change,” Nano
Letters, vol. 10, no. 2, pp. 432–438, 2010.
[71] J.-M. Yan, X.-B. Zhang, T. Akita, M. Haruta, and Q. Xu,
“One-step seeding growth of magnetically recyclable AU@Co
core-shell nanoparticles: highly efficient catalyst for hydrolytic
dehydrogenation of ammonia borane,” Journal of the American
Chemical Society, vol. 132, no. 15, pp. 5326–5327, 2010.
[72] Y. W. Lee, M. Kim, Y. Kim, S. W. Kang, J.-H. Lee, and
S. W. Han, “Synthesis and electrocatalytic activity of Au-Pd
alloy nanodendrites for ethanol oxidation,” Journal of Physical
Chemistry C, vol. 114, no. 17, pp. 7689–7693, 2010.
[73] J. Zhang, H. Yang, J. Fang, and S. Zou, “Synthesis and oxygen
reduction activity of shape-controlled Pt3 Ni nanopolyhedra,”
Nano Letters, vol. 10, no. 2, pp. 638–644, 2010.
[74] G. Krylova, N. M. Dimitrijevic, D. V. Talapin et al., “Probing the
surface of transition-metal nanocrystals by chemiluminesence,”
Journal of the American Chemical Society, vol. 132, no. 26, pp.
9102–9110, 2010.
[75] R. Ferrando, J. Jellinek, and R. L. Johnston, “Nanoalloys: from
theory to applications of alloy clusters and nanoparticles,”
Chemical Reviews, vol. 108, no. 3, pp. 845–910, 2008.
[76] D. Wang, T. Xie, Q. Peng, and Y. Li, “Ag, Ag2S, and Ag2Se
nanocrystals: synthesis, assembly, and construction of mesoporous structures,” Journal of the American Chemical Society,
vol. 130, no. 12, pp. 4016–4022, 2008.
[77] T. K. Sau and A. L. Rogach, “Nonspherical noble metal nanoparticles: colloid-chemical synthesis and morphology control,”
Advanced Materials, vol. 22, no. 16, pp. 1781–1804, 2010.

25
[78] U. Banin, “Nanocrystals: tiny seeds make a big difference,”
Nature Materials, vol. 6, no. 9, pp. 625–626, 2007.
[79] H. Rui, R. Xing, Z. Xu, Y. Hou, S. Goo, and S. Sun, “Synthesis,
functionalization, and biomedical applications of multifunctional magnetic nanoparticles,” Advanced Materials, vol. 22, no.
25, pp. 2729–2742, 2010.
[80] T. Novet and D. C. Johnson, “New synthetic approach to
extended solids: selective synthesis of iron suicides via the
amorphous state,” Journal of the American Chemical Society, vol.
113, no. 9, pp. 3398–3403, 1991.
[81] C. Suryanarayana, “Mechanical alloying and milling,” Progress
in Materials Science, vol. 46, no. 1-2, pp. 1–184, 2001.
[82] C. Xu, H. Wang, P. K. Shen, and S. P. Jiang, “Highly ordered
Pd nanowire arrays as effective electrocatalysts for ethanol
oxidation in direct alcohol fuel cells,” Advanced Materials, vol.
19, no. 23, pp. 4256–4259, 2007.
[83] S. Sun, F. Jaouen, and J.-P. Dodelet, “Controlled growth of
Pt nanowires on carbon nanospheres and their enhanced
performance as electrocatalysts in PEM fuel cells,” Advanced
Materials, vol. 20, no. 20, pp. 3900–3904, 2008.
[84] C. Zhu, S. Guo, and S. Dong, “PdM (M = Pt, Au) bimetallic alloy
nanowires with enhanced electrocatalytic activity for electrooxidation of small molecules,” Advanced Materials, vol. 24, no.
17, pp. 2326–2331, 2012.
[85] S. Guo and S. Dong, “Metal nanomaterial-based self-assembly:
development, electrochemical sensing and SERS applications,”
Journal of Materials Chemistry, vol. 21, no. 42, pp. 16704–16716,
2011.
[86] C. Koenigsmann, A. C. Santulli, K. Gong et al., “Enhanced
electrocatalytic performance of processed, ultrathin, supported
Pd-Pt core-shell nanowire catalysts for the oxygen reduction
reaction,” Journal of the American Chemical Society, vol. 133, no.
25, pp. 9783–9795, 2011.
[87] Q. Yuan, Z. Zhou, J. Zhuang, and X. Wang, “Pd-Pt random
alloy nanocubes with tunable compositions and their enhanced
electrocatalytic activities,” Chemical Communications, vol. 46,
no. 9, pp. 1491–1493, 2010.
[88] H. Zhang, M. Jin, and Y. Xia, “Enhancing the catalytic and
electrocatalytic properties of Pt-based catalysts by forming
bimetallic nanocrystals with Pd,” Chemical Society Reviews, vol.
41, no. 24, pp. 8035–8049, 2012.
[89] B. Lim, J. Wang, P. H. C. Camargo, M. Jiang, M. J. Kim, and
Y. Xia, “Facile synthesis of bimetallic nanoplates consisting of
Pd Cores and Pt shells through seeded epitaxial growth,” Nano
Letters, vol. 8, no. 8, pp. 2535–2540, 2008.
[90] B. Lim, M. Jiang, P. H. C. Camargo et al., “Pd-Pt bimetallic
nanodendrites with high activity for oxygen reduction,” Science,
vol. 324, no. 5932, pp. 1302–1305, 2009.
[91] B. Lim, M. Jiang, T. Yu, P. H. C. Camargo, and Y. Xia,
“Nucleation and growth mechanisms for Pd-Pt bimetallic nanodendrites and their electrocatalytic properties,” Nano Research,
vol. 3, no. 2, pp. 69–80, 2010.
[92] S. Guo, S. Dong, and E. Wang, “Three-dimensional Pt-on-Pd
bimetallic nanodendrites supported on graphene nanosheet:
facile synthesis and used as an advanced nanoelectrocatalyst for
methanol oxidation,” ACS Nano, vol. 4, no. 1, pp. 547–555, 2010.
[93] V. Mazumder, M. Chi, K. L. More, and S. Sun, “Core/Shell
Pd/FePt nanoparticles as an active and durable catalyst for the
oxygen reduction reaction,” Journal of the American Chemical
Society, vol. 132, no. 23, pp. 7848–7849, 2010.

26
[94] H. Wang, R. Wang, H. Li, Q. Wang, J. Kang, and Z. Lei, “Facile
synthesis of carbon-supported pseudo-core@shell PdCu@Pt
nanoparticles for direct methanol fuel cells,” International
Journal of Hydrogen Energy, vol. 36, no. 1, pp. 839–848, 2011.
[95] L. Wang, Y. Nemoto, and Y. Yamauchi, “Direct synthesis of
spatially-controlled Pt-on-Pd bimetallic nanodendrites with
superior electrocatalytic activity,” Journal of the American
Chemical Society, vol. 133, no. 25, pp. 9674–9677, 2011.
[96] Y. Liu, M. Chi, V. Mazumder et al., “Composition-controlled
synthesis of bimetallic PdPt nanoparticles and their electrooxidation of methanol,” Chemistry of Materials, vol. 23, no. 18,
pp. 4199–4203, 2011.
[97] N. V. Long, T. D. Hien, T. Asaka, M. Ohtaki, and M.
Nogami, “Synthesis and characterization of Pt-Pd alloy and
core-shell bimetallic nanoparticles for direct methanol fuel
cells (DMFCs): enhanced electrocatalytic properties of wellshaped core-shell morphologies and nanostructures,” International Journal of Hydrogen Energy, vol. 36, no. 14, pp. 8478–8491,
2011.
[98] H. Zhang, M. Jin, J. Wang et al., “Synthesis of Pd-Pt bimetallic
nanocrystals with a concave structure through a bromideinduced galvanic replacement reaction,” Journal of the American
Chemical Society, vol. 133, no. 15, pp. 6078–6089, 2011.
[99] H. Zhang, M. Jin, H. Liu et al., “Facile synthesis of Pd-Pt Alloy
nanocages and their enhanced performance for preferential
oxidation of co in excess hydrogen,” ACS Nano, vol. 5, no. 10,
pp. 8212–8222, 2011.
[100] H. Wu, H. Li, Y. Zhai, X. Xu, and Y. Jin, “Facile synthesis of
free-standing Pd-based nanomembranes with enhanced catalytic performance for methanol/ethanol oxidation,” Advanced
Materials, vol. 24, no. 12, pp. 1594–1597, 2012.
[101] Z. Huang, H. Zhou, F. Sun et al., “Facile self-assembly synthesis of PdPt bimetallic nanotubes with good performance for
ethanol oxidation in an alkaline medium,” Chemistry, vol. 19,
no. 41, pp. 13720–13725, 2013.
[102] Z. Peng, J. Wu, and H. Yang, “Synthesis and oxygen reduction
electrocatalytic property of platinum hollow and platinum-onsilver nanoparticles,” Chemistry of Materials, vol. 22, no. 3, pp.
1098–1106, 2010.
[103] H. Kobayashi, M. Yamauchi, H. Kitagawa, Y. Kubota, K.
Kato, and M. Takata, “Atomic-level Pd-Pt alloying and largely
enhanced hydrogen-storage capacity in bimetallic nanoparticles reconstructed from core/shell structure by a process
of hydrogen absorption/desorption,” Journal of the American
Chemical Society, vol. 132, no. 16, pp. 5576–5577, 2010.
[104] H. Zhang, Y. Yin, Y. Hu et al., “Pd@Pt core-shell nanostructures
with controllable composition synthesized by a microwave
method and their enhanced electrocatalytic activity toward
oxygen reduction and methanol oxidation,” Journal of Physical
Chemistry C, vol. 114, no. 27, pp. 11861–11867, 2010.
[105] X. Bo, J. Bai, L. Yang, and L. Guo, “The nanocomposite of
PtPd nanoparticles/onion-like mesoporous carbon vesicle for
nonenzymatic amperometric sensing of glucose,” Sensors and
Actuators B: Chemical, vol. 157, no. 2, pp. 662–668, 2011.
[106] S. Cao, L. Zhang, Y. Chai, and R. Yuan, “Electrochemistry
of cholesterol biosensor based on a novel Pt-Pd bimetallic
nanoparticle decorated graphene catalyst,” Talanta, vol. 109, pp.
167–172, 2013.
[107] Q. Zhang, J. Xie, Y. Yu, and J. Y. Lee, “Monodispersity control
in the synthesis of monometallic and bimetallic quasi-spherical
gold and silver nanoparticles,” Nanoscale, vol. 2, no. 10, pp. 1962–
1975, 2010.

Journal of Nanomaterials
[108] P. R. Selvakannan, A. Swami, D. Srisathiyanarayanan et al.,
“Synthesis of aqueous Au core-Ag shell nanoparticles using
tyrosine as a pH-dependent reducing agent and assembling
phase-transferred silver nanoparticles at the air-water interface,” Langmuir, vol. 20, no. 18, pp. 7825–7836, 2004.
[109] T. Sakai and P. Alexandridis, “Ag and Au monometallic
and bimetallic colloids: morphogenesis in amphiphilic block
copolymer solutions,” Chemistry of Materials, vol. 18, no. 10, pp.
2577–2583, 2006.
[110] T. Sakai and P. Alexandridis, “Facile preparation of Ag-Au
bimetallic nanonetworks,” Materials Letters, vol. 60, no. 16, pp.
1983–1986, 2006.
[111] J. Chen, J. M. McLellan, A. Siekkinen, Y. Xiong, Z.-Y. Li, and Y.
Xia, “Facile synthesis of gold-silver nanocages with controllable
pores on the surface,” Journal of the American Chemical Society,
vol. 128, no. 46, pp. 14776–14777, 2006.
[112] Y. W. Lee, M. Kim, Z. H. Kim, and S. W. Han, “One-step
synthesis of Au@Pd core-shell nanooctahedron,” Journal of the
American Chemical Society, vol. 131, no. 47, pp. 17036–17037,
2009.
[113] X. Liu, A. Wang, X. Yang et al., “Synthesis of thermally stable and
highly active bimetallic Au-Ag nanoparticles on inert supports,”
Chemistry of Materials, vol. 21, no. 2, pp. 410–418, 2009.
[114] D. Philip, “Biosynthesis of Au, Ag and Au-Ag nanoparticles
using edible mushroom extract,” Spectrochimica Acta A: Molecular and Biomolecular Spectroscopy, vol. 73, no. 2, pp. 374–381,
2009.
[115] S. Xing, Y. Feng, Y. Y. Tay et al., “Reducing the symmetry
of bimetallic Au@Ag nanoparticles by exploiting eccentric
polymer shells,” Journal of the American Chemical Society, vol.
132, no. 28, pp. 9537–9539, 2010.
[116] S. Tokonami, N. Morita, K. Takasaki, and N. Toshima, “Novel
synthesis, structure, and oxidation catalysis of Ag/Au bimetallic
nanoparticles,” Journal of Physical Chemistry C, vol. 114, no. 23,
pp. 10336–10341, 2010.
[117] N. L. Netzer, C. Qiu, Y. Zhang et al., “Gold-silver bimetallic
porous nanowires for surface-enhanced Raman scattering,”
Chemical Communications, vol. 47, no. 34, pp. 9606–9608, 2011.
[118] X. Hong, D. Wang, R. Yu et al., “Ultrathin Au-Ag bimetallic
nanowires with Coulomb blockade effects,” Chemical Communications, vol. 47, no. 18, pp. 5160–5162, 2011.
[119] B. Xia, F. He, and L. Li, “Preparation of bimetallic nanoparticles
using a facile green synthesis method and their application,”
Langmuir, vol. 29, no. 15, pp. 4901–4907, 2013.
[120] K.-I. Okazaki, T. Kiyama, K. Hirahara, N. Tanaka, S. Kuwabata,
and T. Torimoto, “Single-step synthesis of gold-silver alloy
nanoparticles in ionic liquids by a sputter deposition technique,”
Chemical Communications, no. 6, pp. 691–693, 2008.
[121] T.-H. Tsai, S. Thiagarajan, and S.-M. Chen, “Ionic liquid assisted
one step green synthesis of Au-Ag bimetallic nanoparticles,”
Journal of Applied Electrochemistry, vol. 40, no. 3, pp. 493–497,
2010.
[122] C. M. Gonzalez, Y. Liu, and J. C. Scaiano, “Photochemical
strategies for the facile synthesis of gold-silver alloy and coreshell bimetallic nanoparticles,” Journal of Physical Chemistry C,
vol. 113, no. 27, pp. 11861–11867, 2009.
[123] L. Shang, L. Jin, S. Guo, J. Zhai, and S. Dong, “A facile and
controllable strategy to synthesize Au-Ag alloy nanoparticles
within polyelectrolyte multilayer nanoreactors upon thermal
reduction,” Langmuir, vol. 26, no. 9, pp. 6713–6719, 2010.

Journal of Nanomaterials
[124] G. Zhang, Y. Kuang, J. Liu, Y. Cui, J. Chen, and H. Zhou,
“Fabrication of Ag/Au bimetallic nanoparticles by UPD-redox
replacement: application in the electrochemical reduction of
benzyl chloride,” Electrochemistry Communications, vol. 12, no.
9, pp. 1233–1236, 2010.
[125] P. H. C. Camargo, Y. Xiong, L. Ji, J. M. Zuo, and Y. Xia, “Facile
synthesis of tadpole-like nanostructures consisting of Au heads
and Pd tails,” Journal of the American Chemical Society, vol. 129,
no. 50, pp. 15452–15453, 2007.
[126] Y. W. Lee, N. H. Kim, K. Y. Lee, K. Kwon, M. Kim, and S. W. Han,
“Synthesis and characterization of flower-shaped porous Au-Pd
alloy nanoparticles,” Journal of Physical Chemistry C, vol. 112, no.
17, pp. 6717–6722, 2008.
[127] F. Ksar, L. Ramos, B. Keita, L. Nadjo, P. Beaunier, and H.
Remita, “Bimetallic palladium-gold nanostructures: application
in ethanol oxidation,” Chemistry of Materials, vol. 21, no. 15, pp.
3677–3683, 2009.
[128] B. Lim, H. Kobayashi, T. Yu et al., “Synthesis of pd-au bimetallic
nanocrystals via controlled overgrowth,” Journal of the American Chemical Society, vol. 132, no. 8, pp. 2506–2507, 2010.
[129] V. Mazumder, M. Chi, K. L. More, and S. Sun, “Synthesis
and characterization of multimetallic Pd/Au and Pd/Au/FePt
core/shell nanoparticles,” Angewandte Chemie, vol. 49, no. 49,
pp. 9368–9372, 2010.
[130] G. Zhan, J. Huang, M. Du, I. Abdul-Rauf, Y. Ma, and Q. Li,
“Green synthesis of Au-Pd bimetallic nanoparticles: single-step
bioreduction method with plant extract,” Materials Letters, vol.
65, no. 19-20, pp. 2989–2991, 2011.
[131] H. Liu and Q. Yang, “Facile fabrication of nanoporous Au-Pd
bimetallic foams with high catalytic activity for 2-nitrophenol
reduction and SERS property,” Journal of Materials Chemistry,
vol. 21, no. 32, pp. 11961–11967, 2011.
[132] J. W. Hong, Y. W. Lee, M. Kim, S. W. Kang, and S. W. Han,
“One-pot synthesis and electrocatalytic activity of octapodal
Au-Pd nanoparticles,” Chemical Communications, vol. 47, no. 9,
pp. 2553–2555, 2011.
[133] S. Ge, F. Liu, W. Liu, M. Yan, X. Song, and J. Yu, “Colorimetric
assay of K-562 cells based on folic acid-conjugated porous
bimetallic Pd@Au nanoparticles for point-of-care testing,”
Chemical Communications, vol. 50, no. 4, pp. 475–477, 2013.
[134] S. Mandal, A. B. Mandale, and M. Sastry, “Keggin ion-mediated
synthesis of aqueous phase-pure Au@Pd and Au@Pt core-shell
nanoparticles,” Journal of Materials Chemistry, vol. 14, no. 19, pp.
2868–2871, 2004.
[135] H. Kobayashi, M. Yamauchi, R. Ikeda, and H. Kitagawa,
“Atomic-level Pd-Au alloying and controllable hydrogenabsorption properties in size-controlled nanoparticles synthesized by hydrogen reduction,” Chemical Communications, no.
32, pp. 4806–4808, 2009.
[136] G. Zhang, H. Zhou, C. An, D. Liu, Z. Huang, and Y. Huang,
“Bimetallic palladium-gold nanoparticles synthesized in ionic
liquid microemulsion,” Colloid and Polymer Science, vol. 290,
no. 14, pp. 1435–1441, 2012.
[137] Y. He, N. Zhang, L. Zhang et al., “Fabrication of Au-Pd
nanoparticles/graphene oxide and their excellent catalytic performance,” Materials Research Bulletin, vol. 51, pp. 397–401,
2014.
[138] X. Chen, R. Tian, Q. Zhang, and C. Yao, “Target-induced
electronic switch for ultrasensitive detection of Pb2+ based on
three dimensionally ordered macroporous Au-Pd bimetallic
electrode,” Biosensors and Bioelectronics, vol. 53, pp. 90–98, 2014.

27
[139] W. He, X. Wu, J. Liu et al., “Pt-guided formation of Pt-Ag alloy
nanoislands on Au nanorods and improved methanol electrooxidation,” Journal of Physical Chemistry C, vol. 113, no. 24, pp.
10505–10510, 2009.
[140] N. R. Jana, L. Gearheart, and C. J. Murphy, “Seed-mediated
growth approach for shape-controlled synthesis of spheroidal
and rod-like gold nanoparticles using a surfactant template,”
Advanced Materials, vol. 13, no. 18, pp. 1389–1393.
[141] J. He, I. Ichinose, T. Kunitake, A. Nakao, Y. Shiraishi, and N.
Toshima, “Facile fabrication of Ag-Pd bimetallic nanoparticles
in ultrathin TiO2 -gel films: nanoparticle morphology and
catalytic activity,” Journal of the American Chemical Society, vol.
125, no. 36, pp. 11034–11040, 2003.
[142] J. B. Liu, W. Dong, P. Zhan, S. Z. Wang, J. H. Zhang, and Z.
L. Wang, “Synthesis of bimetallic nanoshells by an improved
electroless plating method,” Langmuir, vol. 21, no. 5, pp. 1683–
1686, 2005.
[143] C.-L. Lee, Y.-C. Huang, and L.-C. Kuo, “High catalytic potential
of Ag/Pd nanoparticles from self-regulated reduction method
on electroless Ni deposition,” Electrochemistry Communications, vol. 8, no. 6, pp. 1021–1026, 2006.
[144] J. Gao, X. Ren, D. Chen, F. Tang, and J. Ren, “Bimetallic AgPt hollow nanoparticles: synthesis and tunable surface plasmon
resonance,” Scripta Materialia, vol. 57, no. 8, pp. 687–690, 2007.
[145] J. B. Xu, T. S. Zhao, and Z. X. Liang, “Synthesis of active
platinum-silver alloy electrocatalyst toward the formic acid
oxidation reaction,” Journal of Physical Chemistry C, vol. 112, no.
44, pp. 17362–17367, 2008.
[146] W. He, X. Wu, J. Liu et al., “Design of AgM bimetallic alloy
nanostructures (M = Au, Pd, Pt) with tunable morphology and
peroxidase-like activity,” Chemistry of Materials, vol. 22, no. 9,
pp. 2988–2994, 2010.
[147] R. Sachan, S. Yadavali, N. Shirato et al., “Self-organized
bimetallic Ag-Co nanoparticles with tunable localized surface
plasmons showing high environmental stability and sensitivity,”
Nanotechnology, vol. 23, no. 27, Article ID 275604, 2012.
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Bimetallic TiO2 -based photocatalysts have attracted considerable attention in recent years as a class of highly active catalysts and
photocatalysts under both UV and Vis light irradiation. Bimetallic noble metal structures deposited on TiO2 possess the ability to
absorb visible light, in a wide wavelength range (broad LSPR peak), and therefore reveal the highest level of activity as a result of
utilization of a large amount of incident photons. On the other hand they can enhance the rate of trapping photoexcited electrons
and inhibit the recombination process due to the capability of the storage of photoexcited electrons. Based on literature two groups
of bimetallic photocatalysts were distinguished. The first group includes bimetallic TiO2 photocatalysts (BMOX ), highly active under
UV and Vis light irradiation in a variety of oxidation reactions, and the second group presents bimetallic photocatalysts (BMRED )
exceptionally active in hydrogenation reactions. This review summarizes recent advances in the preparation and environmental
application of bimetallic TiO2 -based photocatalysts. Moreover, the effects of various parameters such as particle shape, size, amount
of metals, and calcination on the photocatalytic activity of bimetallic TiO2 -based photocatalysts are also discussed.

