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The synthesis routes for the preparation of nanostructures have been developed in the past decade. Organometallic precursors played an

important role in the synthesis of nanomaterials via various methods of synthesis. In this investigation, nanostructures were synthesized

from organometallic precursors and applied as catalyst in various reactions. This mini review is mostly devoted to the research efforts

carried out by our group on the search for new classes of organometallic precursors and applying them for the synthesis of nanostructured

catalysts with different morphologies. Also we have investigated the effect of alloying and presence of support on catalytic activity. We

found that stabilization of nanostructures on graphene oxide, aminoclay, ionic liquids or cyclodextrin supports can increase the catalytic

activity by increasing the stability and dispersion. Furthermore, alloyed nanostructures can be efficient like noble metal catalysts in

catalytic applications. Also, thin films fabricated by this method showed higher quality in comparison with the thin films fabricated by

other synthetic methods.
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INTRODUCTION

Synthesis of nanomaterials has been developed over the
last two decades; but this development was restricted to just
few groups of nanomaterials such as quantum dots, iron
oxides and plasmonic nanoparticles (NPs) with a controlled
size and morphology which reined by standard and
physical chemistry approaches [1]. Great interests have been
attracted by nanostructures
nanotubes, efc.) due to their important role in technological

inorganic (nanowires,
applications for new devices [2-4]. From few years ago,
organometallic precursors were applied for the synthesis of
large variety of nanomaterials with a clean and controllable
surface. These kinds of nanomaterials exhibit interesting
physical, chemical and catalytic properties. This mini-
review describes the research efforts carried out nearly by
our group on applying and developing the new groups of

*Corresponding author. E-mail: sj.hoseini@shirazu.ac.ir

precursors for the synthesis of inorganic nanomaterials with
different morphologies obtained from different strategies
such as liquid-liquid interface and investigating their
important applications in hydrogenation, C-C coupling and
methanol oxidation of direct methanol fuel cell (DMFC)
reactions [5-29].

NPs are a class of important materials with different
types in science and technology. The first scientific
synthesis of NPs is attributed to Faraday’s investigation
on gold colloids [30] and developed by the availability
of diverse microscopic characterization techniques.
Classification of NPs is based on their morphology,
dimensionality = and  composition. The  metallic
nanostructures are applied extensively in the fields of
catalysis, electronics, medicine, etc. Apart from these, their
efficacy as antibacterial agents [31] and superconductors
[32] has also been investigated. Chemical strategies have
emerged to be indispensable for the synthesis of various
types of nanomaterials which are generally carried out
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under mild conditions. Reduction method is one of the best
strategies in the presence of alcohols, borohydride, citrate,
etc. [33]. To reduce the soluble metal precursors and obtain
the corresponding metals with zero oxidation state, various
reducing agents were used. By terminating the growth with
appropriate surfactants or ions, metal NPs are produced.
One of the reduction methods is the borohydride reduction,
known since the 1950s and was one of the subjects of
investigation under the Manhattan project [34]. A direct
hydride transfer mechanism [35] is proposed for the
reduction of [PtCly(cod)] (cod: cis,cis-1,5-cyclooctadiene)
by NaBH,. NaBH, is hydrolyzed in water to BO, ion and
H, gas. BO, can change to boric acid with a low toxicity

(Egs. (1) and (2)).

BH4- + 2H20 —_— BOz- + 4H2 (1)

BOZ- + 2H20 —_— H3BO3 + OH- (2)

Liquid-liquid interface strategy reached the attention of
scientists in synthetic chemistry nearly 130 years after
Schotten and Baumann. In modern chemistry, reactions “on
water”, “at the interface” or by “phase-transfer” are
important platforms for synthesis [36]. These kinds of
reactions are applicable in electrochemistry, NPs synthesis,
heterogeneous catalysis and solvent extraction fields [37-
40]. The interface between two immiscible liquids like
toluene-water produce unique environment for the synthesis
of nanomaterials with remarkably different structural,
dynamical and thermodynamic properties in comparison
with the nanomaterials prepared by other procedures. The
progress in this field has been developed by Rao ef al. [41-
45] and continued and completed by Hoseini and co-
workers [5-29]. Figures la-c shows the formation of
metallic thin film at toluene-water interface. A reduction in
the interfacial energy between the two phases of toluene and
water is the reason of the particles assembly at the interface
[5], which is expressed as the difference between the
energies of the oil-water (yow), the particle-water (ypnw) and
the particle-oil (ypo) interfaces. The relation between the
three interfacial energies and contact angle, 0, is described
by Young’s equation as follow (Eq. (3)):
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cos8 = (Yro - Ypw)/Yow 3)