1. Introduction
Titanium (IV) oxide (TiO2 ) is one of the most important photocatalytic materials in the area of environmental
purification, hydrogen generation, and CO2 photoconversion
to methane and low hydrocarbons. The limitation in its
application is resulting from low quantum yield (fast recombination of charge carriers: e− /h+ ) and necessity to use UV
irradiation, which may be overcome since modified titania
often possesses higher activity and ability of working under
visible light irradiation. Over the past decades physical,
chemical, and photocatalytic properties of TiO2 were intensively investigated to enhance the efficiency of degradation of
organic pollutants [1–7]. Among various organic and inorganic compounds used as dopants or surface modifiers, noble
metal particles especially attracted attention, since they may
enhance the transfer of photogenerated electrons extending
the lifetime of charge carriers [8, 9]. Noble metal nanoparticles, such as gold, silver, platinum, and palladium, possess the
ability to absorb visible light due to localized surface plasmon
resonance (LSPR) [10–12] and therefore may also activate

wide bandgap semiconductors (e.g., TiO2 ) towards visible
light.
Metallic nanoparticles, particularly these of silver, gold,
and platinum, or a combination of these metals (Ag-Pt, AuPt, and Au-Ag) and various oxides (TiO2 , SiO2 ) are used as
templates for the creation of complex and ordered nanomaterials with tailored and tunable structural, optical, and surface
properties [13].
Since the pioneering work of Haruta, Au clusters supported by oxides (Au/oxides) have perhaps become the most
interesting systems in heterogeneous catalysis because of
their unique catalytic properties at low temperatures for many
reactions. Gold nanoparticles less than 5 nm in size are very
active catalysts. However, large gold nanoparticles supported
on metal oxide with diameter of about 50 nm and more
exhibit photocatalytic activity for hydrogen production, environmental pollution degradation, and reduction of nitrogen
oxides [11, 14].
Many reports on this subject using platinum cluster dispersions or nanoparticles have been published [15–17]. Platinum is one of the most active metals for photocatalytic
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enhancement, which can produce the highest Schottky barrier among metals that facilitate electron capture and, therefore, hinders the recombination rate between electrons and
holes [18, 19].
Although platinum is a very promising metal, which can
increase TiO2 activity, it is more expensive than gold [20].
Certain solution is to use bimetallic structure of platinum
with another metal, which can greatly enhance the photocatalytic performance, particularly with respect to activity and
selectivity [21]. Bimetallic nanoparticles revealed unique catalytic, electronic, and optical properties distinct from those of
the corresponding metallic particles as used in photocatalysis,
photonics, electronics, optics, drug delivery, and others [22–
27]. The positive effect of metal deposits on TiO2 surface
results from the improved separation of electrons and holes
on the surface of the photocatalyst. Additionally, modification of TiO2 with noble metal nanoparticles (NPs) such as
gold and silver, which exhibit plasmon absorption band at
560 nm (Au) and 410 nm (Ag), is beneficial, due to enabling
the absorption of visible light in a wider range of wavelengths
and thus with higher levels of activity [28]. Bimetallic NPs
deposited on TiO2 are expected to display not only the combination of the properties associated with two distinct metals,
but also the new properties due to synergy between two
metals.
Recently, alloying or bimetallization of platinum with
gold has been reported to improve the catalytic activity of
platinum clusters for visible light-induced hydrogen generation and degradation of organic dyes or phenol [15, 29].
However, the improvement of photocatalytic activity of TiO2
modified with noble metal nanoparticles by bimetallization is
observed not only between platinum and gold, but also
between platinum and palladium [30, 31], palladium and gold
[32, 33], platinum and copper [34], platinum and nickel [35],
platinum and tin [36], platinum and iron [35], palladium and
copper [37, 38], gold and silver [11, 39], and copper and silver
[40].
Reports on preparation of Au/TiO2 , Pt/TiO2 , Ag/TiO2 ,
and Cu/TiO2 nanocomposites with different morphological
forms are progressively increasing with the focus on preparation of catalysts and photocatalysts modified with bimetallic
nanoparticles of an alloy or core-shell structure. Several
research targets on TiO2 responsive to visible light or to
enhance the photocatalytic efficiency in oxidation and reduction processes were reported.
The number of papers pertaining to the photocatalytic
activity of modified bimetallic NPs increases, as might be
expected from bimetallic nanocomposites application and
their activity and selectivity, see Figure 1.
Bimetallic nanoparticles of the same size, shape, and composition show significant differences in activity when configured into different architectures. Their structure depends on
distribution modes of the two elements, which can be
oriented (see Figure 2):
(i) alloy or intermetallic structure,
(ii) heterostructure,
(iii) core-shell,
(iv) multishell structure,
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Figure 1: Number of publications concerning preparation and
properties of photocatalyst modified bimetallic nanoparticles over
the years 2004–2014 (till March), based on database of the ScienceDirect, with search keywords being “bimetallic photocatalyst,
bimetallic modified TiO2 .”

and depends on the processing parameters, miscibility, and
reduction kinetics of metal ions [41]. The alloy structure
represents homogenous mixture of two metals (Figure 2(a)).
The heterostructure results from independent nucleation and
growth of two different metal crystals (Figure 2(b)). In the
core-shell structure, one metal forms a core and the other
metal surrounds it in the form of a shell (Figure 2(c)). In the
multishell structure, layered stable or metastable alternating
shells exist (Figure 2(d)).
The structure of bimetallic nanoparticles deposited on
TiO2 depends on the particle size, the preparation procedure,
the type of support (its size, porosity, BET surface, and
crystallinity), and the calcination temperature of the photocatalysts [11, 33].
Among all applications of bimetallic-based nanomaterials, the degradation of environmental pollutants, especially
recalcitrant organic compounds, is attracting considerable
attention. From among 180 papers identified in the Science
Direct database (Figure 1) referring to the catalytic activity of
TiO2 modified bimetallic NPs published over the years 2004–
2014 (till March), 93 articles were published during the last
year (2013 to March of 2014). In most of them, the catalytic
and photocatalytic degradation of organic pollutants in gas
and liquid phases, hydrogen generation reactions, and the
reaction mechanism on modified TiO2 nanoparticles were
investigated.
This review focuses on three major research areas mentioned above, including crucial operating parameters such as
the size of photocatalyst components, the amount of bimetallic NPs, and the extent of photocatalyst calcination.

2. The Importance of Charge Carriers in
TiO2 -Based Photocatalysis
Titanium dioxide (TiO2 ) is a semiconductor with a bandgap
of 3.2 eV. The mechanism of heterogeneous photocatalytic
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Figure 2: Schematic illustration of bimetallic NPs with different structures (a) alloy, (b) heterostructure, (c) core-shell, and (d) multishell
structure.

oxidation processes has been discussed extensively in literature [42–47]. The reduction and oxidation reactions make the
foundation for photocatalytic hydrogen production and photocatalytic water/air purification. Generation of excited high
energy states of electron and hole pairs occurs when TiO2
is irradiated with light of greater energy than the bandgap
energy (wavelengths lower than 390 nm) as shown in
Figure 3. An electron is excited (eCB − ) from the valence band
to the conduction band, forming a positive hole (hVB + ) in the
valence band. Hoffmann et al. [42] have found by laser flash
photolysis studies that the characteristic time scale for this
charge-carrier generation reaction is of the order of femtoseconds (fs). The charge carriers generated migrate on the TiO2
surface and react with electron acceptor or electron donor.
An important reaction that competes with the charge-carrier
trapping is the electron-hole recombination reaction, which
can occur either at the surface states of TiO2 or in the core of
semiconductor [48]. This is one of the most detrimental
reactions in photocatalysis as it affects the interfacial charge
transfer processes and hence the quantum efficiency of the
photocatalytic process.

3. TiO2 Modification Using Monometallic or
Bimetallic Nanoparticles
Attempts to employ semiconductor-metal composite nanoparticles have been made to improve the charge separation
efficiency. The synergy of noble metals and semiconductor
photocatalysts brings in significant changes to many aspects
of photocatalysis. An increase of activity under Vis light after
modification of titania with plasmonic nanoparticles such

as gold, silver, platinum, and palladium results from additional metal impact on the mechanism of electron transfer.
The photons are absorbed by metallic particles through their
localized surface plasmon resonance (LSPR) excitation [11,
49], see Figure 4. Surface plasmons of a metal are collective
excitations of electrons in the conduction band and they
dominate the electromagnetic responses of the metallic structure of dimensions in the order of the plasmon resonance
wavelength. The surface plasmon resonance of metallic
nanoparticles occurs when electromagnetic field interacts
with conduction band electrons and induces the coherent
oscillation of electrons. The charge oscillations of noble
metals at the surface take place at optical frequencies, which
depend on the dielectric constant of the material at metal surface. As shown in Figure 5(a) the electron is transferred from
plasmonically excited noble metal (Ag, Au) to conduction
band of titania. Another important feature is the formation
of Schottky junction when noble metal nanoparticles have
direct contact with the semiconductor.
The enhancement in reactivity was first observed for
water splitting using the Pt/TiO2 system [50, 51]. Under UV
irradiation noble metal nanoparticles deposited on TiO2
enhance transfer of photogenerated electrons prolonging lifetime of the charge carriers (see Figure 5(b)). Metals (such as
Pt, Au, and Ag) and the semiconductor (TiO2 ) have different
Fermi level. Electron migration from TiO2 to the metallic
nanoparticle occurs until two Fermi levels are aligned, since
the metal has a work function (𝜙𝑚 ) greater than that of TiO2
(𝜙𝑠 ). The electrical contact resulted in a space charge layer,
the Schottky barrier, which trapped electrons and suppressed
electron-hole recombination [9]. Surface of metal acquires an
excess negative charge, while TiO2 exhibits an excess positive
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charge as a result of electron migration from the barrier
region. The height of the barrier (𝜙𝑏 ) makes the difference
between the TiO2 conduction band and metal Fermi level.
Electrons drawn across this barrier leave additional positive
holes in TiO2 matrix capable of oxidizing more organic
species.
On the other hand, Anpo and Takeuchi [52] observed the
electron transfer from TiO2 to Pt particles, using electron spin
resonance (ESR) analysis. It was found that Ti3+ signals
increased with irradiation time, while loading of Pt reduced
the amount of Ti3+ . They found that accumulated electrons
on platinum particles can be transferred to protons adsorbed
on the surface, reducing the protons to hydrogen molecules.
Therefore, noble metals with suitable work function can
enhance electron transfer, leading to higher photocatalytic
activity [52].
For TiO2 photocatalysts modified with bimetallic NPs the
mechanism of photocatalyst excitation depends on bimetallic
nanoparticles structure. Based on literature and our own
work we distinguish two groups of the bimetallic photocatalysts. The first group includes bimetallic TiO2 photocatalysts
(Ag-Au, Ag-Pt, Ag-Cu, Pt-Cu, Pt-Pd, and Au-Cu) (BMOX )
highly active under UV and Vis light irradiation in a variety
of oxidation reactions. The second group is bimetallic (Au-Pt,
Au-Pd, Au-Rh, Au-Ni, Au-Co, and Pt-Ru) modified TiO2
photocatalysts (BMRED ) exceptionally active in hydrogenation reactions.
For alloy structure in oxidation processes the mechanism
is similar to the excitation mechanism of monometallic NPs
deposited on TiO2 as shown in Figure 6(a).
It is well known that the work function of metal decreases
by alloying of other metal components with a lower work

function. This suggests that alloying of other metal with Pt
would decrease the work function of Pt nanoparticles. This
may decrease conduction band (𝜑B) and promote efficient e−
transfer from nanoparticles to anatase. Shiraishi et al.
reported that alloy Pt-Cu particles on anatase surface activated efficiently transfer of e− to anatase. This enhances the
reduction of O2 by e− , resulting in enhanced aerobic oxidation [53]. The enhanced e− transfer from the alloy particles
to anatase was confirmed by electron spin resonance (ESR)
analysis of the photocatalysts. It was found that the visible
light irradiation of the sample creates strong signals assigned
to superoxide anion stabilized on TiO2 surface. It was
concluded that the transfer of e− to anatase was more efficient
for Pt-Cu/TiO2 than for the monometallic Pt nanoparticles
deposited on TiO2 surface [53]. Cu alloying with Pt decreases
the work function of nanoparticles and decreases the height
of Schottky barrier created at the nanoparticle/anatase heterojunction. This promotes efficient electron transfer from
the photoactivated nanoparticles to anatase, resulting in
enhanced photocatalytic activity. The Pt-Cu alloy photocatalyst is successfully activated by sunlight and enables
efficient and selective aerobic oxidation of alcohols at ambient
temperature.
The promoting effect of bimetal is attributed to either the
improved spatial charge separation in TiO2 semiconductor or
charge carrier transfer from metal NPs to conduction band
of TiO2 . Based on catalytic, optical, and photocatalytic properties the synergy between two metals in bimetallic system
is also related to the electronic and geometric effects. A
bimetallic structure formed by metals with lower electronegativity and other metal with higher electronegativity seems to
perform better activity in photocatalyzed oxidation reactions
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Figure 6: Schematic illustration of activation mechanism of TiO2 modified bimetallic NPs with alloy (a) and core-shell structure (b).

[54]. The second metal is much more subject to oxidation
than the other, which is enriched on the surface and may form
metal oxide patches or shells on the first metal surface. The
less electronegative metal can participate directly in oxidation
reactions by providing reactive oxygen.
Phase segregation for the combination of two metals may
occur upon treatment in an oxidizing atmosphere in either
reaction or preparation process, as was reported for AgAu/TiO2 nanocomposites [11, 39, 54]. In our own XPS analysis
it was observed that silver as Ag2 O and gold as Au∘ were
the dominant surface forms for Ag-Au alloy-modified TiO2
nanoparticles [11]. The Ag-Au/TiO2 nanocomposites showed
more significant visible light photoactivity compared to
monometallic Ag/TiO2 and Au/TiO2 nanoparticles obtained
using the same preparation procedure. Important results
regarding bimetallic Ag-Au NPs deposited on TiO2 were
reported by Kowalska et al. [55]. Ag-Au core-shell structure
NPs on TiO2 were obtained by the photodeposition method.
Silver nanoparticles were oxidized and formed a shell on
gold-rich core, while bimetallic Ag-Au nanoparticles with
core-shell structure showed enhanced recombination of
charge carriers. Greater ability of charge generation at the
interface of a bimetallic structure does not mean better photoactivity, since in the core-shell structure plasmonic electrons instead of being transferred from silver to CB (conduction band) of titania may sink in nearby gold NP and
vice versa, as shown in Figure 6(b). Plasmonic metals can be
excited at visible range wavelengths via d-to-sp band transitions, recombining upon relaxation; once there is a pair of
metals the relaxation is expected to be more efficient due to
larger available density of electronic states.

The hydrogenation reactions are generally catalyzed by
the transition metals of group VIII of the periodic table. The
improvement of photocatalytic reduction processes in the
presence of bimetallic-based photocatalyst is related to the
enhancement of the rate of trapping photoexcited electrons
and inhibition of the recombination process due to the
capability of the storage of photoexcited electrons by using
bimetallic nanoparticles deposited on TiO2 surface. Gao et al.
[56] found that bimetallic Ni-Cu nanoparticles on the semiconductor surface can separately trap photogenerated electrons and holes and prevent their combinations, thereby
increasing their life and improving the efficiency of photocatalytic reactions [56]. Bowker et al. [57] observed enhanced
photocatalytic activity, using Au-Pd random alloys on TiO2
due to improved rate of trapping photoexcited electrons and
inhibited recombination due to the capability of storage of
photoexcited electrons by using alloy metal nanoparticles.
The photocatalytic activity and properties of the two groups
of bimetallic photocatalysts (BMRED -TiO2 ) and (BMOX -TiO2 )
active in reduction and oxidation processes are discussed in
detail in the next paragraphs.

4. Bimetallic (BMRED -TiO2 ) Photocatalysts for
Reduction Processes
Although, platinum and gold nanoparticles deposited on
TiO2 revealed the highest photocatalytic activity under Vis
light irradiation, the combination of these two metals does
not provide sufficient increase in photocatalytic activity in
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degradation of organic pollutants. For Au-Pt/TiO2 and AuPd/TiO2 most of literature data pertains to hydrogen generation reactions. Gallo et al. [58] reported preparation procedure for bimetallic Au-Pt/TiO2 photocatalysts in the process
of hydrogen generation both under UV-A and simulated sunlight irradiation. Bimetallic-based photocatalysts were prepared by impregnation of nanosized amorphous TiO2 with
metal precursors followed by oxidation and reduction treatments. The best photocatalytic performance was obtained for
sample reduced at 500∘ C, containing bimetallic Au-Pt
nanoparticles with diameters smaller than 2 nm deposited on
TiO2 surface. It was found that the synergetic effect under
simulated sunlight and the improved activity under visible
light of Au-Pt/TiO2 NPs compared to monometallic Pt/TiO2
and Au/TiO2 were the result of the combination of four
contributing aspects [58]:
(i) the presence of Au surface plasmon band absorption
at wavelengths 550–600 nm,
(ii) the presence of bimetallic Au-Pt nanoparticles
which ensures prompt hydrogen evolution as for Pt
nanoparticles and is different from the less active
Au-based catalysts,
(iii) the low total metal loading which leaves a high fraction of TiO2 surface available for UV light absorption,
(iv) containing both oxygen vacancies and Ti3+ sites.