For the contact angle of 90° (Fig. 1c), thin film
formation is occurred at the interface [5]. Tendency to the
decrease of energy is the reason why particles are assembled
at the interface (Fig. 1c). In other words, the fact that
favours the attachment and assembly of particles dispersed
in liquid phases is the high energy interface between the two
liquids, which leads to the overall system energy reduction
[5]. Nature of the interface, surface modification and radius
of the NPs are important facts in the assembly process at the
liquid-liquid interface [46]. It can be concluded that liquid-
liquid interfaces provide defect-free support for NPs
formation and self-assembly. Remaining all particles at the
interface depends on the rate of reducing agent addition and
the size of drops. Addition of very small drops of reductant
with a very low rate and minimal disturbing the interface
remains all the particles at the interface and produce a thin
film [5-29].

Volkov et al. have investigated the applications of
liquid-liquid interfaces in the chemical, biological and
pharmaceutical fields [47]. This strategy is also fundamental
in many industrial applications such as solvent extraction,
drug delivery and electrochemical energy storage devices. It
is obvious that the interface between two immiscible liquids
offers an important platform for the synthesis of various
nanostructures with novel applications [48-50].

SYNTHESIS OF NANOMATERIALS

Nanomaterials are synthesized by applying different
chemical and electrochemical methods. In liquid-liquid
interfaces synthesis, the properties of interfaces depend on
the nature of the species, their concentrations, the polarity of
immiscible solvents and temperature. Among different
applied methods, reduction of the metallic precursor is
better due to our good experience [5-29].

Nanomaterials at Liquid-Liquid Interfaces,
Synthesis of Nanomaterials from Organometallic
Precursors

We have used the organometallic precursors for the
synthesis of different
interface. This facile method is developed for the synthesis

nanostructures at liquid-liquid
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Fig. 1. (a) Organometallic complexes dissolved in toluene (top phase) and water (bottom phase), (b) Formation of metallic
thin film at toluene-water interface, (c) Schematic illustration of the thin film formation at liquid-liquid interface.

of monometallic nanostructures, bi, tri and tetrametallic
alloys and metal-organic frameworks [5-29].

Organometallic complexes with one or more metal
atoms and carbon containing species or hydrides play a key
role in the synthesis of nanomaterials. The bond between
metal and carbon can be a (o) or (m), such as metal-alkyl
and metal-dienes. In these complexes, such as Cp*Ir(Me),,
with the formal oxidation state between (0)-(V), for Pt and
right side elements of the periodic table, the real oxidation
state is lower than the formal one due to the covalent nature
of the metal carbon bond. These properties have prompted
researchers to apply these compounds as precursors to
synthesize the newer nanomaterials in spite of their high
cost and sometimes hard preparation [51]. Some advantages
that encourage chemists to use these compounds to
synthesize nanomaterials are: (i) decomposition in a mild
condition helps us to have more control on the formation of
nanomaterials; also nanomaterials can grow in a milder
condition; (ii) clean synthesis of nanomaterials with no salts
or impurity on the surface of the as-prepared nanostructures.
In the field of metals Schmid prepared Auss clusters by
reducing AuCIPPh; (PPh;: triphenylphosphine) with B,Hg
[52]. Also, Chaudret et al. used organometallic precursors
[53].  Applying
organometallic complexes as precursor for the synthesis of
various kinds of nanomaterials with interesting catalytic

for the formation of nanomaterials
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activity is developed by us [5-29]. In this mini-review, we
will discuss briefly the formation of different nanostructures
and shed light their excellent catalytic activity.