A brief summary of recent publications on TiO2 photocatalysts modified with bimetallic nanoparticles used in
reduction processes is provided in Table 1, in which one can
observe that among (BMRED -TiO2 ) photocatalysts Au-based
bimetallic TiO2 photocatalysts represent a significant and the
most extensively studied group in a variety of catalytic and
photocatalytic reactions. Many reports in literature focus on
the effect of the preparation procedure and amount of metal
on bimetallic structure and their effect on catalytic and photocatalytic activity. The structure of bimetallic NPs mainly
depends on the nature of metals such as relative bond
strengths, their surface energies, and atomic size [59]. Strong
heteronuclear bonds between two different metallic species
influence the formation of the alloy structure, while the
strongest homonuclear bonds of one species form the core
and the other metal forms the shell of the structure. Metal
with lower surface energy tends to segregate on the surface of
the other metal [59]. This effect is in particular described in
literature for bimetallic structures of Au-Pd and Au-Pt NPs.
Edwards et al. [60] observed the effect of catalyst calcination and reduction on the optimum composition of Au-Pd
modified TiO2 nanoparticles. Under heat treatment, smaller
pure-Au particles sinter and combine with palladium forming
large alloy particles [60]. Cybula et al. [33] observed a similar
effect of the calcination temperature (from 350 to 700∘ C) and
segregation of metals (Au, Pd) on TiO2 surface depending
on the annealing temperature. Microscopic analysis revealed
that for the sample calcinated at 350∘ C three main fractions of
Au-Pd NPs could be distinguished: small particles in the
range of 1 to 6 nm, anisotropic particles from 15 to 50 nm,
and spherical ones with the diameter of about 50 nm. For the
sample treated at 450∘ C particles smaller than 10 nm were
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not found. Au-Pd particles in the range from 10 to 50 nm
remained spherical, while bigger ones (from 70 to 360 nm)
had irregular shape. Calcination at 700∘ C resulted in bimodal
distribution of 15–20 nm particles and 65–330 nm particles,
both irregular, as shown in Figure 7. With respect to sample
calcinated at 350∘ C, it could be observed that the core of
bimetallic NPs was rich in gold, but the shell contained mostly
palladium. Rising the calcination temperature from 350
to 700∘ C led to alloying of the metals and increased the size
of nanoparticles [33]. The photoactivity of Au-Pd/TiO2
nanoparticles was studied in oxidation of phenol. Therefore,
no spectacular synergistic effect of bimetallic Au-Pd NPs
immobilized on TiO2 surface was observed. Regarding the
effect of the calcination temperature for 0.5Pd 1.25Au TiO2
sample, it was found that for UV-mediated photoactivity
increasing the calcination temperature resulted in improvement of phenol degradation rate from 5.8 to 7.1 and 6.2
𝜇mol⋅dm−3 min−1 for the photocatalyst calcinated at 350, 400,
and 450∘ C, respectively. The highest photoactivity under UV
light was observed for sample calcinated at 500∘ C. Annealing
temperature of 700∘ C resulted in the drop of photoactivity to
5.7 𝜇mol⋅dm−3 min−1 . The visible light activity was suppressed for the samples treated at an elevated temperature.
Thus, phenol degradation rate under visible light decreased
from 3.8 and 3.4 𝜇mol⋅dm−3 min−1 for the sample calcinated
at 350 and 400∘ C, respectively, to 0.7 𝜇mol⋅dm−3 min−1 after
calcination at 700∘ C. Samples calcinated at 350 and 400∘ C had
much higher activity than those calcinated at 450 and 700∘ C.
Previously reported inhibitory effect of a core-shell structure of bimetallic NPs immobilized on TiO2 photocatalysts on
photoactivity under visible light irradiation in oxidation processes was not observed in the reduction processes. Moreover,
the authors reported a promotional effect of a core-shell
structure on photocatalytic activity in reaction of hydrogen
generation.
Yu et al. [61] obtained Au-Pd alloy-modified TiO2 nanotube film by photodeposition of Au and Pd precursors on
self-organized TiO2 nanotubes. The photoactivity of bimetallic photocatalysts was evaluated under reducing and oxidation conditions. Compared with TiO2 having immobilized
mixture of Au and Pd monometallic nanoparticles, a synergistic effect was observed in photocatalytic hydrogen evolution when TiO2 was immobilized with Au-Pd bimetallic nanoparticles. In case of organophosphorus pesticide
malathion, using Au-Pd comodified TiO2 nanotube film,
higher photocatalytic degradation rate was observed for AuPd alloy NPs deposited on TiO2 . The improvement of photocatalytic activity resulted from the presence of small metal
clusters on TiO2 , which promotes the separation of photogenerated charges, and thus more holes could be involved in the
malathion oxidation reactions [61]. Whereas the oxidation
processes require a high content of the second metal in the
bimetallic structure for efficient degradation of organic pollutants, in hydrogen generation processes the basis metal (generally Au) acts as promotor of the other metal to prevent its
poisoning by intermediates or byproducts. Therefore, in
hydrogen generation only a small amount of the second metal
is required for synergistic effect and improvement of photocatalytic activity of nanocomposites.
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The present platinum/ruthenium systems were much more active than
gold/platinum bimetallic clusters in the reaction of hydrogen generation

Oxygen vacancies produced by electron irradiation stimulated the growth of Au
crystals, while the nucleation behavior of Pt was less affected
Synergetic effect of Au-Pt/TiO2 NPs under simulated sunlight compared to
monometallic Pt-TiO2 and Au-TiO2 was reported. Higher activity of
Au0.5-Pt0.5/TiO2 results from interaction between Au and Pt which can induce a
decrease in metal-hydrogen bond strength and improve the electron trapping
ability of NPs
The role of Pd was to split H2 into absorbed Pd–H atoms, which can reduce nitrite
to other nitric species, but also reduce the adjacent copper oxides into metal copper.
The highest activity was achieved by using Pd-Cu/TiO2 (Pd : Cu = 2 : 1, 3 wt.%)
catalyst
The addition of a small amount of Ni onto Cu/TiO2 (10 wt.%, Cu : Ni mass
composition of 9 : 1) enhanced the performance of photocatalyst from producing
5.0 cm3 to 6.1 cm3 of hydrogen
Cu-Ni/TiO2 nanoparticles revealed about 1.2 times and 2.6 times higher
photoactivity than bimetallic photocatalysts Pt-Cu/TiO2 and Pd-Cu/TiO2 obtained
using the same preparation procedure
Among the prepared TiO2 supported bimetallic (Pt-Pd/TiO2 and Pt-Ru/TiO2 and
Pt-Au/TiO2 ) nanocatalysts Pt-Ru/TiO2 showed the best overall conversion and
selectivity towards geraniol and nerol

Two types of catalysts were synthesized and investigated. The active catalysts
contained relatively large alloy particles with Au core surrounded by a Pd-rich shell.
The photocatalytic activity was not studied

Studying photochemical evolution of H2 from ethanol occurred only from
illuminated catalyst. The core/shell structure performed better under Vis, while
alloy structure (after calcination) performed better under UV

Pd yielded more than Au in photoreforming, especially at low loadings

The amount of H2 O2 obtained on Au-Pd/TiO2 film (44.0 𝜇M) in 60 min was about
3 times higher than on pristine TiO2 (15.2 𝜇M).

Degradation effect and comments

Table 1: Recent publications of TiO2 photocatalysts modified bimetallic nanoparticles used in reduction processes.
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Figure 7: The effect of calcination temperature on the structure of Au/Pd bimetallic nanoparticles. (a) High resolution HAADF images with
z-contrast for Au/Pd nanoparticles calcined at 350∘ C, 400∘ C, and 700∘ C. (b) The yellow circles show gold-rich areas (palladium gives a light
contrast than gold as a lighter element) [33].

Mizukoshi et al. [32] reported the dependence of the
nanostructure of Au-Pd NPs on photocatalytic activity of the
Au-Pd/TiO2 nanoparticles obtained by ultrasonication. The
effect of metal amount in bimetallic structure was investigated. The authors observed that the best photocatalytic
performance of hydrogen generation could be attributed to
sample containing 75 mol% of Pd and 25 mol% of Au in
bimetallic core-shell structure. The average diameter of the

particles was from 4 to 5 nm. In hydrogen generation process
the core/shell immobilized photocatalyst exhibits the highest
performance under Vis illumination, whereas the alloymodified TiO2 sample exhibits the highest performance of
the photocatalysts under UV irradiation. This effect could
be explained based on palladium and gold efficiency in the
reaction of hydrogen generation. It was observed that Pd
produces better yields of hydrogen, and, indeed, the peak
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rate of the production (as a function of weight loading) is
higher for palladium than for gold [32]. It was stated that
bimetallic nanoparticles containing large amounts of Pd can
accept electrons more effectively, as Pd has a larger work
function than Au [62, 63]. However, it was observed that the
amount of H2 did not increase linearly with the increase of
Pd amount in the structure. On the other hand Lee et al. [64]
reported that the alloy structure bimetallic photocatalysts had
better photocatalytic efficiency in the reactions of organic
compounds degradation. Au shell-Pd core/TiO2 18–25 nm
NPs were obtained by thermal reduction of metal ions in
citrate solution. The core-shell structure of bimetallic photocatalysts was less selective in the reaction of crotyl alcohol
oxidation. The photoactivity increased with the increasing
temperature, because elevated temperatures promote alloying of Au-Pd nanoparticles. The maximum oxidation rate
occurred for 700∘ C annealed Au (shell)-Pd (core)/TiO2 NPs,
which possess a surface alloy composition (Au40Pd60) [64].
Kait et al. [65] obtained copper-nickel bimetallic photocatalysts active in hydrogen production under visible light
from glycerol-water mixture. It was found that bimetallic
photocatalyst calcinated at 200∘ C for 1 h produced the highest
amount of H2 similar to that produced by monometallic
Cu/TiO2 . The addition of a second metal enhanced the
performance of Ni/TiO2 but was not so efficient compared to
Cu/TiO2 NPs [65].
Xu et al. [34] reported preparation of Pt-Cu/TiO2 photocatalysts for nitrate reduction in water. Compared to
monometallic Pt/TiO2 or Cu/TiO2 , which were active in
the reaction of nitrate reduction to ammonia or nitrite, the
obtained bimetallic photocatalyst exhibited a considerable
N2 selectivity for photocatalytic nitrate reduction. The photocatalytic activity and N2 selectivity of the supported bimetallic photocatalyst were dependent on TiO2 calcination temperature, Pt-Cu ratio, and metal loading amount. It was found
that high Pt-Cu alloy dispersion as well as small metal particle
size can be achieved over TiO2 calcinated at 300∘ C, which
favors the selective nitrate reduction. Increasing Cu content
in the bimetallic photocatalyst leads to the increased Cu content in Pt-Cu alloy and enhances nitrate reduction to nitrite,
while high Cu content in Pt-Cu alloy is detrimental to N2
selectivity of the bimetallic photocatalysts [34].
Gao et al. [37] reported application of Ni-Cu/TiO2 in
photocatalytic reduction of nitrates. It was found that bimetallic photocatalyst Ni-Cu/TiO2 showed higher photocatalytic activity compared with corresponding monometallic
Ni/TiO2 and Cu/TiO2 nanoparticles. The photoactivity of NiCu/TiO2 photocatalyst with 3 : 1 metal weight ratio and
4 wt.% total metal content was about 2.5 times and 3.5
times higher compared to monometallic Cu/TiO2 and
Ni/TiO2 photocatalytic activity, respectively. Compared to
other bimetallic photocatalysts, Cu-Ni/TiO2 nanoparticles
revealed about 1.2 times and 2.6 times higher photoactivity
than bimetallic photocatalysts Pt-Cu/TiO2 and Pd-Cu/TiO2
obtained using the same preparation procedure.
Oros-Ruiz et al. proposed [66] photocatalytic hydrogen
production using Au-Cu2 O/TiO2 , Au-Ag2 O/TiO2 , and AuNiO/TiO2 photocatalysts. It was found that the presence of
gold and metal oxides like Cu2 O or NiO as cocatalysts
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on TiO2 surface increased significantly the production of
hydrogen by avoiding the recombination of the hole electron.
The combination of Au-Cu2 O/TiO2 and Au-NiO/TiO2 effectively increased hydrogen production (2064 and 1636
𝜇mol⋅h−1 ⋅g−1 ) compared to Au/TiO2 (1204 𝜇mol⋅h−1 ⋅g−1 ). On
the other hand Au-Ag2 O system had a detrimental effect
compared to Au/TiO2 photocatalyst, inhibiting hydrogen
production. Higher photoactivities of Au-Cu2 O and Au-NiO
nanoparticles deposited on TiO2 were apparently caused by
enhancement of the electron charge transfer from TiO2 to
Au-M𝑥 O𝑦 systems and the effect of surface plasmon resonance of gold nanoparticles [66].

5. Bimetallic Photocatalysts (BMOX -TiO2 ) for
Oxidation Reactions
The structure of bimetallic catalysts depends on the preparation conditions, miscibility, and kinetics of the reduction of
metal ions. Silver and gold have almost identical lattice
constants (0.408 for Au and 0.409 for Ag) and are completely
miscible over the entire composition range, which leads to a
strong tendency toward alloy formation [66]. Thus Ag-Au
bimetallic NPs with homogenous composition can be
expected.
It was previously reported by Zielińska-Jurek et al. [11]
that bimetallic silver- and gold-modified TiO2 nanoparticles
exhibited improved photocatalytic activity in the oxidation
reactions under visible light irradiation, better than monometallic Ag and Au nanoparticles, respectively. Ag-Au/TiO2
samples obtained using microemulsion method show higher
photodegradation rate in visible region than Ag/TiO2 and
Au/TiO2 photocatalysts. Greater silver amount was more
beneficial to the photocatalytic activity of the obtained AgAu/TiO2 nanoparticles than that of gold. XPS analysis of the
surface layer indicated that both Au clusters and nanoparticles were produced at TiO2 surface. However, for the most
active Ag-Au/TiO2 sample, the dominant surface form of
silver was Ag2 O and gold occurred in the form of Au∘ but
the presence of metallic Ag∘ as well as gold in the form of
Au𝛿+ and Au𝛿− was also confirmed. Under UV irradiation
silver acts as a promoter to provide reactive oxygen in variety
oxidation reactions as well as facilitates electron-hole separation and promotes interfacial electron transfer. In addition,
bimetallic Ag-Au alloy nanoparticles possess the ability to
absorb visible light in a wide wavelength range (broad LSPR
peak) and, therefore, reveal the highest level of activity as a
result of utilization of a large amount of incident photons.
The photoactivity efficiency of Ag-Au/TiO2 photocatalyst was
measured during the reaction of phenol degradation under
Vis light irradiation (𝜆 > 420 nm). The sample modified with
1.5 mol% of Ag and 0.5 mol% of Au exhibited 3.0 and 2.0 times
faster degradation rate (3.57 𝜇mol⋅dm−3 ⋅min−1 ) compared to
Au/TiO2 and Ag/TiO2 nanoparticles, respectively [11]. A brief
summary of recent publications on TiO2 photocatalysts
modified with bimetallic nanoparticles used in oxidation
processes is provided in Table 2. Ji et al. [39] reported that the
structure of bimetallic NPs on TiO2 depends on the preparation procedure. Bimetallic Ag-Au nanoparticles (NPs) with

Xe arc lamp cut-off filter
(𝜆 > 450 nm)
1000 W Xe arc lamp
cut-off filter
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5 to 6

3 to 5

3

2 to 6

1 to 12
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precursors amount

2 to 4

Ag-Cu alloy

Au-Cu alloy

Au-Cu alloy

Pt-Cu alloy

Pt-Pd alloy

Pt-Pd alloy
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mercury lamp
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300 W Xe arc lamp

1000 W Xe arc lamp

n.d.

17

Ag-Au alloy
Ag (shell)-Au
(core)

Irradiation source

Average particle size
[nm]

Bimetallic NPs

Structure depends on the molar ratio between Ag and Au. Higher Ag ratios result in
an increase in silver shell on the surface of Ag/Au alloy core, while lower Ag ratios
tend to the formation of alloy particles
The photodegradation efficiency under visible light increased with the increase in
copper loading up to 0.5 mol% and then decreased
Modification of Cu leads to better enhancement in the photocatalytic properties
compared to modification of Au. The best photocatalyst is Au-Cu/P25 with Au-Cu
1:3
The bimetallic Au-Cu/TiO2 catalysts showed higher activity in terms of methanol
conversion and hydrogen selectivity than the monometallic Au/TiO2 and Cu/TiO2
catalysts
Bimetallic alloy nanoparticles consisting of 80 mol% of Pt and 20 mol% of Cu,
supported on anatase TiO2 , successfully promote aerobic oxidation of alcohols
under sunlight irradiation at ambient temperature
The best photocatalytic activity was observed for the sample Pt-Pd/TiO2 modified
with 0.5 mol% of platinum and 0.5 mol% of palladium. Average degradation rate of
6.84 𝜇mol dm−3 min−1 for phenol was about 19 times greater than for pure TiO2
obtained using the same preparation procedure
The optimum loading of platinum around 0.5–1.0% was observed for the
photocatalytic oxidation of methyl orange dye. The photocatalytic activity of
Pd/TiO2 decreased with the increase of palladium loading
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Table 2: Recent publications of TiO2 photocatalysts modified bimetallic nanoparticles used in oxidation processes.
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alloyed and core-shell structures were obtained at temperature (75∘ C) from gold and silver NPs precursors in aqueous
solution. Based on microscopic and spectroscopic analyses
they stated that both the digestive ripening and Ostwald
ripening were responsible for the formation of alloy or coreshell structures during the heating process. The structure of
bimetallic NPs depended on Ag and Au molar ratio. Higher
Ag contribution increases silver shell on the surface of Ag-Au
alloy core, while lower Ag amount leads to the formation of
alloy particles [39]. Kowalska et al. [55] proposed two mechanisms for plasmonic titania photocatalysts under visible light
irradiation: (1) charge carrier transfer (electron transfer from
plasmonic metal NPs to CB of titania) and (2) energy transfer
(from plasmonic NPs to titania). Basing on the obtained
results for core/Au-shell/Ag structures immobilized on TiO2 ,
which exhibited enhanced field at the interface between
titania and metallic nanoparticles, it was stated that the electronic mechanism for plasmonic photocatalysts under visible
light irradiation is responsible for the enhanced or reduced
visible light activity. Recently, it was reported for TiO2
modified monometallic NPs that nanoparticles size and shape
are critical to the photocatalytic activity [30, 67, 68].
A series of Ag-Cu modified TiO2 photocatalysts were
obtained using the microemulsion method [69]. As it
was previously reported for Ag-Au/TiO2 photocatalysts
microemulsion method allows obtaining monodisperse alloy
NPs deposited on TiO2 surface. For Ag-Cu/TiO2 a maximum
in the photocatalytic activity under visible light was observed
for the sample containing 0.5 mol % of Cu and 1.5 mol% of
Ag. Average rate of phenol decomposition was 2.41 𝜇mol/min
and it was higher than for Ag/TiO2 and Cu/TiO2 NPs.
The photocatalytic activity increased with silver loading up
to 4.5 mol% and then decreased. Silver presence was more
beneficial for visible light activation of modified TiO2 photocatalysts than more copper amount. Hai et al. [70] observed
similar relation as was previously described for the AgCu/TiO2 system, regarding metal amount and composition
in the bimetallic structure assessed for wastewater treatment.
Modification with Cu leads to better enhancement in the
photocatalytic properties compared to modification with Au.
TRMC signals show that bimetallic nanoparticles are better
electron scavengers than Cu and Au NPs [70].
Ou et al. [71] studied the effect of Au/TiO2 (2 wt.% Au),
Cu/TiO2 (2 wt.% Cu), and Au-Cu/TiO2 (1 wt.% Au-1 wt.%
Cu) catalysts on partial oxidation of methanol (POM) to
produce H2 . The antisintering effect in Au-Cu alloy-modified
TiO2 NPs was observed. Copper nanoparticles acted as a
stabilizer and prevented gold NPs from aggregation or sintering during calcination. The bimetallic Au-Cu/TiO2 catalysts
showed higher activity in terms of methanol conversion and
hydrogen selectivity than the monometallic Au/TiO2 and
Cu/TiO2 catalysts. Bimetallic Au-Cu/TiO2 catalysts were
more active and stable and exhibited better hydrogen selectivity with a smaller amount of CO compared to monometallic
Au/TiO2 and Cu/TiO2 catalysts. The enhanced activity, selectivity, and stability of bimetallic catalysts are due to the AuCu interaction that creates smaller metal particles, which
consequently stabilize the active component for POM to
produce hydrogen. XPS analysis revealed that this interaction
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is caused by the redox properties of Cu, which leads to stabilization of active Au𝛿+ and also stabilizes Au particle size [71].
A considerable increase of the photocatalytic activity in
the reaction of phenol degradation was observed for 1 to 5 nm
NPs of Pt-Pd deposited on TiO2 [30]. The effect of the
crystallite size of TiO2 anatase and Pt-Pd bimetallic nanoparticles led to observation that sample of Pt-Pd/ TiO2 with
anatase crystallite size of about 30 nm and 8–15 nm bimetallic
particles deposited on TiO2 was 2.3 times less photoactive
than Pt-Pd alloy immobilized on TiO2 containing 5 to 9 nm
Pt-Pd nanoparticles aggregated with smaller TiO2 (∼9 nm)
nanoparticles. The results indicate that the rate of phenol
decomposition in the presence of Pt-Pd/TiO2 under Vis light
is comparable to the data for commercial TiO2 photocatalysts
exposed to UV light. Thus, remarkable step forward in visible
light photocatalysis for Pt-Pd alloy NPs on TiO2 was reported
[30]. The average degradation rate of 6.84 𝜇mol⋅dm−3 min−1
for phenol was about 19 times greater than for pure TiO2
obtained using the same preparation procedure and about 4
times higher compared to Pd/TiO2 . However, monometallic
Pt/TiO2 photocatalyst revealed only slightly lower photodegradation rate of 6.20 𝜇mol⋅dm−3 min−1 . Thus other less
expensive platinum-based bimetallic structures in photocatalytic processes need investigation.
Shiraishi et al. [31] reported preparation of Pt-Cu/TiO2
photocatalysts highly active for aerobic oxidation driven by
visible light. The effect of alloy particle size on photocatalytic
activity in the reaction of benzyl alcohol oxidation was
investigated. The photocatalytic activity of the photocatalysts
with larger alloy particles was much lower than that prepared
at 673 K which contain alloy particles 2 to 6 nm of diameter. Bimetallic Pt-Au/anatase, Pt-Ag/anatase, Pt-Pd/anatase,
and Au-Cu/anatase alloy particles, often used for aerobic
oxidation, showed activity much lower than that of the PtCu/anatase alloy.