Toluene-water interface assembly was used for the
preparation of monometallic nanomaterials, multimetallic
nanoalloys and metal-organic frameworks. In this assembly,
organometallic precursors [PtCly(cod)] [54],
[PdCly(cod)] [55] and also some other precursors such as
[Ni(acac),], [Zn(acac),], [Fe(acac);] [56], efc. (acac stands
for acetylacetonate) are dissolved in toluene by using

such as

ultrasonic waves and contacted with water (as a second
phase). Very good solubility in the organic solvents such as
toluene and also easy loss of (cod) ligand are the main
reasons for choosing (cod) complexes as precursors. The
reaction is initiated by dropwise addition of aqueous
solution of NaBH, that leads to the formation of metallic
thin films after 24 h [5-29] (Eq. (4)).

PtCl,(cod) + 2 NaBH, + 6 H,0 Pt(0) + 2 NaCl + 2 H3BO; + 7 H, + cod

4
Pt(0) and Pd(0) monometallic thin films were
synthesized at liquid-liquid interface by applying different
organometallic/non-organometallic complexes. Thin films
formation was completed after 24 h (Scheme 1la). To

remove the product from the interface, the toluene phase
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Scheme 1. (a) Thin film formation at toluene-water interface, (b) removing the toluene phase, (c) transferring the thin film
to the glassy lamella, (d) thin film was air-dried on a lamella, (e) transferring the wet film to the glassy carbon
surface, (f) glassy carbon electrode after air-drying

Fig. 2. TEM images of Pt(0)/ Pd(0) thin films obtained from (a) [PtCly(cod)] [6], (b) [Ptly(cod)] [6],
(c) [Pt(p-tolyl),(SMe,),] [6], (d) [PtCL,(SMe,),] [5] and (e) [PACly(cod)] [7] complexes.

should be removed from the top phase using a dropper was air-dried on a lamella (Scheme 1d), but for transferring
(Scheme 1la and b). For separation of thin film, a glassy  the thin film to the surface of electrode, wet film was used
lamella and forceps were used. The lamella was immersed following by squeezing the glassy carbon surface on the
under the thin film, broughtup (Scheme 1c) and thin film thin layer up to became dry (Scheme 1e) and then air-dried
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(Scheme 1f).

As it is obvious in transmission electron microscopy
(TEM) images, the as-synthesized NPs exhibit different
morphologies and sizes (Figs. 2a-e) that affect the catalytic
activity. Monodispersed well organized spherical Pt(0) NPs
with the mean diameter of 2 nm were obtained using
[PtCly(cod)] precursor (Fig, 2a) [6]. Applying [Ptl,(cod)] as
a precursor was led to the formation of agglomerated
spherical NPs with 4.6 nm diameter (Fig, 2b) [6]. By
comparing these results, it can be concluded that halogen
ions played an important role on growing process of the
Pt(0) NPs. This fact is similar to the use of KBr to achieve
shape control of Pd NPs [57] or different reports on
effective influence of anions on the morphology of NPs [58,
59]. Figure 2c exhibits the agglomerated spherical NPs
for Pt(0) thin film with 4-6 nm mean diameter obtained
from [Pt(p-tolyl),(SMe,),] precursor [6]. Reduction of
[PtCl,(SMe,),] precursor resulted in the formation of a thin
film containing connected chains of Pt NPs with 5-6 nm
mean diameter (Fig. 2d) [5]. Spherical Pd(0) NPs with high
dispersity was formed by the reduction of [PdClx(cod)] (Fig.
2¢). The mean diameter was approximately 4 nm [7].