6. Challenges and Prospects
Significant progress has been achieved in recent years in the
field of heterogeneous photocatalysis, particularly in noble
metal nanoparticles as surface modifiers, which enhanced
photocatalytic activity in visible light. Alloying a parent metal
with a second metal can lead to efficient charge separation by
trapping or removing electrons from TiO2 . Although significant progress has been made in the application of TiO2 modified bimetallic NPs the development of bimetallic is still an
attractive research aim. The most challenging problems are
expected physicochemical properties such as monosize, uniform size, and even distribution of metal nanoparticles over
the photocatalyst support. The photocatalytic and optical properties of bimetallic modified TiO2 photocatalysts
directly depend on the preparation procedure. Different preparation methods may result in different defect structures,
surface morphology, and bimetallic NPs structure. Table 3
represents the bimetallic photocatalyst prepared via different
preparation methods and their application for photocatalytic
processes. Most of TiO2 modified bimetallic NPs reported in
literature were prepared by the coprecipitation and impregnation method. However, most commonly used inexpensive
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Ag-Au
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Deposition-precipitation
method
Metals n.m.
TiO2 crystallite
size 7 to 9

Average particle
size [nm]

Preparation procedure

Bimetallic NPs

The activity was studied in the reaction of cyclohexane dehydrogenation and
cyclopentane hydrogenolysis. For both bimetallic catalyst series decalin conversion
increases as Ir loading and temperature level increase
The decolorization of Orange II was studied under visible light using bimetallic
Cu-Ni/TiO2 nanoparticles. The best performing Cu-Ni/TiO2 photocatalyst has 9 : 1
Cu : Ni mass composition and calcined at 180∘ C giving 100% Orange II removal
with 16.1 ppm TOC value
Nickel nanoparticles possess a ball-flower structure, leading to a large specific
surface area. In addition, copper interlayer enhanced the conductivity of substrate
and showed a synergistic effect with Ni, which enhanced the rate of electron
transfer process
The properties of bimetallic alloy particles were investigated. It was found that the
presence of Cu greatly enhanced the reducibility of the Ni species and about 85% of
the particles were metallic. After initial reduction, many nanoparticles quickly
nucleated on the grain boundaries or surface defects of the titania supports. The
nanoparticles grew rapidly via the Ostwald ripening or short-range particle-particle
coalescence mechanisms

The addition of iridium to platinum catalysts could affect directly the dispersion
and size of metal particle because of synergetic and electronic effects and
consequently cause an improvement in the catalytic development

The photocatalytic activity of noble metals modified TiO2 powders under visible
light irradiation was estimated by measuring the decomposition rate of phenol in an
aqueous solution. Bimetallic alloy samples (AgAu/TiO2 ) showed a higher
photodegradation rate in visible region than monometallic photocatalysts
It was found that Ag-Au-ZnO is more efficient than Ag-ZnO, Au-ZnO, bare ZnO,
commercial ZnO, TiO2 -P25,and TiO2 (Aldrich) for degradation of MB under UV-A
light

The photocatalytic activity was examined during methanol dehydrogenation
(50% MeOH, argon) under UV irradiation (Hg lamp) and 2-propanol oxidation
(5 vol%) under visible light irradiation (Xe lamp, 𝜆 > 450 nm)

The catalysts were examined in reaction of CO oxidation. Au-Ag/TiO2 catalysts
activated in H2 at high temperature (550∘ C) exhibit higher activity than
monometallic gold catalysts containing particles of the same size. Monometallic
silver catalyst was inactive
The photocatalytic activity was determined in the reaction of degradation of
4-chlorophenol. The presence of the 0.05% and 0.1% Au/TiO2 rapidly degraded
hydroquinone (HQ) to hydroxyhydroquinone (HHQ) (i.e., intermediates from
4-chlorophenol degradation)

Pollutant

Table 3: Recent publications of preparation of bimetallic photocatalysts and their application in reduction and oxidation processes.
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methods allow to obtain metallic NPs with particles size
from 5 to10 nm. It is well known that smaller monodispersed
silver nanoparticles ranging from 5 to 10 nm exhibit the
best photocatalytic and antimicrobial activity. Recently it
was also reported that fine platinum nanoparticles in the
size range 0.8 to 2 nm revealed the highest activity under
visible light irradiation among all monometallic plasmonic
nanoparticles. Therefore, preparation of monodisperse and
very small monometallic and bimetallic NPs is a very important task. Another challenge regarding bimetallic modified
TiO2 is preparation of bimetallic-based nanomaterials with
a well-controlled shape [72]. It was reported that the shape
of bimetallic NPs determines surface atomic arrangement
and the optical properties. In this regard, nanoarchitecture
arrangement (shape and size of metals) as well as the selection
of noble metal and titania form may allow to prepare photoactive catalysts under overall solar spectrum. A photocatalyst
with very high efficiency is not practical if the cost of its
modification with metals is too high.
Although platinum is a very promising catalyst which can
increase TiO2 activity its amount in the photocatalyst need
to be lowered by orders of magnitude to keep it economical. The presence of more abundant second metal could
contribute to decreasing the overall costs. Therefore, more
research is needed to identify low-cost metals with acceptable
enhancement of photocatalytic activity.
Recently, preparation of Pt-Fe or Pt-Co nanoparticles
[73, 74] for catalytic processes was reported. Moreover, preparation of Pt-shell and Co (Fe)-core NPs with fine particle size
allows to enhance charge separation and facilitates separation
and recycling of the photocatalyst. Hsieh et al. [35] reported
preparation of bimetallic Pt-M (M = Fe, Co, and Ni) catalysts
active in electrooxidation of methanol, using oxidized CNTs
as the catalyst support. The particle size of Pt-Co NPs was
within 5 to 10 nm. The Pt-Co/CNT catalyst exhibited the best
electrochemical activity, CO tolerance, and long-term cycle
ability [35]. Chen et al. [75] obtained Fe-Pt nanoparticles with
controlled composition and the particle size below 9 nm. The
size of the particles was controlled by the molar ratio of stabilizers to platinum acetylacetonate and the heating conditions.
In the first step of particle formation mechanism Pt-rich
nuclei were formed by reduction of platinum acetylacetonate.
In the next step more Fe atoms coat over the existing Pt-rich
nuclei, forming larger clusters. Exposition of clusters to the
air leads to the formation of Pt-rich Fe-Pt/Fe3 O4 followed by
heating the clusters to 300∘ C, which leads to atomic diffusion
and formation of fcc-structured Fe-Pt nanoparticles [75].
Another embodiment in the preparation of active photocatalysts under visible light may be combination of large
plasmonic particles of gold or palladium with fine (1 to 2 nm)
particles of platinum, silver, or copper which allows to absorb
light in a wider wavelengths range.
Summarizing, although intensive development has led to
preparation of highly active bimetallic photocatalysts in the
reactions, the number of papers dealing with bimetallic NPs
applications in catalysis is still greater than the number
of publications in the area of photocatalysis. Many aspects
are not fully covered yet, particularly a low-cost preparation methods, the control of particle size, and increased
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absorption of visible light which seems to be crucial for
technological application of photocatalysts.
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“Intrinsic fano interference of localized plasmons in Pd nanoparticles,” Nano Letters, vol. 9, no. 2, pp. 882–886, 2009.
[13] S. E. Hunyadi Murph, K. J. Heroux, C. E. Turick, and D.
Thomas, “Metallic and hybrid nanostructures: fundamentals
and applications,” Nanotechnology, vol. 4, pp. 387–427, 2013.
[14] A. Ayati, A. Ahmadpour, F. F. Bamoharram, B. Tanhaei, M.
Manttari, and M. Sillanpaa, “A review on catalytic applications
of Au/TiO2 nanoparticles in the removal of water pollutant,”
Chemosphere, 2014.
[15] E. Kowalska, H. Remita, C. Colbeau-Justin, J. Hupka, and J.
Belloni, “Modification of titanium dioxide with platinum ions
and clusters: application in photocatalysis,” Journal of Physical
Chemistry C, vol. 112, no. 4, pp. 1124–1131, 2008.
[16] C. Zhang, H. He, and K.-I. Tanaka, “Catalytic performance and
mechanism of a Pt/TiO2 catalyst for the oxidation of formaldehyde at room temperature,” Applied Catalysis B, vol. 65, no. 1-2,
pp. 37–43, 2006.
[17] F. B. Li and X. Z. Li, “The enhancement of photodegradation
efficiency using Pt–TiO2 catalyst,” Chemosphere, vol. 8, pp. 1103–
1111, 2002.
[18] H.-W. Chen, Y. Ku, and Y.-L. Kuo, “Effect of Pt/TiO2 characteristics on temporal behavior of o-cresol decomposition by visible
light-induced photocatalysis,” Water Research, vol. 41, no. 10, pp.
2069–2078, 2007.
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NanoBioMedical Center, Adam Mickiewicz University, Umultowska 85, 61-614 Poznań, Poland

Correspondence should be addressed to Adriana Zaleska; adriana.zaleska@pg.gda.pl
Received 7 March 2014; Accepted 6 April 2014; Published 30 April 2014
Academic Editor: Arash Dehghan Banadaki
Copyright © 2014 Anna Cybula et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Rutile loaded with Au/Pd nanoparticles was prepared using a water-in-oil microemulsion system of water/AOT/cyclohexane
followed by calcination. The effect of calcination temperature (from 350 to 700∘ C) on the structure of Au/Pd nanoparticles deposited
at rutile matrix and the photocatalytic properties of Au/Pd-TiO2 was investigated in two model reactions (toluene degradation in
gas phase and phenol degradation in aqueous phase). Toluene was irradiated over Au/Pd-TiO2 using light emitting diodes (LEDs,
𝜆 max = 415 nm). The sample 0.5 mol% Pd/TiO2 exhibited the highest activity under visible light irradiation in gas and aqueous
phase reaction among all photocatalysts calcined at 350∘ C, while the sample modified only with gold nanoparticles showed the
lowest activity. The Au/Pd-TiO2 sample calcinated at 350∘ C possesses the highest photocatalytic activity when degrading phenol
under visible light, which is 14 times higher than that of the one calcinated at 450∘ C. It was observed that increasing temperature
from 350 to 700∘ C during calcination step caused segregation of metals and finally resulted in photoactivity drop.

1. Introduction
In the late 1980s, it was found that heterogeneous, composite,
or sandwich colloidal metal particles have better efficiency
than their corresponding single particles. Depending on the
synthetic approach used in the preparation of bimetallic
nanoparticles (BNPs), the distribution of each metal within a
particle and their organization could adopt either core-shell,
random alloy, alloy with an intermetallic compound type,
or cluster-in-cluster or subclusters structures. Nanoparticles
containing one or two noble metals were efficiently used
both in catalytic [1, 2] and photocatalytic [3] reactions.
Paalanen et al. have considered three key structural parameters, namely, (a) the size of the metal nanoparticles, (b)
compositional variation between the two metals, and (c)
the mixing pattern or nanostructure of the two metals that
play a crucial role in determining the activity/selectivity
and stability of bimetallic (e.g., Au-Pd) nanoparticle-based
catalysts [4]. Thus, the ability to control nanoscale alloying and phase segregation properties is important for the

exploration of the bimetallic nanoparticles for the design
of advanced catalysts, photocatalysts, and other functional
materials. The structure of bimetallic nanoparticles modifiedsemiconductor as well as their activity and surface properties
can be modified by changing type of support, preparation
conditions (TiO2 source, type of reducing agent, and surfactant) [3], heat treatment temperature [5], atmosphere [6],
metals content [7], preparation method [8], synergistic effect
between two metals, and so forth. A combination of two
or more kinds of metals has been widely applied in various
materials to enhance the performance and reliability of
the materials. Gold-palladium nanoparticles-based catalysts
have been reported to be active for oxidation of benzyl alcohol
[8–11], hydrogenation of 1-heptyne [12], oxidation of VOC
[13, 14], oxidation of crotyl alcohol [15], CO oxidation [16],
synthesis of hydrogen peroxide [17, 18], hydrodechlorination
[19], and vinyl acetate synthesis [20]. There is a lot of
information in the recent literature about the activity of
Au/Pd-TiO2 nanocomposites in catalytic reactions, however,
only a few reports about the activity of these nanoparticles

2
in the photocatalytic reactions. Tanaka et al. successfully
prepared Au-core Pd-shell particles supported on TiO2 by a
two-step photodeposition method. Samples were active in the
photocatalytic dechlorination of chlorobenzene to benzene
along with oxidation of 2-propanol to acetone under visible
light irradiation [21]. It was shown that thickness control of
the Pd shell is very important for both a satisfactory cocatalyst
effect and absorption due to surface plasmon resonance
(SPR) of Au nanoparticles [21]. Au-Pd alloy, supported on
TiO2 , has been synthesized via a sol-immobilization method
and successfully used for phenol oxidation under UV light
[22]. Su et al. suggested that the metal nanoparticles can
mediate undesired redox reactions that ineffectively consume
photogenerated radicals, thus improving the photooxidation
efficiency of phenol [22]. In this work, the effect of temperature calcination on the structure of Au-Pd nanoparticles deposited at rutile surface and photocatalytic activity
of Au-Pd/TiO2 nanocomposites under UV-Vis and visible
irradiation was investigated. To our best knowledge, there
has been no report on using visible light-emitting diodes
(𝜆 max = 415 nm) for gas phase treatment over rutile loaded
with Au/Pd nanoparticles. LEDs are a promising irradiation
source, which allow reducing power consumption and costs
of photocatalytic processes. The effect of the calcination
temperature on photocatalytic activity in phenol degradation
in aqueous phase and toluene degradation in gas phase as
well as photocatalysts stability in two subsequent cycles was
investigated.

2. Experimental
2.1. Materials and Instruments. Commercially available JRCTIO-5 (mixture of rutile and anatase with majority of rutile,
particle size: 570 nm, supplier: Catalysis Society of Japan)
was used for the preparation of Au/Pd-TiO2 photocatalysts.
Palladium (II) chloride (5 wt.% in 10 wt.% HCl) and HAuCl4
(Au ∼ 52%) from Sigma-Aldrich were used as metal source
in the preparation procedure. Cyclohexane, isopropyl alcohol, hydrazine, acetone, and AOT (dioctyl sulfosuccinate
sodium salt) (POCH S.A., Poland) were used without further
purification. Deionized water was used for all reactions and
treatment processes.
DRS UV-Vis spectra of the synthesized materials were
recorded in the scan range 200–800 nm using UV-Vis spectrophotometer equipped with an integrating sphere and TIO5 was used as the reference. The crystal structure Au/Pd-TiO2
was determined from XRD pattern measured in the range of
2𝜃 = 20–80∘ using X-ray diffractometer with Cu target K𝛼-ray
(𝜆 = 1.5404 Å). Nitrogen adsorption-desorption isotherms
were recorded at liquid nitrogen temperature (77 K) on
a Micromeritics Gemini V (model 2365) and the specific
surface areas were determined by the Brunauer-EmmettTeller (BET) method in the relative pressure (𝑝/𝑝0 ) range of
0.05–0.3. All the samples were degassed at 200∘ C prior to
nitrogen adsorption measurements. The composition of the
bimetallic NPs Au/Pd located at the TiO2 surface was studied
using Cs-corrected STEM (High Angle Annular Dark Field,
HAADF) imaging supplemented with EDXS mapping.
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2.2. Preparation of Photocatalysts. The monometallic Au
and Pd-modified titanium (IV) oxide nanoparticles were
prepared by adding gold or palladium precursor into
water/AOT/cyclohexane microemulsion A. Surfactant AOT
was used as a stabilizer for the nanoparticles into microemulsion system. Mixing of microemulsion A was carried out
for 1 h under nitrogen and then gold and palladium were
reduced by dropwise addition of microemulsion B containing
the reducing agent (hydrazine) in the water phase. The molar
ratio of the reducing agent to metal ions equaled to 3. AuTiO2 and Pd-TiO2 was obtained by introducing powdered
TiO2 (TIO-5) into the microemulsion system containing
metal nanoparticles. The water content was controlled by
fixing the molar ratio of water to the surfactant. Figure 1
shows the images of microemulsions containing (a) Au3+
ions, (b) Au nanoparticles, and (c) Au modified TiO2 .
Microemulsion was mixed and purged with nitrogen for
24 h and then obtained precipitate was washed with acetone
and water to remove the remaining surfactant, dried at 80∘ C
for 48 h, and calcined in air for 2 h at different temperatures
(with heating rate 2∘ C/min). Au/Pd-TiO2 photocatalysts were
received by the same method but with the addition of two
metal precursors (PdCl2 and HAuCl4 ) into microemulsion
A. Gold ions were introduced firstly followed by addition of
palladium ions.
2.3. Measurement of Photocatalytic Activity in the Aqueous
Phase. The photocatalytic activity of the Au-TiO2 , Pd-TiO2,
and Au/Pd-TiO2 samples under the visible and UV-Vis
irradiation was estimated by measuring the decomposition
rate of phenol aqueous solution. Phenol was selected as a
model pollutant because it is a nonvolatile and common contaminant present in industrial wastewaters. No degradation
of phenol was observed in the absence of the photocatalyst
or illumination. The aqueous phase contained 125 mg of the
photocatalyst, 24 cm3 of deionized water, and 1 cm3 of phenol
(C0 = 500 mg/dm3 ) as was described in our previous study
[5]. The prepared suspension was stirred and aerated (𝑉 =
5 dm3 /L) for 30 min in the dark and then the content of
the reactor was photoirradiated with a 1000 W Xenon lamp
(Oriel) which emitted both UV and Vis irradiation. Measured
light flux was (in the range from 310 to 380 nm) 68 mW/cm2
for Xe lamp. The optical path included a water filter and a
glass filter (GG 420) which cut off wavelengths shorter than
420 nm. During the irradiation the suspension (1 cm3 ) was
collected and filtered through syringe filters (Ø = 0.2 𝜇m) to
remove the catalyst particles and then phenol concentration
was estimated by the colorimetric method (𝜆 = 480 nm)
after derivatisation with diazo p-nitroaniline using UV-Vis
spectrophotometer (DU-7, Beckman).
2.4. Measurement of Photocatalytic Activity in the Gas Phase.
The photocatalytic activity of TiO2 modified with Au, Pd,
and Au/Pd nanoparticles in the gas phase reaction was
determined by the toluene degradation process. In a typical
measurement the suspension photocatalyst (0.1 g) in water
was loaded as a thick film on a glass plate (3 cm × 3 cm) using
painting technique. The obtained TiO2 -coated support was
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Figure 1: The images of (a) Au3+ ions, (b) Au nanoparticles, and (c) Au modified TiO2 in the microemulsion water/AOT/cyclohexane.

dried and then placed at the bottom side of the photoreactor.
The flat stainless steel reactor (𝑉 = 30 cm3 ) was equipped
with a quartz window, two valves, and a septa [23]. The
gaseous mixture from a cylinder was passed through the
reactor space for 1 min. The concentration of toluene in a
gas mixture was about 100 ppm. After closing the valves, the
reactor was kept in the dark for 15 min and then the content
of the reactor was photoirradiated. As an irradiation source,
an array of 25 LEDs (𝜆 max = 415 nm) was used. The analysis of
toluene concentration in the gas phase was performed using
gas chromatograph (Clarus 500, PerkinElmer) equipped with
FID detector and Elite-5 capillary column as was described in
our previous study [23].

3. Results and Discussion
3.1. BET Surface Area. Table 1 shows the sample label, BET
surface, and pore size of Au, Pd, and Au/Pd modifiedTiO2 samples calcinated from 350 to 700∘ C. The surface
area of the modified-TiO2 samples, obtained by microemulsion system, fluctuated from 0.12 to 0.84 m2 /g and was
dependent on the type/amount noble metal and calcination temperature. The samples modified with monometallic nanoparticles of palladium and gold (0.5 Pd/TiO2 and
1.25 Au/TiO2 ) had BET surface areas of about 0.214 and
0.198 m2 /g, respectively. The 0.5 Pd 1.25 Au/TiO2 sample
calcined at 350∘ C had the lowest BET surface area of about
0.12 m2 /g.
And the sample calcined at 700∘ C had the highest BET
surface area of about 0.84 m2 /g. However, our previous studies have shown that as the calcination temperature increased,
the BET surface area of Au/Pd-TiO2 obtained by hydrolysis of
TIP in the microemulsion system decreased progressively [5].
The surface area for pure nonmodified TiO2 was 0.69 m2 /g.
The pores size of obtained photocatalysts was very low and
fluctuated from 0.0001 to 0.0003 cm3 /g.
3.2. UV-Vis Properties. DRS spectra of samples TiO2 modified with monometallic (0.5% of Pd or 1.25% of Au) and
bimetallic nanoparticles (0.5% of Pd and 1.25% of Au) are
shown in Figures 2(a) and 2(b). The spectra were taken using
pure TiO2 (TiO-5, rutile) as a reference material. Obtained
results indicated that the visible light absorption of the TiO2
samples was significantly improved by introducing the gold
and palladium nanoparticles. The absorption band edge is
strongly related to gold and palladium nanoparticles size and
shape presented in the photocatalyst samples. It can be seen

that for sample 0.5 Pd/TiO2 sharp absorbance edges occur at
the wavelength of about 450 nm. For gold nanoparticles an
increase in absorbance in the visible range at a wavelength
of from 440 to 550 nm was observed, which is consistent
with the LSPR of gold metal particles with the size in
the nanometer range. For samples modified with Au/Pd
nanoparticles and calcined at 350 and 400∘ C we observed
a wide band from 550 to 750 nm for Au nanoparticles.
Kowalska et al. showed that absorption at 560–610 nm was
attributed to surface plasmon resonance (SPR) of larger Au
nanoparticles (30–60 nm) [24]. In case of samples calcined at
700 and 450∘ C, we observed absorption peaks at ca. 440 nm,
suggesting the presence of nanosize gold spherical particles
and peaks at ca. 460 nm.
Mohamed and Baeissa showed that Pd-TiO2 has an
absorption sharp edge rising approximately 460 nm in the
visible range, which is characteristic of surface plasma resonance corresponding to Pd particles [25]. The band at
∼440 nm (2.84 eV) could also be attributed to the d-d
transition of PdO particles, that is, to the presence of PdO
bulk phase [26].
3.3. XRD Analysis. Figure 3 shows the results of X-ray
diffraction measurements for the samples 0.5 Pd/1.25 Aumodified TiO2 calcined from 350 to 700∘ C. Titanium dioxide
is presented in two crystalline forms: anatase and rutile,
but rutile was the main phase. The XRD peaks of anatase
titania were detected at 25.2∘ . Typical diffraction peaks
corresponding to rutile (2𝜃 = 27.4∘ , 36.0∘ , 41.3∘ , 54.3∘ , and
56.6∘ ) were observed in all the samples [12]. It can be seen that
the intensity of the reflexes rutile and anatase increases with
the calcination temperature. The XRD pattern of the sample
calcined at 700∘ C reveals the highest reflexes intensities.
The presence of a broad peak in the diffractograms of the
bimetallic samples, centered at a value intermediate between
the (1 1 1) peaks of metallic gold (2𝜃 = 38.2∘ , 44.4∘ ) and
metallic palladium (2𝜃= 40.1∘ , 46.7∘ ) indicated formation of
Au/Pd alloy structure.
The diffraction peaks of 38.3∘ and 44.2∘ could be
attributed to a gold-enriched alloy phase and the peaks of
40.2∘ and 46.4∘ to a palladium-enriched alloy phase. The
crystallization occurs during the calcination. It can be seen
that calcination temperature influences the intensity, the
intensity ratio, and the width of the reflexes of Au/Pd. The
diffraction Au/Pd peaks calcined at 700∘ C are sharp and
intense, suggesting the aggregation of PdO particles to a
certain extent during the oxidative thermal treatment [9].
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Table 1: Sample label, BET surface area, and pore size of pure TIO-5, Au, Pd, and Au/Pd modified-TiO2 samples calcinated from 350 to 700∘ C.
Amount of noble metal precursor (mol.%)