Bi, Tri and Tetrametallic Nanoalloy Thin Films
Formation Using Alloying Strategy

Multi-metallic NPs have extracted intensive attention
due to their important role in catalysis and Pt and Pd-based
NPs are considered more attention due to their higher
activity in various catalytic reactions [60-62]. Catalysts with
distinct properties from their monometallic counterparts
can be obtained by mixing two or more metals. Compare
with single phase of metal nanostructures, mixed metal
nanostructures can provide a more effective way in the
exploration of catalysts with enhanced performance due to
their multiple reaction sites. Therefore, replacing the high
cost Pt metal is in progress and only alloys of some few
transition metals have shown activity close to or comparable
to that of Pt. Pd is one of these transition metals with lower
cost than Pt and is highly electroactive for small organic
molecule oxidation. Meanwhile, the electrocatalytic activity
of Pd can obviously be improved by the addition of a third
or fourth element, such as transition metal Ni, Zn or Fe due
to the trimetallic and tetrametallic promotional effect. The
main factors that affect the catalytic activity are electronic
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and geometric effects, mainly influencing the -catalytic
performance of noble metal materials. Therefore, besides
the components, the size and surface morphology of
electrocatalysts are also crucial for their catalytic activities.
Nanostructures with different morphologies exhibit different
atomic arrangements on the surface resulting in distinct
electronic and geometric structures and improving the
catalytic activity [8]. Noble metal alloy nanostructures with
nanobranch (NB) morphologies such as nanodendrimers are
promising candidates for electrocatalytic reactions due to
their large surface area and high active sites. Furthermore,
nanosheets are an important class of materials that are
highly attractive due to their high surface area to volume
ratio [63]. This characteristic makes the nanosheets highly
useful for catalysis, chemical sensing, and surface enhanced
Raman scattering applications [64]. Based on these factors,
formation of noble metal alloy nanostructures is necessary
and leads to catalytic activity improvement. Figure 3 shows
the TEM images of bimetallic alloys obtained at toluene-
water interface. PtPd snowman-like structures (Fig. 3a)
[25a], PtFeFe O3 [12] and PdZn spherical NPs (Fig. 3b,c)
[19], PtCo nanosheets (Fig. 3d) [25b], PtSn nanotubes
(Fig. 3e) [10], PdCu [17], PdNi [8] and PtNi [8] spherical
NPs (Figs. 3f,g,h) are observable. Also, PtPdNi [8] and
PtPdNiZn [8] alloy nanosheets (ANSs) as new catalysts are
expected to attract much interest because of the special
conjunct effects of alloys and nanosheets. However, up to
now, it still remains a great challenge to find a method to
fabricate the well-defined tri and tetrametallic ANSs.

Based on the above considerations, we have synthesized
spherical PtPdCu [17] and PtPdZn [19] trimetallic alloy thin
films (Figs. 4e and f) at toluene/water interface by the
reduction of the suitable complexes at the interface. Also,
PdNiZn (Fig. 4a,b) [15], PtPdNi (Figure 4c¢) [8] and PtZnSn
(Fig. 4d) [11] ternary ANS with low Pt content via liquid-
liquid interface strategy was synthesized, having the
following advantages: (i) the second and third metal
elements, such as Pd and Ni, can be easily reduced
simultaneously with Pt to form PtPdNi ternary alloy, (ii) the
PtPdNi ANSs are easily synthesized and most of the
catalytically active atoms are on the surface, maximizing the
efficiency in their use, which is predominantly favorable
for the amount of the precious metals. Furthermore,
tetrametallic alloys such as PtPdNiFeFe,O; nanodendrimers
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Fig. 3. TEM images of bimetallic nanoalloys of (a) PtPd [25a], (b) PtFeFe,O; [12], (c) PdZn [19], (d) PtCo [25b],
(e) PtSn [10], (f) PdCu [17], (g) PdNi [8] and (h) PtNi [8] thin films.

(Figs. 5a,b) [8], PtPdNiSn NPs (Fig. 5¢) [8] and PtPdNiZn
nanosheets (Fig. 5d) [8] were synthesized at toluene-water
interface. In this research, we have been able to improve the
catalytic activity and minimize the usage of precious metals
that lead to a lower cost. The results reported in this
investigation prove that the fabricated PtPdNi and PtPdNiZn
ANSs, and PtPdNiFeFe,O; nanodendrimers exhibit
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remarkable electrocatalytic activity for methanol oxidation.
One of the routes for the synthesis of nanodendrites is
seed-mediated diffusion coupled with the aggregation route
with a core of one metal attached by the branched arms of
another metal [65]. The reduction rate is the most important
factor for controlling the rate of nucleation and growth.
Drop-wise addition of NaBH, to the stabilized mixture of
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Fig. 4. (2) Scanning electron microscopy (SEM) image of PANiZn [15], TEM images of (b) PdNiZn [15],
(c) PtPdNi [8], (d) PtZnSn [11], (e) PtPdCu [17] and (f) PtPdZn [19].