Sample label
TiO2 (TIO5-Rutile)∗
0.5Pd/TiO2 350
1.25Au/TiO2 350
0.5Pd 1.25Au/TiO2 350
0.5Pd 1.25Au/TiO2 400
0.5Pd 1.25Au/TiO2 450
0.5Pd 1.25Au/TiO2 700
∗

Pd

Au

0
0.5
0
0.5
0.5
0.5
0.5

0
0
1.25
1.25
1.25
1.25
1.25

Pore size
(cm3 /g)

BET surface
area (m2 /g)

Calcination
temperature (∘ C)
—
350
350
350
400
450
700

0.69
0.21
0.20
0.12
0.43
0.16
0.84

0.0002
0.0001
0.0003
0.0001
0.0002
0.0001
0.0004

TIO-5: mixture of rutile and anatase with majority of rutile (particle size: 570 nm; supplier: Catalysis Society of Japan).
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Figure 2: DRS spectra of samples (a) 0.5 Pd/TiO2 and 1.25 Au/TiO2 and (b) 0.5 Pd 1.25 Au/TiO2 calcined at different temperature (from 350
to 700∘ C).
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Figure 3: XRD pattern in ranges (a) 20–80∘ and (b) 37–46∘ of sample 0.5 Pd/1.25 Au-TiO2 calcinated from 350 to 700∘ C.
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3.4. Morphology. Gold and palladium are complete miscible
that means all lattice planes which one could observe by
TEM are in a range, for example, (111) between 0.23510 (Au)
and 0.22517 nm (Pd), that makes it difficult to distinguish.
Thus, the composition of Au/Pd nanoparticles was studied
using Cs-corrected STEM (High Angle Annular Dark Field,
HAADF) imaging supplemented with EDXS mapping. Most
of the observed bimetallic nanoparticles Au/Pd, deposited
at the TiO2 surface, were in the range from 15 to 440 nm.
The main fractions of Au/Pd nanoparticles calcined at
350∘ C had mostly spherical nanoparticles (in range from
65 to 180 nm) and longitudinal nanoparticles (about 98 and
250 nm). Figure 4 shows typical examples of nanoparticles
calcined at 350 and 700∘ C, deposited on the surface rutile.
For sample treated at 400∘ C, no nanoparticles smaller than
80 nm were found. Au/Pd nanoparticles about 440 nm had
longitudinal shape and nanoparticles in the range from 80 to
195 nm had spherical shape.
Calcination at 450∘ C resulted in formation of mostly
spherical 55–190 nm nanoparticles together with longitudinal
180 nm particles. For sample calcined at 700∘ C, spherical
nanoparticles from 15 to 180 nm (mostly smaller) and particles about 290 nm with longitudinal shape were found. The
morphology with mapping of bimetallic nanoparticles Au/Pd
deposited at rutile surface is shown in Figure 5. The green
spots were assigned to be Pd nanoparticles; the red spots were
Au particles, whereas blue were Ti.
In case of the sample calcined at 350∘ C we observed that
the gold content is higher than palladium content both in core
and shell regions showing the alloy form. However, part of the
palladium is not formed as nanoparticles. Figure 5(a) clearly
shows aggregations of palladium located around the Au/Pd
nanoparticles. Enhancement of the calcination temperature
up to 400∘ C leads to migration of Pd into nanoparticles
and fully alloying the metals. For sample treated at 400∘ C
no aggregations of palladium located around the Au/Pd
nanoparticles were found. In case of the sample calcined at
450∘ C it can be seen both types of nanoparticles structures,
that is, core-shell and alloy. In the case of small nanoparticles
(about 60 nm), it could be observed that the core of bimetallic
NPs was rich in gold; however, the shell contained mostly
palladium. However, bigger nanoparticles (about 150 nm)
showed the alloy structure. Rising the calcination temperature to 700∘ C led to a fully alloyed system.
3.5. Photocatalytic Activity in Phenol Degradation. The photodegradation of phenol was performed in an aqueous
solution under visible (𝜆 > 420 nm) and UV-Vis light
irradiation. Compared to pure TiO2 , TiO2 modified with
0.5 mol% of Pd exhibited a significant increase in vis-driven
phenol degradation reaction from 1.4 to 24% after 60 min
irradiation (see details in Table 2). In case of the sample
1.25 mol% Au modified TiO2 under visible light irradiation
only 3.5% phenol was degraded after 60 minutes. The effect
of temperature calcination on the photocatalytic activity of
Au/Pd-TiO2 in phenol degradation is presented in Figure 6
and Table 2. The highest photoactivity under visible light was
observed for the sample calcined at the lowest temperatures
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of 350∘ C. The phenol degradation efficiency under visible
light decreased from 22 to 13% for the sample calcined at
350 and 400∘ C, respectively. Further increase in annealing
temperature resulted in a drop of photoactivity to 1.6% for
the sample calcined at 700∘ C. In Figure 6(a) we can see
that the samples calcined at 350 and 400∘ C have much
higher activity than those calcined from 450 to 700∘ C. Our
previous studies have shown that increasing temperature
leads to photoactivity drop in photoactivity as well as the
photocatalytic activity under visible light of samples Au/PdTiO2 calcined at 350∘ C could be due to a high amount of
carbon in the sample [5]. Concluding, the highest activity under visible light irradiation among all photocatalysts
calcined at 350∘ C exhibited the sample 0.5 mol% Pd/TiO2
nanoparticles (24%), while the lowest activity showed the
sample modified with gold nanoparticles (3.5%). It was
observed that modification of TiO2 with bimetallic metals
Au/Pd resulted in a slight decrease of photocatalytic activity
as compared to 0.5 Pd/TiO2 , while a significant increase
in photoactivity as compared to 1.25 Au/TiO2 sample was
noticed.
All samples modified with Au/Pd nanoparticles showed
a high photoactivity under the influence of UV-Vis light;
after 1 h of irradiation, 100% of phenol was degraded (see
details in Table 2 and Figure 6(b)). The Au/Pd-TiO2
photocatalysts calcined at 350 and 450∘ C showed the
fastest degradation of phenol; degradation efficiency after
20 min of irradiation reached 100%. Compared to pure
TiO2, samples 0.5 Pd and 1.25 Au/TiO2 exhibited the
lower photoactivity under UV-Vis irradiation, as degradation efficiency after 60 min reached 89.2, 55.6, and 50.8%,
respectively.
3.6. Photocatalytic Activity in Toluene Oxidation. Toluene
photocatalytic degradation experiments were carried out
under LEDs (𝜆 max = 415 nm) irradiation after 60 minutes, in
two measurement cycles. All the as-prepared TiO2 samples
loaded with monometallic and bimetallic Au/Pd nanoparticles exhibited high photoactivity activity in gas phase.
The sample 0.5 mol% Pd modified TiO2 calcined at 350∘ C
revealed the highest photocatalytic activity in toluene degradation. After 60 minutes of irradiation using LEDs (𝜆 max =
415 nm) after 1st and 2nd cycles of irradiation 79 and 78% of
toluene were degraded. The sample 1.25 Au modified TiO2
showed the lower average degradation (about 41%) compared
to pure TiO2 (about 58%). Further modification of TiO2 with
bimetallic metals Au and Pd (0.5 mol% Pd and 1.25 mol%
Au calcined at 350∘ C) caused a decreased photoactivity as
compared to 0.5 Pd/TiO2 , while an increase in photoactivity
in toluene degradation as compared to 1.25 Au/TiO2 sample.
The toluene oxidation slight decreased in 1st cycle from 64 to
52% for the sample calcined at 350 and 450∘ C, respectively.
Further increase in calcination temperature resulted in a
slight increaseof photoactivity to 64% for the sample calcined
at 700∘ C. The photoactivity decreased slightly in second
measurement cycles which suggests that active sides of TiO2
may have been blocked by toluene partial decomposition
products, as was observed in our previous studies [23].
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Figure 4: High resolution HAADF images with 𝑧-contrast for Au/Pd nanoparticles calcined at (a) 350 and (b) 700∘ C.

(a) 350∘ C

(b) 400∘ C

(c) 450∘ C

(d) 700∘ C

Figure 5: HAADF images with 𝑧-contrast combined with mappings of Au/Pd nanoparticles deposited on rutile and calcined at (a) 350, (b)
400, (c) 450, and (d) 700∘ C (blue is Ti, red is Au, and green Pd).

Controlling the composition of metals within nanoparticles is difficult and far from straightforward. The mixing
patterns of two metals are governed by various factors
that include (a) preferential bonding of one metal with the
stabilizer ligand/surfactant, (b) surface energy of the two
metals, (c) sizes of the metals, and (d) the difference in the
strengths of the hetero metal bonds and homo metal bonds
[4]. Obtained results showed that sample calcined at 350∘ C
exhibited nanoparticles that were alloys; however, the part of
the palladium is not formed as nanoparticles. The calcination

treatment at 400∘ C initiated fully migration of Pd into
nanoparticles Au/Pd. Based on surface energy value it could
be predicted that gold would be favored as surface material
in a core-shell particle, since the surface energies of Au and
Pd are 1.50 and 2.05 J/m2 , respectively [6]. However small
nanoparticles calcined at 450∘ C supported at rutile surface
have a core rich in gold, but the shell contained mostly
palladium which finally resulted in photoactivity drop. This
is in contrast to prediction based on surface energies of these
two metals. It is thought that high calcination temperature
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Table 2: Photocatalytic activity of pure TIO-5, Au, Pd, and Au/Pd modified-TiO2 samples calcinated from 350 to 700∘ C in phenol and toluene
degradation under UV-vis and Vis irradiation.
Efficiency of phenol
degradation under UV-Vis after
60 min irradiation (%)

Sample

89.2
55.6
50.8
100
100
100
100

350
400
450
700

1.00

0.90

0.80

0.70
0

20
40
Irradiation time (min)
700°C
Pure TIO-5

350°C
400°C
450°C

Efficiency of toluene degradation after
60 min. irradiation (%)
LED (𝜆 max = 415 nm)

1.4
24
3.5
22
13
1.5
1.6

Efficiency of phenol degradation (C/C0 )
(%)

Efficiency of phenol degradation (C/C0 )
(%)

TIO-5 Rutile
0.5Pd/TiO2 350
1.25Au/TiO2 350
0.5Pd 1.2Au/TiO2
0.5Pd 1.2Au/TiO2
0.5Pd 1.2Au/TiO2
0.5Pd 1.2Au/TiO2

Efficiency of phenol degradation
under visible light after 60 min.
irradiation (%)

60

1st Cycle

2nd Cycle

58
79
42
65
54
52
64

59
78
40
57
50
49
60

1.00
0.80
0.60
0.40
0.20
0.00
0

20

40

60

Irradiation time (min)
700°C
Pure TIO-5

350°C
400°C
450°C

(a)

(b)

Figure 6: Kinetics of phenol degradation for sample 0.5 Pd 1.25 Au/TiO2 calcined at different temperatures: (a) under visible light and (b)
under UV-Vis light. Experimental conditions: light source: Xe lamp, 𝜆 > 420 nm, phenol initial concentration: 0.21 mM, m(TiO2 ) = 125 mg,
T = 10∘ C.

caused palladium readily oxidation to palladium oxide and
segregates to the surface of the particle by the formation
of Pd–O bonds [4]. Our previous results clearly showed
that increase in calcination temperature (from 350 to 700∘ C)
of Au/Pd nanoparticles deposited at anatase surface causes
gold enrichment in the surface region. Moreover, Au/Pd
nanoparticles deposited at anatase support and calcined at
350∘ C showed a gold-rich core and palladium-rich shell
structure, whilst Au/Pd nanoparticles supported on rutile
surface exhibited mostly alloys structure and part of the
palladium is deposited separately. Thus, it is clearly shown
that the structure of the bimetallic particles depends also on
the type of support materials. Contrariwise to our results,
Herzing et al. reported synthesis of Au/Pd particles in
the form of homogeneous alloys; nevertheless, subsequent
calcination in the air resulted in a progressive enrichment of
Pd at their surface and a significant decrease in the activity

of the catalyst [6]. Further increase in annealing temperature
to 700∘ C in our results resulted in formation of homogenous
alloys structures.

4. Conclusions
In summary, for the first time we have reported the effect of
calcination temperature on photocatalytic activity under visible light in toluene and phenol degradation for rutile modified with Au/Pd monometallic and bimetallic nanoparticles.
The sample 0.5 mol% Pd/TiO2 exhibited the highest activity
under visible light irradiation in gas and aqueous phase
reaction among all photocatalysts calcined at 350∘ C, while
the sample modified only with gold nanoparticles showed the
lowest activity. The Au/Pd-TiO2 sample calcinated at 350∘ C
possesses the highest photocatalytic activity when degrading
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phenol under visible light, which is more than 14 times higher
than that of calcinated at 450∘ C. Enhancement in annealing
temperature to 450∘ C resulted in increase of palladium
concentration in the outer shell for small nanoparticles and
in drop of photoactivity in phenol and toluene degradation
under visible light. Further increase of temperature to 700∘ C
caused slight increase in activity in the gas phase and no
change in photoactivity in the aqueous phase under visible
light irradiation probably due to formation of homogenous
alloys structures.
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2

Correspondence should be addressed to Jiřı́ Sopoušek; sopousek@mail.muni.cz
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The Ag-Cu bimetallic colloidal nanoparticles (NPs) were prepared by solvothermal synthesis from metalloorganic precursors
in a mixture of organic solvents. The nanoparticles were characterized by dynamic light scattering (DLS) and small angle Xray scattering (SAXS). The properties of metallic core and organic shell of the nanoparticles were studied by direct inlet probe
mass spectrometry (DIP/MS), Knudsen effusion mass spectrometry (KEMS), double-pulse laser-induced breakdown spectroscopy
(DPLIBS), and differential scanning calorimetry (DSC). The transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) were used for particle characterization before and after thermal analysis. The experiment yielded results that
were for AgCu nanoparticles for the first time. The detected liquidus temperature has been compared with the prediction obtained
from calculation of the phase diagram of Ag-Cu nanoalloy. The experimental results show that of near-eutectic composition AgCu
nanoparticles possess the fcc crystal lattice. Surprisingly, spinodal decomposition was not observed inside the AgCu nanoparticles
at temperatures up to 230∘ C. The depression of the eutectic AgCu melting point was calculated but not observed. The eutectic AgCu
microparticles are formed before melting.

1. Introduction
The nanomaterial sciences have contributed to solving constantly increasing number of complex problems in the past
decades. The same is true in the field of colloidal solutions of
inorganic substances including pure metals and their alloys.
In the field of colloidal solutions of pure noble metals, a
significant progress has been made in the last few years,
which allows us to proceed towards more complex systems
including bimetallic colloidal nanoparticles.
Working with nanoparticles of base metals in pure state
or with their alloys (nanoalloys) is challenging because of
their instability in a common laboratory environment (high
reactivity, oxidation). For this reason, it is necessary to protect
the nanoparticles. Protection is realized by using the surface
layer (protective shell) formed by surfactants or adsorbed
substances [1, 2]. The inner core of the nanoparticles is

thus shielded from adverse reactions (e.g., from oxidation
by atmospheric oxygen) or from mutual particle contacts.
Metal nanoparticles must be stored in a liquid to present
stable nanodispersion solutions (colloids). For this purpose,
especially in aqueous solutions, the use of surfactants forming
a shell with surface charge (𝑍 potential) is advantageous [3].
Colloids of metals are systems, which involve solid
nanoobjects that consist of a metallic core surrounded by a
protective shell, which have either steric (nonpolar solvents)
or electrostatic (polar solvents) stabilization function [4],
as well as of ions and neutral molecules. After solvent
evaporation we can obtain nanopowders, which have to
be stabilized by adsorbed molecules or by other protective
coating. The frequently studied colloids are often solutions
of nanoparticles of noble metals (Au, Ag, and Pt) [5, 6]
or colloids of metal oxide nanopowders [7, 8], which are
naturally stable in air.
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Robust conventional materials (bulk) formed from
oxides, pure metals, and alloys are usually stable systems
with well-defined crystallographic structures. The growing
importance of surface-free energy and stress with decreasing
particle size must be considered. It is possible to observe
changes in thermodynamic stability associated with size.
Decreasing particle size can induce modification of cell
parameters and/or structural transformations [9]. The
increased surface/volume ratio leads to observation of many
other effects [10, 11] and nanoparticles exhibit unique properties, which are not seen in the bulk materials [12]. A typical
nanoeffect is the melting point depression (MPD), which
was thermodynamically predicted [13] to be the result of
increased proportion of surface to volume atoms. This effect
is commonly observed for pure metal nanoparticles [14].
Experimental work with nonnoble bimetallic nanoparticles (binary nanoalloys) is challenging for the synthesis
but a large application potential is expected. The changes
of liquidus temperatures and also in other phase transformations (including reduction of the eutectic temperatures
[15]) of nanoalloys occur. Moreover, the properties of binary
nanoparticles are closely linked to their chemical composition.
Bimetallic nanoparticles, particularly those with welldefined alloy structures of noble metals, such as Pt-Ru,
Cu-Pd, Pt-Mo, Pt-W, Pt-Ni, and Au-Ag provide practical
examples of the influence of composition and structure on
their catalytic properties [16, 17]. Au-Ag nanoparticles of
alloy-type structure exhibit high catalytic activities for low
temperature CO oxidation [18] and aerobic oxidation of
alcohols [19]. Interesting optical properties are displayed by
metal core/metal shell nanoparticles, for example Au@Cu
[20] and Au@Ag [21].
The properties and hence the applicability of metallic
nanoparticles depend not only on their size but also on the
shape that can be controlled by chemical synthesis. Metal
nanoparticles have been prepared in various shapes (other
than a spherical), such as rods, cubes, and wires, and also in
the form of nanocrystals having an unexpected symmetry.
The shape of the nanostructure is equally important for
controlling different properties [22]. In the case of silver
nanoparticles, the pentamerous symmetry was observed,
which is prohibited for the bulk materials [23]. Pentamerous
symmetry corresponds to the presence of metal nanoparticles
in the form of the decahedron [24, 25] or icosahedron [26].
Enhanced catalytic activity can be expected for copper.
Copper nanoparticles and nanorods were synthesized by
thermal decomposition of copper precursors in the presence
of surfactants. Colloidal solutions of copper nanoparticles
also have strong antifungal [27] and antimicrobial [28]
properties, similar to silver [29–31].
The preparation of the Cu NPs is problematic due to
their easy oxidation. However, one can prepare CuO [32,
33] nanoparticles that are of great interest due to their
potential applications in a wide variety of areas including
electronic and optoelectronic devices. The behavior of bulk
alloys of copper and silver is generally well known as they
form a eutectic system. Metal core/metal shell (Cu@Ag)
microparticles were also prepared for use in soldering [34].
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The interaction between Ag NPs and Cu substrate was studied
in work [10, 11]. Very interesting results were obtained also
in an experimental study that deals with the properties of
Au@Ag@Cu nanoparticles (three-metal core-shell structure)
[35].
The Ag-Cu system exhibits a limited mutual solubility of
Ag- and Cu-rich phases in solid. Therefore, a special structure
of nanoparticles can be expected. Calculations of the AgCu nanoalloy phase diagram of this system were presented
in the papers [36, 37] but no experimental information on
reliability of calculated values is given till now. One of the
unresolved issues is what a tendency for Ag and Cu to the
spinodal decomposition at the nanometer level is.
This work is focused on the Ag-Cu colloid nanoalloy
system of near-eutectic composition Ag-28 wt% Cu. The aim
is to synthesize nanoparticles chemically so as to prevent oxidation of the nanoparticles. For this reason, the synthesis in
organic solvents in which the solubility of oxygen is negligible
was selected. Subsequent characterization is concentrated on
the study of both the metallic core and the protective shell,
which is supposed to consist of organic molecules. The aim
is also to assess the thermal stability of the obtained AgCu
nanoparticles and compare it with theoretical calculation of
the Ag-Cu nanoalloy phase diagram based on equilibrium
thermodynamics.

2. Synthesis of Ag-Cu Colloid
The samples of the Ag-Cu nanoalloy colloids were synthesized by chemical solvothermal coreduction of silver
acetate and copper acetylacetonate Cu(acac)2 in a particular
stoichiometric ratio (metal input equivalent to Ag-42 at
% Cu in NPs, that is, eutectic composition) in oleylamine
and octadecene at 230∘ C under an inert atmosphere of
nitrogen.
The molecular precursors were dissolved in oleylamine
and this solution was injected into a hot solvent composed
of 1-octadecene and oleylamine at 230∘ C. As a heating bath,
Sn-Pb solder was used. In the reaction mixture, the precursor
metal cations were reduced at this temperature and formed
the Ag-Cu nanoalloy colloid. The product was separated
by centrifugation for 20 min on a Heraeus Labofuge 400
centrifuge usually at 6000 rpm. The product was separated
by precipitation with methanol, centrifugation for 10–30 min
on the same centrifuge at usually 3500 rpm, and washing
with methanol/hexane solution. The powders were washed
to remove organic-soluble residues by three or more cycles
of resuspending them in hexane or light petroleum and
subsequent centrifugations. Thus the colloidal solution of the
AgCu NPs in hexane was prepared. The colloids were of
yellow-brown color (absorption maxima 390–420 nm) and
20 mL volume, and they typically contained (5–30) mg of the
solid fraction.
The above described synthetic procedure has been
repeated many times and tens of Ag-Cu colloidal samples
were characterized and studied by the methods described in
next sections. The order number of synthesis is included in
the sample designation (e.g., AgCu43).
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Figure 1: The particle size distributions of Ag-Cu colloids ((a) sample AgCu43, (b) sample AgCu44); the TEM images (left) and the graphs
of distribution measured by DLS and obtained by TEM image analysis (right).

3. Characterization of Ag-Cu
Colloidal Solution
The colloids of the synthetized nanoparticles were characterized by various techniques: UV-VIS spectroscopy (maximum
420 nm), dynamic light scattering (DLS), small-angle X-ray
scattering (SAXS), and conventional and high resolution

transmission electron microscopy (TEM and HRTEM). The
aim was to measure size and shape of the synthetized
nanosized particles in organic solvent solution.
The hydrodynamic diameter of the Ag-Cu colloidal
nanoparticles was measured by the DLS method on a
Zetasizer Nano ZS ZEN 3500 DLS instrument at the angle
of 173∘ in a hexane solution at 25∘ C. The results are based
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Figure 2: The average size and shape of the synthesized nanoparticles Ag-Cu measured by SAXS (sample AgCu36, 23 nm/18 nm).

Figure 4: Atomic resolution image of a bimetallic nanometer-sized
AgCu particle. (sample AgCu43, HRTEM).
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Figure 3: The AgCu multiple twinned nanoparticles (sample
AgCu28, HRTEM).
0

on the intensity of scattered light, with the source being
He-Ne red laser with a wavelength of 632.8 nm. The DLS
measurements were always carried out immediately after the
synthesis; some measurements were also carried out at time
intervals. A typical measurement result is shown in Figure 1.
The measured hydrodynamic average sphere diameters of the
nanometer-sized particles of the Ag-Cu colloids immediately
after the synthesis were between 20 and 40 nm.
The size and shape of the nanometer-size particles of
the Ag-Cu colloids were measured by the SAXS method
on a Rigaku BioSAXS-1000 instrument. The results of the
SAXS analysis indicate that the nanometer-sized objects
in the Ag-Cu colloids display an average shape presented
in Figure 2. (Sample AgCu36 was prepared from bis(dodecylamino)silver(I) nitrate.) The measurements indicated that the nanometer-sized objects in the colloid samples
are of a shape close to sphere or lenticular. The size of these
particles was between 20 and 35 nm.
Transmission electron microscopy (TEM) observations
were carried out on a Philips CM12 STEM transmission
electron microscope operated at 120 kV and a high resolution
TEM (HRTEM) JEOL JEM2010 FEG operated at 200 kV with
a point resolution of 2.3 Å. Both instruments were equipped
with an energy dispersive X-ray (EDX) detector. To prepare
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Figure 5: DSC analysis of the AgCu NPs (sample AgCu26, Ag-42
wt% Cu). The first heating curve is green, the second is blue, and the
third is red.

samples for TEM, a drop of dilute Ag-Cu colloid suspension
was placed on a carbon-coated grid and allowed to dry by
evaporation at ambient temperature.
Both TEM and HRTEM results display only the AgCu
metallic core of the nanoparticles. The solvent/protective
organic shell is a subject of evaporation and/or destruction
due to vacuum inside the microscope and in addition the
method is less sensitive to light elements (C, H, O, and N),
which constitute the shell. Detailed TEM and HRTEM images
of the metallic core of the AgCu nanoparticles are shown
in Figures 3 and 4. The size distributions of the metallic
cores given in Figure 1 are consistent with the distribution in
Figure 3.
If we look at Figure 3 in detail, it can be seen (HRTEM,
the big particle at the bottom) that the metallic cores are not
strictly spherical but they are bounded by crystal planes. Bigger particles are often multiply twinned [1] and in some cases
it is possible to discern seemingly pentamerous symmetry
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Figure 7: TEM image of synthesized nanoparticles Ag-Cu before
DSC measurement (sample AgCu26).
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Figure 6: DSC analysis of the AgCu NPs (sample AgCu27). The first
heating curve is green, the second is blue, and the third is red.

that has been observed also for different nanomaterials by
other authors [25, 26]. The averaged diameters of the metallic
cores obtained from TEM of AgCu were (15–25) nm. The high
resolution image of a small particle in Figure 4 confirms the
expected face-centred cubic crystal lattice.

4. Characterization of AgCu Nanoparticles
Our further investigation of the AgCu nanoparticles (AgCu
NPs) was aimed at both the AgCu metallic core and the
protective shell formed by organic compounds. For this
reason two methods were used, namely, differential scanning
calorimetry (DSC) and mass spectrometry (MS).
4.1. AgCu Metallic Core Investigation. Thermal properties of
the Ag-Cu NPs were investigated by simultaneous thermal
analysis (STA) involving DSC. The experiments were carried out on a Netzsch STA 409 CD/3/403/5/G apparatus,
a specially-adapted type of the commercial STA 409 CDQMS 403/5 Skimmer Coupling instrument [38] under flowing (70 cm3 min−1 ) of pure (6N) argon with the heating
rate of 10∘ C min−1 from room temperature to 1250∘ C. The
samples (approximately 10 mg) were contained in Y2 O3 coated alumina crucibles covered with a lid. The oxygenfree atmosphere was maintained by a metallic zirconium trap
located in the hot zone of the calorimeter. This equipment
allows theoretical reduction of the oxygen content in the
flowing gas in the furnace to a partial equilibrium oxygen
pressure above ZrO2 oxide (at real conditions to a partial
pressure equivalent to 9N inert gas at 1000∘ C). In other words,
oxygen was removed from the inert gas. This is important
because, among other things, oxygen affects the melting point
of pure Ag. The tabulated melting point of Ag is shifted by

9.1∘ C in air (see Netzsch STA 409 manual for calibration
procedure [39]). A similar effect is present for copper and
very likely also for the Ag-Cu bulk alloy. Thus, the eutectic
temperature 779∘ C (eutectic composition Ag-28.1 wt% Cu)
for bulk Ag-Cu [40] is uncertain and may be shifted during
the DSC measurement.
Two examples of measured DSC signals of AgCu NPs
from cyclic heating and cooling are shown in Figure 5 (sample
AgCu26) and Figure 6 (sample AgCu27).
The DSC signal of sample AgCu26 in Figure 5 reveals the
thermal behavior of the eutectic bulk alloy. The nanoparticle
melting point depression (MPD) (calculated in Section 5) in
the first heating sequence was not experimentally observed
because the AgCu NPs form bulk microsized particles somewhere at temperatures below the first melting. The absence
of MPD was observed in all our DSC experiments. Some
samples reveal a small eutectic signal only. A few samples
reveal surprisingly no signal as if the nanoparticles were lost.
The reason will be explained in discussion (Section 6).
The DSC signal in Figure 6 (sample AgCu27) reveal an
exemplary shape for the bulk Ag-Cu hypoeutectic alloy at the
second and third remelting. The first heating onset at 769.2∘ C
in Figure 6 agrees reasonably with the tabulated Ag-Cu
eutectic temperature of 779∘ C. When the sample undergoes
the second and third heating, we can detect an extra signal
at 840∘ C. The occurrence of the combined signal at 840∘ C
and 779∘ C is typical for cases of hyper- or hypoeutectic AgCu alloys. Conversely, the absence of signal at 840∘ C and
maintaining signal at 780∘ C is a confirmation of the eutectic
composition of the alloys at the start of the DSC experiment.
This difference indicates that the alloy composition changes
during the analysis from eutectic to noneutectic.
Transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) were used for morphology study
of the AgCu NPs before and after the thermal treatment
in the differential scanning calorimeter (DSC). The TEM
image of synthesized AgCu nanoparticles (sample AgCu26)
before the DSC measurement is in Figure 7. The situation
after DSC analysis was investigated by a TESCAN LYRA
3 XMU FEG/SEM × FIB scanning electron microscope
(SEM). The result after repeated heating and cooling during
DSC measurement is in Figure 8. Moreover, we can see that
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Figure 8: SEM images of synthesized nanoparticles Ag-Cu after DSC measurement (sample AgCu26).
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Figure 9: DIP/MS thermogram of the AgCu nanoparticles (heating
from 30∘ C up to 450∘ C with heating rate 100∘ C min−1 ).

the AgCu NPs sample after DSC consists of black carbonized
powder decorated with metallic spheres (the bulk Ag-Cu
eutectic alloy has a color close to gold).
The AgCu nanoparticles before DSC in Figure 7 reveal
clearly that the situation is consistent with Figure 3 (sample
AgCu43). A completely different view is seen after DSC in
Figure 8 that clearly shows the microsized balls with typical

phase constitution of a fine Ag-Cu eutectic alloy. The EDX
microanalysis identifies an average metal composition of Ag42 wt% Cu (sample AgCu26). The composition of the phases
was Ag-65 wt% Cu (grey regions) and Ag-10 wt% Cu (white
regions). It should be noted that analyses of thinner grey
regions were inevitably more affected by the presence of
surrounding Ag-rich phase. The equilibrium Ag-Cu phase
diagram [40] reveals a phase composition (Ag-92.0 wt% Cu
and Ag-8.8 wt% Cu) at the eutectic temperature of 779∘ C.
The inductively-coupled plasma atomic emission spectroscopy (ICP-OES) analysis of micron-sized particles was
performed after the DSC measurements. In all cases, a lower
copper content with respect to the starting composition of the
nanoparticles was observed.
4.2. Organic Shell Investigation. To understand the degradation changes during heating of the AgCu NPs, direct
inlet probe mass spectrometry (DIP/MS) was used. In this
procedure, performed on a TSQ Quantum XLS (Thermo
Scientific) instrument equipped with a NIST 11 spectral
library, the samples were quickly heated from 30∘ C to
450∘ C with the dwell time at the starting temperature for
30 s and at the final temperature for 60 s with the heating
rate 100∘ C min−1 and mass spectral information regularly
acquired after ionization at electron energy of 70 eV every 1 s.
The resulting thermogram complemented with information
on the respective organic compounds is shown in Figure 9,
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Figure 10: Mass spectra of (a) octadecene, (b) oleylamine, and (c) octadecenal acquired during DIP/MS measurement on the AgCu NPs and
tabulated in the NIST 11 mass spectral database.

whereas the comparison of the acquired mass spectra with the
tabulated ones from the NIST 11 spectral database is shown in
Figure 10.
As the results from these measurements indicate, the
surface effects on the alloy nanoparticles caused by the
organic compounds can be expected. For a more detailed
understanding of the phenomena, Knudsen effusion mass
spectrometric (KEMS) measurements using a Netzsch STA
409 instrument (specified already in Section 4.1) were performed. In this case, the samples underwent slow heating
and cooling process at conditions consistent with the DSC
measurement (heating from 30 to 940∘ C with the heating
rate of 5∘ C min−1 ) and the mass spectra were recorded within
each 40 s. As follows from Figure 11, the expected organic
compounds are still detectable at temperatures much higher
than their tabulated boiling temperatures (∼500∘ C).
This finding indicates a surface reaction of organic compounds with the alloy nanoparticles which is also supported
by the fact that after the heating a pink thin coating was
observed in the Knudsen cell around the inner small alumina

crucible in which the sample was placed while the remaining
sample in the alumina crucible was grey (see Figure 12).
A chemical analysis by double-pulse laser-induced breakdown spectroscopy (DPLIBS) showed the pink coating to be
rich in copper and the remaining black sample in silver. The
respective spectra are shown in Figure 13.
The mass transfer of copper-containing substances from
the alumina crucible and Cu deposition in the Knudsen cell
(see Figure 12) indicate copper form organic compound(s)
which is deposited at colder places. Thus, the chemical
composition of the AgCu nanoparticles is changing to a
higher Ag content during heating as copper is leaving the
AgCu NPs sample.

5. Calculation of Ag-Cu Nanoalloy
Phase Diagram
The surface-to-volume ratio increases with decreasing nanoparticle size and brings therefore a substantial contribution
of the surface energy to the Gibbs energy in thermodynamic
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Figure 11: Selected parts of mass spectral data acquired during KEMS heating of nano Ag-Cu, (heating from 30 to 940∘ C with the heating
rate of 5∘ C min−1 ), consistent with DSC temperature program, showing masses typical for octadecenes, oleylamine, and octadecenals.

considerations. The contribution of the surface energy to the
total Gibbs energy of the particles with dimensions 5–100 nm
can be thermodynamically estimated by coupling of surface
contribution to the Gibbs energy of phase in the CALPHAD
approach.
The method presented by Park and Lee [13], which is
based on the minimization of the molar Gibbs energy of the
entire system represented by the sum of the molar Gibbs
energy of the phases occurred in the system, is used in this
work for calculation of the phase diagram of the Ag-Cu
system in the CALPHAD method. The Gibbs energy of a
phase (liquid or solid) is given by
𝐺 = 𝐺Bulk + 𝐺𝑆 ,

(1)

where 𝐺Bulk is the Gibbs energy of the phase in form of
bulk binary alloy and 𝐺𝑆 means the surface Gibbs energy
contribution of nanoparticles.

The Gibbs energy of the bulk 𝐺Bulk is expressed by the
standard CALPHAD way
0
𝐺Bulk = 𝑥𝐴
𝐺𝐴 + 𝑥𝐵0 𝐺𝐵

+ 𝑅𝑇 (𝑥𝐴 ln 𝑥𝐴 + 𝑥𝐵 ln 𝑥𝐵 ) + 𝐺𝐸,Bulk ,

(2)

where 𝑥𝐴 and 𝑥𝐵 are molar fractions of components 𝐴 (i.e.,
Ag) and 𝐵 (i.e., Cu), 0 𝐺𝐴 and 0 𝐺𝐵 are standard Gibbs energies
of 𝐴 and 𝐵 in the given phase [41], 𝑅 is the gas constant,
and 𝑇 is the temperature. 𝐺𝐸,Bulk is the excess Gibbs energy
of the bulk of phase, expressed usually by the Redlich-Kister
polynomial
𝑛

𝐺𝐸,Bulk = 𝑥𝐴𝑥𝐵 ∑ 𝐿𝑛 (𝑇) ⋅ (𝑥𝐵 − 𝑥𝐴) ,
𝑛

(3)

where 𝑛 = 0, 1, 2, . . . and parameters 𝐿𝑛 (𝑇) are temperature
dependent. Consider
𝐿𝑛 (𝑇) = 𝑎𝑛 + 𝑏𝑛 ⋅ 𝑇 + 𝑐𝑛 ⋅ 𝑇 ⋅ ln (𝑇) .

(4)
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6. Discussion of Results

Figure 12: Knudsen cell (right) and inner alumina crucible (left)
after KEMS measurement of the AgCu nanoparticles with a pink
“organometallic” coating (rich in Cu) and a grey powder (rich in Ag).

The temperature dependent parameters 𝐿𝑛 (𝑇) can be
extracted from a thermodynamic database [40].
The Gibbs energy of the surface 𝐺𝑆 of phase is expressed
for isotropic spherical particles by
𝐺𝑆 =

2𝐶𝜏𝑉
,
𝑟

(5)

where 𝜏 is the surface tension, 𝑉 is the molar volume, 𝑟
is the radius of the particle, and 𝐶 is the correction factor
considering effects from the shape, the surface strain due to
nonuniformity, and the uncertainty of the surface tension
measurements [42]. The value of 𝐶 for an fcc solid structure
as well as for a liquid was estimated to be 1.00 [42].
Input data for the calculation of surface tension and molar
volume needed for Gibbs energy of the surface 𝐺𝑆 evaluation
for the Ag-Cu system are summarized in Appendix A. With
respect to limited mutual solubility (maximum 10 at%) of
these components in a solid fcc-phase, only the concentration
dependence of surface tension in liquid phase was calculated
by the Butler equation [43, 44]. The result is given in
Figure 14.
The Gibbs energies of the bulk 𝐺Bulk for liquid and solid
(fcc) phases consisting of Ag and Cu species were calculated
using thermodynamic description based on input data for
the Ag-Cu binary alloy given in Appendix B. Details of the
calculation are described for the case of CuNi nanoparticles
by Sopousek et al. [45].
The Gibbs energy of the surface 𝐺𝑆 and Gibbs energies
of the bulk 𝐺Bulk were summed (see (1)) for liquid as
well as for solid (fcc) phases. The phase energies involving
surface contribution were treated by a standard way using
CALPHAD method applying ThermoCalc software [46]. The
resulting phase diagram for the Ag-Cu nanoalloy is presented
in Figure 15. The phase boundaries were calculated for a
diameter of 20 nm (i.e., 1/𝑟 = 1108 m−1 ) and they are
compared with the phase diagram for conventional (bulk)
Ag-Cu alloy (1/𝑟 = 0).

Solvothermal synthesis was used for the sample preparation
of the Ag-Cu bimetallic colloids. We managed to prepare
samples suitable for further characterization and analysis.
The yield of the synthesis was limited. The preparation of
large quantities would not lead to a good dispersion of
nanoparticles. The isolated yield was also affected by purifying samples via centrifugation and decantation. The intention
was to prepare the nanoparticles with eutectic composition.
The stability of the obtained colloid was sufficient for the
subsequent use of samples for further characterization.
The obtained colloidal samples were transferred into
hexane and characterized by various methods. By comparing
the size distribution of the nanoparticles obtained by the
TEM and DLS methods (see Figure 1), it was found that the
hydrodynamic diameter of nanoparticles is about 45% larger
than the radius of the core (i.e., the difference of the radii
of about 3.5 nm). This great difference indicates that also in
the nonpolar medium there is the stabilizing shell composed
of several layers of organic molecules. This hypothesis is
also supported by SAXS measurements (Figure 2). Moreover,
SAXS indicates a slight preference for lenticular shape of the
AgCu nanoparticles.
The pentamerous symmetries were found in some particles via HRTEM (Figure 3). It is possible to consider the AgCu
nanoparticles giving priority to the shape of decahedron. This
shape can explain the lenticular models offered by SAXS.
The atomic arrangements inside individual nanoparticles
were also studied by HRTEM (see Figure 4). The segregation
of Ag from Cu, which occurred for the equilibrated bulk AgCu alloy (Figures 8(c) and 15), was excluded in nanoparticles
produced at 230∘ C. Simultaneously, it was confirmed that
Ag and Cu form a substitutional solid solution with the
face centered cubic lattice. The disturbances in the crystal
lattice are boundaries of twin crystals (twins). No oxides were
observed on the AgCu nanoparticle surface. This confirms
that the thermal synthesis in organic solvent with a minimum
solubility of oxygen is a suitable method for the preparation
of oxide-free metallic nanoparticles.
An experiment has also dealt with the thermal behavior of
nanoparticles at gradually increasing temperature. The AgCu
metallic core was examined by DSC. Behavior of stabilizing
protective shell was monitored by mass spectrometry.
By DSC method, it was found that the AgCu nanoparticles do not show the melting point depression. The eutectic
melting point of the AgCu bulk (Figure 6) and the DSC
signal of bulk Ag-Cu alloy having no eutectic composition
(Figure 5) were detected. All together, the changes of the
DSC signals of samples during the heat treatments and the
chemical analyses of the samples after DSC by the ICPOES method show that there are changes in the chemical
composition of nanoparticles accompanied by a loss of
copper from the samples. The changes in the concentration
of Cu cannot be explained by increased evaporation of Cu,
because the vapor pressure of Cu and Ag is negligible at the
monitored temperatures even if we allow discretion of the
Kelvin equation.
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Figure 13: DPLIBS analysis of the inner surface of (a) Knudsen cell and (b) Al2 O3 crucible after KEMS measurement of the AgCu NPs.
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energy) for liquid phase in the Ag-Cu system at 1400 K calculated
by the Butler equation.

The final stage of the thermal treating of the Ag-Cu NPs is
a compact eutectic bulk alloy (Figure 8). Organic molecules
carbonize during heating to high temperatures (1000∘ C) and
they create a carbon-rich residue, which is visible in Figure 8
(top micrograph).
The DIP mass spectrometry showed important information about what is released from the stabilization shell
of AgCu NPs with increasing temperature. During this
experiment, nanoparticles are heated at high speed (about
100 K/min) to 450∘ C. The DIP/MS thermogram (Figure 9)
demonstrates that increasing temperature gives rise to
removal of organic molecules (successively: 7-octadecene,
oleylamine, and 14-octadecenal), which are related to the
composition of the reaction mixture in the synthesis of AgCu colloid. At the highest temperatures, the MS spectrum
of outgoing substances corresponds to 14-octadecenal with a
large signal at 207 m/z.

0
Ag

1
Cu

Figure 15: The phase diagram of the Ag-Cu system for bulk alloys
(red) and for nanoalloys of diameter 20 nm.

The experiment of heating of the AgCu NPs with stabilizing shell was repeated with a higher accuracy by the
Knudsen effusion mass spectrometry (KEMS) at defined slow
heating rate of 5 K/min and the maximum temperature about
1000∘ C. The MS spectra given in Figure 11. were observed. An
important finding was that the signals of fragments of organic
molecules were detected at temperatures well above 450∘ C.
In particular, the peak at 207 m/z (see Figure 11) is detected
with the maximum intensity at the temperature of 420∘ C (in
agreement with DIP/MS in Figure 9) and later increases at
temperatures close to the highest temperature of 940∘ C. The
explanation for this effect is that the organic fragments are
generated during deposition of Cu inside the Knudsen cell
(see Figure 12).
The calculation of the phase diagram of AgCu nanoalloy
by the CALPHAD method using surface tension of the bulk
Ag-Cu alloy in liquid and solid (fcc) states is in the theoretical
Section 5 of this paper. The result in Figure 15 demonstrates the shift of the phase boundaries when the sample
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is composed only of spherical AgCu nanoparticles with a
diameter of 20 nm. This calculation does not include the
effect of the organic stabilization shell, whose presence on the
AgCu NPs surface has been proven in this work. However,
this result allows calculating the temperature depression of
the phase transformations for spherical AgCu nanoparticles
in a first approximation. From this calculation (Figure 15), it
is clear that the eutectic melting temperature of the Ag-Cu
alloy in the form of bulk is 780∘ C and for 20 nm nanoparticles
is theoretically reduced to 756∘ C. This phenomenon was
not observed experimentally due to the interaction between
the nanoparticles themselves and their surroundings before
reaching the melting point.

Cu (weighted function based on literature sources
[47–51]):
𝜎𝑠 = 1.9535 − 2.26 10−4 T

(A.2)

𝜎𝑙 = 1.6242 − 2.26 10−4 T.
Molar Volume in [m3 mol−1 ]
Ag [52]:
𝑉𝑠 = 1.1207 10−5
𝑉𝑙 = 1.0198 10−5 + 1.1368 10−9 T.

7. Conclusion

(A.3)

Cu:

(i) The solvothermal synthesis of Ag-Cu colloid and storing of AgCu nanoparticles in nonpolar hydrocarbons
exhibiting negligible solubility of oxygen is a suitable
method for the preparation of oxide-uncontaminated
samples.
(ii) The investigated AgCu nanoparticles have the fcc
crystal lattice. It is possible that the nanoparticles
attain a shape with pentamerous symmetry.
(iii) Spinodal decomposition was not observed inside the
AgCu nanoparticles at temperatures below 230∘ C.
The reason can be the metastable state of the nanoparticles but there are also other unknown effects at
the nanoscale level that hinder the Cu- and Agrich phase separation. General equilibrium thermodynamics cannot be used to describe this system
at these conditions. The eutectic microparticles are
formed before melting.
(iv) A spontaneous separation of copper and silver atoms
was observed during the heating of the AgCu
nanoparticles under high vacuum. This effect was
accompanied by high organic fragment concentrations in MS spectra.
(v) The depression of the eutectic Ag-Cu alloy melting
point was calculated but not observed.

Appendices

𝑉𝑠 = 7.09 10−6

[53]

𝑉𝑙 = 6.95 10−6 + 8.08 10−10 T

[54] .

(A.4)

B. Table II
Thermodynamic parameters of pure elements [41] in liquid
and solid (fcc) phases and binary excess molar Gibbs energy
of bulk Ag-Cu alloy in liquid and solid (fcc) phases [40]
complemented by surface energy contribution are dependent
on reciprocal radius 1/𝑟 = RR (see in bold below).
Pure Elements
PARAMETER G(LIQUID,AG;0) 298.15
3815.564 + 2.462e − 5∗RR + 109.310993∗T − 1.906e
− 9∗RR∗T − 23.8463314∗T∗LN(T)
− 1.790585E − 3∗T∗∗2 − 5.18e − 13∗RR∗T∗∗2 −
0.398587E − 6∗T∗∗3
− 12011∗T∗ ∗ (−1) − 1044.905E − 23∗T∗∗7; 1234.93 Y
− 3587.111 + 2.462e − 5∗RR + 180.964656∗T − 1.906e
− 9∗RR∗T − 33.472∗T∗LN(T)
− 5.18e − 13∗RR∗T∗∗2; 3000 N !
PARAMETER G(FCC A1,AG:VA;0) 298.15
− 7209.512 + 3.224e − 5∗RR + 118.202013∗T − 5.1104e
− 9∗RR∗T − 23.8463314∗T∗LN(T)
− 1.790585E − 3∗T∗∗2 − 0.398587E − 6∗T∗∗3
−12011∗T∗∗(−1); 1234.93 Y

A. Table I
Physical properties of pure Ag and Cu elements (L: liquid and
S: solid (i.e., fcc) phases)
−1

Surface Tension in [N⋅m ]

− 15095.252 + 3.224e − 5∗RR + 190.266404∗T
−5.1104e − 9∗RR∗T − 33.472∗T∗LN(T)
+ 1411.773E + 26∗T∗∗(−9); 3000 N !
PARAMETER G(LIQUID,CU;0) 298.15
5194.277 + 2.258E − 5∗RR + 120.973331∗T − 5.1669E
−10∗RR∗T

Ag [47]:
𝜎𝑠 = 1.438 − 2.28 10−4 T,
𝜎𝑙 = 1.207 − 2.28 10−4 T.

− 24.112392∗T∗LN(T)
(A.1)

− 2.65684E − 3∗T∗∗2 − 3.6522E − 13∗RR∗T∗∗2 +
0.129223E − 6∗T∗∗3
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+ 52478∗T∗∗(−1) − 584.89E − 23∗T∗∗7; 1357.77 Y
− 46.54 + 2.258E − 5∗RR +173.881484∗T − 5.1669E
− 10∗RR∗T − 31.38∗T∗LN(T)
−3.6522E−13∗RR∗T∗∗2; 3200 N !
PARAMETER G(FCC A1,CU:VA;0) 298.15
− 7770.458 + 2.77E − 5∗RR + 130.485235∗T −
3.2047E − 9∗RR∗T − 24.112392∗T∗LN(T)
− 2.65684E − 3∗T∗∗2 + 0.129223E − 6∗T∗∗3
+ 52478∗T∗∗(−1); 1357.77 Y
− 13542.02 + 2.77E − 5∗RR + 183.803828∗T −
3.2047E − 9∗RR∗T −31.38∗T∗LN(T)
+ 364.167E + 27∗T∗∗(−9); 3200 N !

Alloys
PARAMETER G(LIQUID,AG,CU;0) 298.15 17384.37
− 10.89e − 6∗RR − 4.46438∗T + 4.25e − 9∗RR∗T;
6000 N !
PARAMETER G(LIQUID,AG,CU;1) 298.15 1660.74 −
13.65e − 6∗RR − 2.31516∗T + 7.35e − 9∗RR∗T; 6000
N!
PARAMETER G(LIQUID,AG,CU;2) 298.15 − 6.67e −
6∗RR + 2.70e − 9∗RR∗T; 6000 N !
PARAMETER G(FCC A1,AG,CU:VA;0) 298.15
36772.58 − 11.02847∗T; 6000 N !
PARAMETER G(FCC A1,AG,CU:VA;1) 298.15 −
4612.43 + 0.28869∗T; 6000 N !
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The MnFe2 O4 spinel ferrite nanoparticles with sensitive magnetic response properties and high specific surface area were prepared
from metal nitrates by the sol-gel process as catalysts for oxidative degradation of methyl orange (MO). The nanoparticles were
characterized by X-ray powder diffraction (XRD), scanning electron microscopy (SEM), BET surface area analysis, H2 -Temperature
programmed reduction (H2 -TPR), X-ray photoelectron spectra (XPS), and vibration sample magnetometer (VSM). The catalytic
activity experimental results showed that the MnFe2 O4 spinel ferrite nanoparticles possess very high MO degradation activity. It
is expected that this kind of MnFe2 O4 spinel ferrite nanoparticles has a potential application in water treatment fields due to its
sensitive magnetic response properties and high catalytic activity.

1. Introduction
Recently, synthetic organic dyes and pigments are widely used
in the textiles, paper, plastics, leather, food, and cosmetic
industry to color the products [1]. Usually, the synthetic
organic dyes are nonbiodegradable and hence cause a serious
threat to our ecology environment and human health. Among
various classes of dyes, the azo dyes represent a major group
of dyes and have been widely applied in textile industries
because of their ease of synthesis, versatility, and cost effectiveness [2]. However, due to the strong toxicity and the high
solubility of these dyes, varieties of methods are proposed for
the removal of them such as adsorption, filtration, sedimentation, and catalytic action [3]. Among these methods, the
catalytic degradation method, assisted with optical radiation
or strong oxidizer, has been demonstrated as one of the
important, innovative, and green technologies. In the catalytic degradation process, using semiconductors [4–7] and
multicomponent oxides [8, 9] as the catalysts to degrade azo
dye has attracted extensive attention. However, the separation
of these catalysts from treated water, especially from a large
volume of water, is expensive and time consuming, which

limited their application in industrial fields. It is realized that
introducing the magnetic catalysts is a good choice to deal
with the catalysts separation and reuse problems.
Among various of magnetic oxides, the ferrite MFe2 O4
(M = Mn, Co, Zn, Mg, Ni, etc.) is a well-known cubic spinel
material where oxygen forms a face-centered cubic (fcc) close
packing, and M2+ and Fe3+ occupy either tetrahedral or octahedral interstitial sites [10, 11]. Due to its stable crystal structure and good magnetic properties, it has been widely used
in electronic devices, information storage, magnetic resonance imaging (MRI), and drug-delivery technology [12–14].
Manganese spinel ferrite (MnFe2 O4 ) with good magnetism
and functional surface was widely used as an adsorbent
for removing heavy metals in water solution [15]. However,
few studies were focused on azo dyes oxidative degradation
process by directly employing MnFe2 O4 nanoparticles as
catalyst. Regarding the synthesis method, there are many
methods, such as sol-gel, coprecipitation, microemulsion,
solid state reaction and other techniques have been reported.
Among these methods, sol-gel method is a low-cost and effective way to prepare nanoscale MnFe2 O4 at a low temperature
[16]. In this paper, the MnFe2 O4 nanoparticles with sensitive
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magnetic response properties and high specific surface area
were prepared from metal nitrates by sol-gel process and
afterwards used as a catalyst to oxidative degrade of methyl
orange (MO) in the aqueous solution. The characteristics of
the nanoparticles were studied by XRD, BET, SEM, H2 -TPR,
XPS, and VSM analyses. The reason for the high degradation
activity of the catalyst was also analyzed.

2. Materials and Methods
2.1. Material Preparation. MnFe2 O4 spinel ferrites nanoparticles were prepared by the sol-gel method. Stoichiometric
amounts of Mn(NO3 )2 (50% solution) and Fe(NO3 )3 ⋅9H2 O
powder were mixed with a certain amount of deionized water.
The citric acid as the complexing agent was then added to the
metal nitrate solution with a molar ration of 1 : 1. Then the
resulting solution was evaporated to dryness, and thereafter
the precursor was decomposed at 200∘ C until dry gel was
formed. Finally, the residual precursor was calcined in air
at 400, 500, 600, 700, and 800∘ C for 2 h and the obtained
MnFe2 O4 nanoparticles were signed as MNF-400, MNF-500,
MNF-600, MNF-700, and MNF-800.
2.2. Characterizations. The phase identification and crystalline structure analysis were determined by X-ray diffraction
(XRD) using a Panalytical X-pert diffractometer (PANalytical, Netherlands) with a Cu K𝛼 radiation (𝜆 = 0.154056 nm)
operated at 40 kV and 30 mA. The surface area (𝑆BET ) of the
nanoparticles was calculated from the nitrogen adsorption
isotherms obtained at 77 K by using a NOVA2000e apparatus.
Scanning electron microscopy (SEM) (JEOL, Model JSM5510LV) was used to investigate the morphology of the
derived nanoparticles. H2 -Temperature programmed reduction (H2 -TPR) experiments were performed in a quartz reactor using a thermal conductivity detector (TCD) as a
detector on Micromeritics AutoChem 2920 instrument. The
chemical shift and valence of element on surface were
examined by X-ray photoelectron spectra (XPS) in a PerkinElmer PHI 1600 ESCA system with Mg K𝛼 X-ray radiation
(1253.6 eV, 150 W). The binding energies were calibrated using
C1s peak at 284.6 eV. The magnetic properties of the nanoparticles were measured at room temperature through a HH-10
vibration sample magnetometer (VSM). The light absorption
spectrum of the MO solution was detected by U-2102 UV-Vis
spectrophotometer (UNICO, USA) at 507 nm [17].
2.3. Catalytic Activity Test. 0.1 g MnFe2 O4 nanoparticles were
added to 200 ml methyl orange (MO) solution (30 mg⋅L−1 ).
Then the aqueous suspension was stirred for 30 min to obtain
better dispersion and adsorption performance prior to the
degradation. The pH value of the MO solution was adjusted
to 3 by adding hydrochloric acid and then 1 ml H2 O2 was
dropped in as the oxidant. At degradation time intervals of
0.5 h, a small quantity of solution was taken from the test solution and analyzed by measuring the absorbance at 507 nm by
a spectrophotometer. Consequently, the degradation rate of
MO could be calculated as follow [18]: 𝐷(%) = ((𝐶𝑖 −𝐶𝑡 )/𝐶𝑖 )×
100, where 𝐷 was the degradation rate of MO, the 𝐶𝑖 was
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the initial concentration of MO, and 𝐶𝑡 was concentration of
MO at time 𝑡.

3. Results and Discussion
3.1. XRD and Structure Analysis. Figure 1 showed XRD patterns (a) and SEM images (b, c, d) of MnFe2 O4 nanoparticles
obtained from different precursor’s calcination temperatures
(b-MNF-400; c-MNF-500; d-MNF-600). Figure 1(a) showed
the XRD patterns of the MnFe2 O4 nanoparticles. When the
calcination temperature was 400∘ C, the obtained MnFe2 O4
nanoparticle has the single crystalline phase, while at 500∘ C,
the intensity of each characteristic peak increased significantly, and the crystalline phase of ferrite tended to be more
complete. Nevertheless, when the calcination temperature
was above 600∘ C, some miscellaneous phase peaks appeared
in the obtained MnFe2 O4 spinel ferrite nanoparticles. Meanwhile,the miscellaneous phase peak intensity increased constantly with the decrease of the characteristic peak intensity of original ferrite as the calcination temperature rose.
Compared to the standard card (JCPDS 33-0664), it could be
inferred that the obtained MnFe2 O4 spinel ferrite nanoparticles were partly dissolved into Fe2 O3 as the precursor was
calcinated in oxygen-rich atmospheres at higher temperature.
The surface area measurements results showed that the
specific surface areas of MnFe2 O4 nanoparticles declined
with the increase of the calcination temperature. When the
calcination temperature rose from 400 to 800∘ C, the specific surface area of the obtained MnFe2 O4 nanoparticles
decreased from 52.6 to 5.8 m2 ⋅g−1 . Moreover, Figures 1(b),
1(c), and 1(d) showed the SEM images of the MnFe2 O4
nanoparticles obtained from different precursor’s calcination
temperatures. From Figure 1(c), we could see that the uniform
and large apertures with obvious networks structure were
present in the MNF-500 nanoparticles. Figure 1(b) showed
that the pore structure of the MNF-400 nanoparticles has
not yet formed completely, in which the aperture was not as
large as the MNF-500 nanoparticles. Nevertheless, it could
be seen from Figure 1(d) that the surface of the MNF-600
nanoparticles sintered and the surface pore structure collapsed with the increasing calcination temperature, and the
specific surface area decreased sharply. The MNF-500 showed
well crystal structure and uniform pore structure with larger
specific surface areas compared to other MNF nanoparticles.
3.2. H2 -TPR Analysis. In this paper, the redox behavior of
the obtained MNF nanoparticles was investigated by H2 Temperature Programmed Reduction (H2 -TPR). Figure 2
showed the H2 -TPR profiles of the MnFe2 O4 nanoparticles
obtained from different precursor’s calcination temperatures.
It could be seen that there were three reduction peaks in
the H2 -TPR spectra of the MNF-500 nanoparticles. The
corresponding redox potential of each metal ion 𝜑MnO2 /Mn2+ ,
𝜑Mn3+ /Mn2+ , 𝜑Mn2+ /Mn , 𝜑Fe3+ /Fe2+ , and 𝜑Fe2+ /Fe was +1.224 eV,
+1.51 eV, −1.186 eV, +0.771 eV, and −0.4402 eV, respectively.
It turned out that it is difficult for MnO to be reduced
under the present experimental conditions and there was
no reducing process of MnO. So the reducing process could
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Figure 1: XRD patterns (a) and SEM images (b, c, and d) of MnFe2 O4 nanoparticles obtained from different precursor’s calcination
temperatures (b-MNF-400; c-MNF-500; d-MNF-600).
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Figure 2: H2 -TPR profiles of MnFe2 O4 nanoparticles obtained from
different precursor’s calcination temperatures (at 400, 500, 600, 700,
and 800∘ C, resp.).

be inferred as MnFe2 O4 → MnFe2 O4−𝛿 → MnO-FeO solid
solution→ 𝛼-Fe. When the calcination temperature was over
600∘ C, the reduction peak around 310∘ C tended to be weak
or even disappeared, whereas a new reduction peak around
430∘ C which was formed as an acromion with the reduction
peak around 490∘ C turned up and gradually strengthened.
It is supposed that, when the calcination temperature was
over 600∘ C, spinel structure of the MnFe2 O4 was destroyed
and the new phase Fe2 O3 was formed. Additionally, as the
calcination temperature rose up, this transition tended to
be more obvious. Therefore as the calcination temperature
rose, besides MnFe2 O4 ferrite, Fe2 O3 as a newly formed
structure appeared in the sample, which could change the
reducing property of the obtained nanoparticles. The impact
of calcination temperature on the redox property of the MNF
nanoparticles was consistent with that on the XRD characterization results. The lower the initial reduction peak temperature was, the much easier the MNF nanoparticles changed
into oxygen deficient ferrite MnFe2 O4−𝛿 would, therefore the
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Figure 3: Core level XPS spectra of the MNF-500 nanoparticles: (a) O1s, (b) Mn2p, and (c) Fe2p.

redox property of it was better [19]. Therefore the MnFe2 O4
nanoparticles which were obtained form a lower precursor
calcination temperature may show better low-temperature
oxidation performance than the ones obtained from a higher
calcination temperature.
3.3. XPS Analysis. Figure 3 represented the XPS core level
spectra of O1s, Mn2p, and Fe2p of the MNF-500 nanoparticles. Two photoemission peaks which correspond to two
distinct oxygen species were illustrated in Figure 3(a). The
line with low binding energy (about 529.5 eV) was attributed
to the crystal lattice oxygen (O2− ); the high binding energy
(about 531.3 eV) was attributed to active adsorbed molecular
oxygen (O2 ). Due to the defects of the lattice oxygen, large
amounts of oxygen vacancies were produced so the adsorbed
oxygen increased [20].
The Mn2p3/2 and Mn2p1/2 core-level emission peaks were
observed at 641.5 eV and 653.0 eV in Figure 3(b). Thus, the
Mn2p3/2 peak was observed between those of MnO (641 eV)
and Mn2 O3 (641.6 eV) and the energy separation between
the Mn2p3/2 and Mn2p1/2 states was 11.5 eV [21]. It could be
inferred from the peak positions and the intensity ratio of

Mn2p3/2 and Mn2p1/2 that the manganese existed as Mn2+
and Mn3+ states in the MNF-500 nanoparticles.
The Fe2+ 2p3/2 peak at 709.5 eV is always associated with
a satellite peak at 6.0 eV above the principal peak whereas
Fe3+ 2p3/2 peak at 711.2 eV is associated with a satellite peak
at 8.0 eV [22]. In the MNF-500 nanoparticles, the binding
energy values of Fe2p3/2 were observed at 711.2 and 709.7 eV
from Figure 3(c), and distinct satellite peaks were observed
at about 8.0 eV and 6 eV above the main peak. Therefore the
presence of Fe3+ and Fe2+ states could be confirmed in the
MNF-500 nanoparticles.
3.4. Magnetic Measurements. Figure 4(a) showed the hysteresis loops of MnFe2 O4 nanoparticles obtained from different calcination temperatures. The saturation magnetization of
MNF-500 nanoparticles was 43.1 A⋅m2 ⋅kg−1 , which was the
highest one compared to that of the other MNF nanoparticle.
From the XRD patterns, the obtained MnFe2 O4 nanoparticles
were almost completely converted to nonmagnetic Fe2 O3
when the calcination temperature was over 600∘ C. This phase
transformation led to the sharp decline of the saturation
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magnetization of the MNF nanoparticles. The remanent magnetization and coercivity of the obtained MnFe2 O4 nanoparticles was low, indicating that all of them accorded with the
properties of the soft magnetic material. The high saturation
magnetization and soft magnetic property of the MNF-500
nanoparticles made them easy to separate from the aqueous
suspension by an external magnetic field, as shown in Figures
4(b) and 4(c).
3.5. Oxidative Degradation Activity Test. Figure 5 showed
the UV-Vis spectra evolution and degradation efficiency
of MO catalyzed by the MNF-500 nanoparticles. With

the catalytic reaction processing, the intensity of the characteristic peak of MO decreased gradually. After 4 h, the peak
almost disappeared, while there was no appearance of any
new adsorption peaks and shiftiness of the significant peak,
meaning that 98% MO has been degraded. The high catalytic
activity might attribute to the high specific surface area and
the active absorbed oxygen species. In addition, the ion
transference between different valences states of Mn and Fe
in the nanoparticles was helpful for the degradation process.
Therefore, it could be concluded that the MNF-500 nanoparticles exhibited excellent oxidative degradation activity for
MO.
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4. Conclusions
The MnFe2 O4 spinel ferrite (MNF) nanoparticles were prepared from metal nitrates by the sol-gel process followed by a
calcination at different temperatures. Comparing to the other
MNF nanoparticles, the MNF-500 nanoparticles had a single
crystalline phase; its specific surface area was 50.2 m2 ⋅g−1 , and
had better low-temperature oxidation activity. Due to the
large number of active oxygen species on the surfaces and
the ion transference of Mn and Fe, the MNF-500 nanoparticles showed a high MO degradation efficiency up to 98%.
Additionally, the saturation magnetization of the MNF-500
nanoparticles was 43.1 A⋅m2 ⋅kg−1 which made them easy to
separate from the MO solution by an external magnetic filed.
Thus this kind of MnFe2 O4 nanoparticles will have a potential
for oxidative degradation of dye in the water treatment fields.
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The melting process of Pd-Ni alloy nanobelts with different Ni atom content has been simulated by molecular dynamic (MD)
method. The radial distribution function, the Lindemann index, and pair analysis method were used to characterize Pd-Ni nanobelt
models in simulation. The results indicate that the melting temperature of Pd-Ni nanobelt with composition far from pure metal
was lower than that of other models, and the breaking point of the nanobelt can be illustrated by the Lindemann index. Pair analysis
indicates that the number of FCC pairs will decrease and almost disappear at melting point with increasing temperature. The melting
points of Pd-Ni alloy nanobelts were also calculated by thermodynamic method, and the results were close to that obtained by MD
simulation.

1. Introduction
After carbon nanotube has been reported in 1991 [1], onedimensional (1D) materials have received much attention due
to their excellent physical property and have been expected to
be used in a wide range of application fields [2–6]. Because of
their dramatically different behavior from bulk materials,
much research work has been done for the structure and properties of nanowires [7–10]. Thermal stability and melting behavior of nanomaterial are another subject that has been studied theoretically and experimentally for a rather long time.
The melting process of nanomaterial determined by experiment is very difficult. Nevertheless, computer simulations
provide an excellent method to study these melting processes
at an atomic level. Up to date, the melting process and thermal properties of many kinds of 1D metal nanomaterial, including Au [8], ZnSe [11], GaN [12], Zr [13], Ag [14], Cu [15],
Ni [16, 17], Pd [18], and Cu3 Au [19] nanowires, have been
investigated by molecular dynamic (MD) or other computer
calculation methods. However, few efforts have been focused
on the thermal stability and melting behavior of the 1D binary
alloy nanomaterial with different component.
Pd-Ni alloy can be used as catalyst in many reactions [20,
21] and hydrogen sensors [22]. However, its catalytic properties and performance of sensor relate to Pd or Ni concentration in the Pd-Ni alloy. Therefore, the structural stability and

melting characteristics of Pd-Ni 1D alloy with different nickel
concentration are studied by MD in the present work. And
the relationship of melting points and fusion enthalpy of 1D
Pd-Ni alloy models for MD process has also been investigated
by using the model introduced in the literature [23].

2. Method of Simulation
The parallel code lrge-scale atomic/molecular massively parallel simulator (LAMMPS) [24] was used for all MD simulations. And visualization of MD simulation was performed
using visual molecular dynamics (VMD) [25] and open visualization tool (Ovito) [26]. The embedded-atom method
(EAM), a set of 𝑛-body potentials have been proved that it can
accurately describe various dynamic properties of transition
and noble metals. The interactions of atoms were modeled
using the EAM potential, which is a convenient model to
study metal clusters with FCC structure because the local
density effects are included in its parameterization. In this
work, the EAM potential data was obtained from the literature [27].
The geometry of nanowire is constructed as a regular FCC
lattice with initial surface orientations of [100], [010], and
[001] in the 𝑋, 𝑌, and 𝑍 directions of simulation box,
respectively. An infinitely long nickel nanowire is modeled by
applying periodic boundary conditions in the [001] direction.
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Table 1: Content of nickel of every 1D Pd-Ni alloy model.

Model
Pd
PdNi400
PdNi800

Ni (at.%)
0
20
40

Model
PdNi1200
PdNi1600
Ni

Ni (at.%)
60
80
100

The radial distribution function (RDF) shown in (2),
being regarded as one of the most important parameters, is
used to describe the structure characterization of solid, amorphous, and liquid states [11]. Consider
𝑖

∑𝑁 𝑛
Ω
𝑔 (𝑟) = 2 ⋅ ⟨ 𝑖=12 𝑖 ⟩ ,
𝑁
4𝜋𝑟 Δ𝑟
z

x

Figure 1: The configuration of nanobelt model.

The other two Cartesian directions are also simulated with
periodic boundary conditions, and the lengths of 𝑋, 𝑌
directions in the simulation box were large enough to prevent
interaction between nanobelt models.
The initial configuration of nanobelt model with the size
of 4.5𝑎∗4.5𝑎∗19.5𝑎 shown in Figure 1 has 2000 atoms, where
the 𝑎 is the lattice parameter of crystal. In the present study,
the Pd-Ni alloy nanobelt models were considered as the ideal
solution, so the 𝑎 of Pd-Ni alloy nanobelt can be calculated
from the lattice constant of nickel (𝑎Ni = 0.352 nm) and palladium (𝑎Pd = 0.389 nm) by using the expression of 𝑎 = 𝑥Ni ⋅
𝑎Ni + (1 − 𝑥Ni ) ⋅ 𝑎Pd , where 𝑥Ni was the atomic concentration
of nickel in the nanobelt model.
As the ideal binary mixture, positions of Ni and Pd atoms
can exchange randomly. Through replacing the Pd atoms with
Ni atoms randomly, the models with different Ni concentration can be made, and the content of Ni in the Pd-Ni alloy
nanobelt was shown in Table 1. And the integer random distribution number (RND𝑖 ) was generated by
RND𝑖 = INT (

𝑅𝑖
),
4

𝑅𝑖 = mod (5 ∗ 𝑅𝑖−1 , 4 ∗ 𝑀) ,
𝑀 = 2𝑘 ,

𝑅0 ≥ 1,

(1)

𝑘 = [log2 𝑆] + 1.

In order to remove the interactions which might lead to
local structural distortion and result in the unstable simulation, energy minimization of the structure has been performed before starting molecular dynamics simulation. The MD
simulations were carried out in the canonical ensemble with a
constant number of atoms 𝑁 and volume 𝑉(𝑁𝑉𝑇). The equations of motion were integrated using the Verlet leapfrog algorithm with a time step of 5 × 10−4 ps. The nanobelt was heated
to 1800 K in increments of 50 K, and the heating rate was 0.5
K/ps. Near the melting point (in the region of 900–1300 K),
the temperature increments were reduced to 20 K to account
for the large temperature fluctuations. At each temperature
105 MD trajectory steps were propagated, which is sufficient
to ensure the validity of the results presented here.

(2)

where 𝑔(𝑟) is the probability of finding an atom in a distance
ranging from 𝑟 to Δ𝑟+𝑟 (Δ𝑟 is the step of calculation); Ω is the
simulated volume of unit cell; 𝑁 is the number of atoms in the
system; and 𝑁𝑖 is the averaged number of atoms around the
𝑖th atom in the sphere shell ranging from 𝑟 to 𝑟 + Δ𝑟.
The Lindemann index was recently applied to characterize nanoparticles, and it was proposed that melting of a nanoparticle at a critical value in the range of 0.03–0.05 [28]. The
Lindemann indices of each atom in the models were calculated at each temperature as
2

1
⋅ ∑
𝛿𝑖 =
𝑁 − 1 𝑗( ≠𝑖)
𝛿=

√ ⟨𝑟𝑖𝑗2 ⟩ − ⟨𝑟𝑖𝑗 ⟩
𝑇
𝑇

⟨𝑟𝑖𝑗 ⟩𝑇

1
⋅ ∑𝛿 ,
𝑁 𝑖 𝑖

,

(3)

(4)

where 𝛿𝑖 and 𝛿 are the Lindemann indices of the 𝑖th atom
and the whole model, respectively; ⟨⋅ ⋅ ⋅ ⟩T in (3) denotes the
thermal average at temperature 𝑇; 𝑟𝑖𝑗 is the distance between
the 𝑖th and 𝑗th atoms.
Pair analysis (PA) technique, which can effectively
describe the characteristics of the geometric structural
evolvement, has been used for analysing the geometric features of the atomic cluster [29]. In the present study, PA
method was used to analyse the structural changes accompanying the melting process of Pd-Ni 1D models. Based on the
regulation of bond pair, if two atoms are within a specified
cutoff distance, they are called a bonded pair of models
[29, 30]. In RDF curves, 𝑔(𝑟𝑐 ) is the first minimum value; then
𝑟𝑐 was defined as cutoff distance for PA. The four-index number 𝑖𝑗𝑘𝑙 is used to express bonded pairs of atomic clusters [29,
30]. If any atomic pair A-B formed a bond, 𝑖 = 1 and otherwise 𝑖 = 2; 𝑗 refers to the number of near neighbors which
form bonds with both atom A and atom B; 𝑘 stands for the
number of pairs among the neighboring atoms forming
bonds; 𝑙 is a special distinguished index parameter. Based on
the PA technique, the 1201 and 1311 bond pairs represent the
rhombus symmetrical features of short-range order. The FCC
structure has the type of 1421 bond pairs, whereas the HCP
crystal has the equal number of 1421 and 1422 bond pairs. The
difference between 1421 and 1422 bond pairs is the topological
arrangement of the two bonds between the four neighbors.
The bond pair 1551, 1541, and 1431, corresponding to a pentagonal bipyramid, is the characteristic of icosahedral order.
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Figure 2: Total energy versus temperature curves for Pd-Ni
nanobelt models during heating process.

1160 K

1000 K

(a)

Figure 2 shows the total energy of nanobelts with different Ni
content versus temperature (TE curve) during heating process. Total energies increase linearly with temperature in the
early stage. When close to the melting transition temperature,
simple jumps in total energy can be easily observed. The melting transition temperature of model can be estimated according to the TE curves. However, being different from that of
cluster and bulk system, in the TE curve of nanobelt besides
sharp increasing region, there is also a decreasing part after
melting takes place. Therefore, the derivative curve of TE versus temperature shown in Figure 2, which can be considered as heat capacity [11], should have sharp peak and valley
region. The melting points of the nanobelts can be determined by the position of the peak because of the heat absorption of melting. For reducing the total energy, especially surface energy, liquid 1D nanomaterial will change to sphericallike material due to the little interaction of atoms in the model
at high temperature. That is to say, the nanobelt will break for
decreasing the TE after 1D nanomaterial melting. From the
derivative curve, the breaking temperature of 1D Pd-Ni can be
estimated by the position of the valley. The melting temperature and breaking temperature of all the nanobelt models can
be found in Figure 2. There are two sharp increasing and
decreasing regions in the TE curve of PdNi1200 model. The
reasons of emerging the first increasing and decreasing region
were the melting of the model and decreasing of surface
energy. In Figure 3(a), part of crystal structure can be found in
the model, which results in PdNi1200 model holding 1D
nanomaterial. With the temperature increasing, the melting
of whole model (Figure 3(b)) and the collapse of nanobelt
should induce the second increasing and decreasing region in
the derivative curve.
Figure 4 shows the temperature dependence upon the
Lindemann index of the nanobelts during heating. It is clear
from Figure 4 that the Lindemann index increases slowly and
linearly with temperature at low temperature stage because of
the linear increase in atomic kinetic energy with temperature.
The value of the Lindemann index during this stage is very
small since most of the atoms do not have large amplitude

Figure 3: Snapshots of PdNi1200 nanobelt model at 1000 K and
1160 K.

Lindemann index
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Figure 4: The Lindemann index versus temperature curves of Pd-Ni
nanobelt models.

motion but merely vibrate around their original lattice
positions. Following the first stage, the Lindemann index
increased and decreased rapidly. It is evident that the melting
point and breaking temperature of the nanobelt can be
estimated from the derivative curve of the Lindemann index
versus temperature. At the temperature corresponding to the
peak of derivative curve, lots of atoms in the nanobelt model
exhibit large amplitude diffusion, which should be considered
as melting of nanobelt. In the curve, there is also a sudden
collapse of the 1D structure at the temperature corresponding
to the valley. The melting temperature and breaking temperature estimated from derivative curves were the same as those
shown in Figure 2. It can be found that with Ni concentration
increase in the model, the fusing temperature decreases first
and then increases. However, the breaking temperature of
nanobelt with different Ni concentration did not obey this
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Figure 5: The atomic Lindemann index of PdNi1600 nanobelt
model along 𝑍 direction.

1421, 1311, and 1211 pairs in the 1D Pd-Ni alloy models at very
low temperature. It can be found that the number of 1421 pairs
will decrease obviously with increasing temperature. Due to
the collapse of 1421 pairs, atoms in the FCC structure should
form other pairs, which can be identified by the elevation of
the 1201, 1301, and 1311 pair numbers. At melting temperature,
the number of 1421 and 1311 pairs in the nanobelt drops
abruptly due to melting transition of nanobelt, and the 1421
pairs almost disappear after nanobelt melting. It can also be
found that the number of 1201 and 1321 bondtypes increased
obviously at melting temperature, which was caused by the
collapse of 1311 and 1421 pairs.
Through pure element thermodynamic data, the classical
thermodynamics method can be used to predict many thermodynamic parameters of bulk alloy, such as enthalpy and
melting point. Therefore, by building the relationship of thermodynamic properties of nanomaterial and bulk material,
thermodynamic parameters of nanomaterial can also be calculated by thermodynamics method. In this study, the fusion
enthalpy of 1D Pd-Ni alloy model was calculated by (5) which
was reported by Guisbiers and Buchaillot [31]. Consider

0.75

𝑇∗
Δ𝐻𝑚
= 𝑚 ,
Δ𝐻𝑚,∞ 𝑇𝑚,∞

0.50

Δ𝑆𝑚
≈ 1,
Δ𝑆𝑚,∞

0.25
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0
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1211%
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Temperature (K)

1500

1800

1311%
1321%
1421%

Figure 6: Relative amount of various atomic-bonded pairs in
PdNi1600 nanobelt model at different temperature during heating
process.

rule due to relating with the atom position and diffusion process of models. The Lindemann index of every atom in models
can be used to determine the melting point and breaking temperature more precisely. From Figure 5, it can be found that
the Lindemann index of atoms in PdNi1600 model was bigger
than 0.05 at 1080 K which indicates that melting process
occurs at this temperature [28]. At 1200 K, though there was
no breaking, the Lindemann index of some atoms was very
high, which suggests that the nanobelt will break at little
higher temperature.
Structural properties and changes of nanobelt during
heating are of interest in understanding mechanical and other
properties of materials. Figure 6 shows that there are only

(5)

where 𝑇𝑚∗ and Δ𝐻𝑚 are the size-dependent melting point and
fusion enthalpy, respectively; 𝑇𝑚,∞ and Δ𝐻𝑚,∞ are the melting point and fusion enthalpy of bulk material, respectively.
Here, 𝑇𝑚∗ value can use the results of MD simulation. Thermodynamic parameters of bulk Pd-Ni alloy can be calculated
from the pure Ni and Pd thermodynamic data [32] which has
been shown in the Appendix. For example, Δ𝐻𝑚,∞ , Δ𝑆𝑚,∞ ,
and 𝑇𝑚,∞ can be calculated by (6) [33] and (7), respectively.
The expression of 𝐺𝐿 and 𝐺𝑆 , which were Gibbs energy of
liquid and solid phases of bulk material, used in (6) and (7)
can be illustrated by (8). Then, using the thermodynamic data
of bulk material calculated previously, Δ𝐻𝑚 and Δ𝑆𝑚 will be
obtained by (5). Consider

Δ𝐻𝑚,∞ = (𝐺𝐿 − 𝑇 ⋅

𝑑𝐺𝐿
)
𝑑𝑇 𝑇=𝑇

− (𝐺𝑆 − 𝑇 ⋅

𝑑𝐺𝐿
)
𝑑𝑇 𝑇=𝑇

− (−

𝐿,∞

Δ𝑆𝑚,∞ = (−

𝑑𝐺𝑆
,
)
𝑑𝑇 𝑇=𝑇
𝑆,∞

𝐿,∞

𝑑𝐺𝑆
,
)
𝑑𝑇 𝑇=𝑇
𝑆,∞

(6)
(

𝑆

𝐿

𝜕𝐺
𝜕𝐺
) =(
) ,
𝜕𝑥 𝑥𝑆
𝜕𝑥 𝑥𝐿
𝑖

𝑖

𝜕𝐺𝑆
(
) ⋅ (𝑥𝑖𝐿 − 𝑥𝑖𝑆 ) = 𝐺𝐿 (𝑥𝑖𝐿 ) − 𝐺𝑆 (𝑥𝑖𝑆 ) ,
𝜕𝑥 𝑥𝑆

(7)
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Table 2: Thermodynamic parameters of 1D Pd-Ni alloy models and bulk Pd-Ni alloy.
Pd
1829.57
17470.7
10.11
1280
12222.8
10.11
1209.0

𝑇𝑚,∞ (K)
Δ𝐻𝑚,∞ (J/mol)
Δ𝑆𝑚,∞ (J/K⋅mol)
𝑇𝑚∗ (K)
Δ𝐻𝑚 (J/mol)
Δ𝑆𝑚 (J/K⋅mol)
𝑇𝑚∗∗ (K)

PdNi400
1665.23
19027.5
11.78
1140
13026.0
11.78
1105.6

PdNi800
1525.95
21238.4
13.96
1020
14196.5
13.96
1017.2

𝐺 = 𝑥𝑖 × 𝐺𝑖0 + 𝑥𝑗 × 𝐺𝑗0 + 𝑅𝑇 (𝑥𝑖 ln 𝑥𝑖 + 𝑥𝑗 ln 𝑥𝑗 ) + 𝐺ex ,
ex

PdNi1200
1534.66
22580.0
14.76
1000
14713.4
14.76
996.5

0liquid

𝐺Ni

= 11235.527 + 108.457𝑇

𝑖 ≠𝑗

− 22.096𝑇 ln (𝑇) − 4.8407 × 10−3 𝑇2

2

+(𝑥𝑖 − 𝑥𝑗 ) ⋅ 𝐿2 + ⋅ ⋅ ⋅ ] .
(8)
All the calculated results have been shown in Table 2. It
can be found that the relation between melting point of nanobelt model and Ni concentration is the same as that of bulk
phase Pd-Ni alloy. However, because the specific surface area
of nanomaterial is very great, the Pd-Ni nanobelt melt temperature is smaller than that of bulk phase. The melting points
of nanobelts can be reproduced by equation of 𝑇𝑚∗∗ = Δ𝐻𝑚 /
Δ𝑆𝑚 . The results shown in Table 2 indicate that the melting
point obtained by MD simulation is close to 𝑇𝑚∗∗ , and the
error is below 5%. Particularly, the difference of melt point
between MD and thermodynamic method for PdNi800 and
PdNi1200 was only 3-4 K. The nanobelt models used in this
work were considered as the ideal solution, so the error may
be different when the other mix model was used, such as
aggregation state model.

− 382.318 × 10−23 𝑇7
0liquid

𝐺Ni

− 43.1𝑇 ln (𝑇)
FCC-Pd

0solid
𝐺Pd
= −10204.027 + 176.076315𝑇 − 32.211𝑇 ln (𝑇)

+ 7.120975 × 10−3 𝑇2 − 1.919875 × 10−6 𝑇3
+ 168687𝑇−1

(298.15 < 𝑇 < 900)

0solid
= 917.062 + 49.659892𝑇 − 13.5708𝑇 ln (𝑇)
𝐺Pd

− 7.17522 × 10−3 𝑇2 + 0.191115 × 10−6 𝑇3
(900 < 𝑇 < 1828) .
(A.3)
Liquid-Pd
0liquid

𝐺Pd

= 1302.731 + 170.964153𝑇 − 32.211𝑇 ln (𝑇)
+ 7.120975 × 10−3 𝑇2 − 1.919875𝐸 − 6𝑇3
+ 168687𝑇−1

0liquid

𝐺Pd

Appendix

(298.15 < 𝑇 < 600)

= 23405.778 − 116.918419𝑇
+ 10.8922031𝑇 ln (𝑇) − 27.266568 × 10−3 𝑇2

FCC-Ni

+ 2.430675 × 10−6 𝑇3

0solid
𝐺Ni
= −5179.159 + 117.854𝑇 − 22.096𝑇 ln (𝑇)

(298.15 < 𝑇 < 1728)

− 1853674𝑇−1

= −27840.620 + 279.134977𝑇 − 43.1𝑇 ln (𝑇)
+ 1127.54 × 1028 𝑇−9

(1728 < 𝑇 < 3000) .
(A.2)

− 1112465𝑇−1

Summarily, the heating process of Pd-Ni alloy nanobelts has
been simulated by MD and the melting temperature was also
calculated by thermodynamic method. The melting and
breaking of Pd-Ni alloy nanobelts can be indicated by increasing and decreasing regions of total energy relating to
temperature curve. With increasing temperature, number of
FCC pairs will decrease and almost disappear at melting
point. The melting point is lower than bulk phase Pd-Ni alloy,
and the melt point obtained by MD is close to that of calculated by thermodynamic method.

(298.15 < 𝑇 < 1728)

= −9549.817 + 268.597977𝑇

4. Conclusion

0solid
𝐺Ni

Ni
1728.10
16750.6
9.16
1260
12213.3
9.16
1334.0

Liquid-Ni

0
1
𝐺 7 = ∑ 𝑥𝑖 ⋅ 𝑥𝑗 ⋅ [𝐿 + (𝑥𝑖 − 𝑥𝑗 ) ⋅ 𝐿

− 4.8407 × 10−3 𝑇2

PdNi1600
1630.55
21586.7
13.38
1080
14298.0
13.38
1068.2

0liquid

𝐺Pd

(1728 < 𝑇 < 3000) .
(A.1)

(600 < 𝑇 < 1828)

= −12373.637 + 251.416903T
− 41.17𝑇 ln (𝑇)

(1828 < 𝑇 < 4000)
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0liquid

𝐿 Ni,Pd = 9180.1080 − 17.2493𝑇
1liquid

𝐿 Ni,Pd = 424.2768 + 3.6219𝑇
2liquid

𝐿 Ni,Pd = −5794.1283 + 6.9498𝑇
𝐿0solid
Ni,Pd = −15866.3670 + 5.6399𝑇
𝐿1solid
Ni,Pd = 5276.7800 + 2.0358𝑇
𝐿2solid
Ni,Pd = 12038.2371 − 8.3220𝑇.
(A.4)
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