[PtCly(cod)], [PdCly(cod)], [Ni(acac),] and [Fe(acac);] in
toluene (top phase) and water leads to metal precursors
reduction. The reduction process occurs according to the
values of standard electrode potentials for each metal.
Reduction of the platinum(II) precursor is the first reaction
that leads to Pt(0) NPs (Scheme 2a). In situ formed seeds of
Pt(0) act as nucleation sites for further growth. The second
metal precursor is a Pd(Il) precursor that leads to Pd(0) by
the reduction process occurring and snowman-like PtPd
bimetallic alloys synthesized on Pt NP seeds at the liquid-
liquid interface (Scheme 2b). The aggregation occurs by
keeping on with the addition of NaBH, with more reduction
of platinum and palladium precursors to Pt(0) and Pd(0)
(Scheme 2c¢). In this growth mode, smaller particles with a
high surface energy are produced in the nucleation stage
through the reduction of metal precursors, and aggregate to
each other to minimize the total surface energy. By keeping
on with the addition of NaBH,; reducing agent, dendritic
structures are prepared (Scheme 2d and e). By the reduction
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of, respectively, iron and nickel precursors, pre-synthesized
branched PtPd seeds were used to generate the alloy
PtPdNiFeFe,O; NBs by diffusion of Fe and Ni into the
seeds (Scheme 2f) and the tetrametallic nanodendrite
structures are well formed (Scheme 2g).

Metallic NPs Immobilized on Stabilizer
Nanomaterials formed at liquid-liquid interface may be
aggregate into a bulk structure due to their high surface
energies following by decrease in their catalytic activities
[66]. Also, the stability of nanostructures is important.
Therefore, immobilization of noble metal NPs on some
solid supports such as graphene oxide (GO), aminoclay
(AC), liquids (ILs) and P-cyclodextrin with
remarkable properties can solve some shortages of these
catalysts. The stabilized NPs are good candidates for
catalytic, optical, magnetic,
electrical applications. Graphene with its two-dimensional

ionic

various mechanical and
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Fig. 5. TEM images of (a,b) PtPdNiFeFe,O3; nanodendrites [8], (c) PtPdNiSn NPs [8] and (d) PtPdNiZn nanosheets [8]

obtain from toluene-water interface.

configuration can be used as a significant catalyst support
and also can provide significant electrical conductivity and
high surface area [9]. Cooperation of metal NPs and
graphene increases the availability of these nanostructures
Also, AC with a
magnesium  phyllosilicate and aminopropyl
pendant groups linked to the silicon by covalent attachment,
is used as catalyst support. Furthermore, a new support
(RGO-AC) is produced via a ring-opening reaction between
the amine groups of AC and the epoxy group of GO
(Scheme 3) [18]. RGO stands for reduced-graphene oxide.

surface area for electron transfer.
structure
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This new stabilizer is characterized by field emission-
scanning electron microscopy (FE-SEM) analysis (Fig. 6a).
The sheet structure of RGO and presence of AC deposited
on RGO is observable. Figure 6b is the corresponding
selected area electron diffraction (SAED) pattern of this
composite matches the result of the X-ray diffraction (XRD)
pattern. Figure 6¢ shows the XRD pattern of this composite.
From the low-angle reflection, (001), and the broad in-plane
reflections at higher 20 values by their indices [(020), (110),
(130), (200) and (060)] the presence of aminoclay
associated with GO can be concluded [9,67]. Figure 6d
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Scheme 2. Steps of formation of PtPdNiFeFe,O; tetrametallic alloy nanodendrites [8]
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exhibits the low angle range of the XRD pattern.
Furthermore, the weak and broad peak at the 26 = 24.2°
(002) confirms the GO intercalation with aminoclay and
RGO formation after the additional ring-opening reaction
between the amine groups of AC and the epoxy group of
GO, which means that this peak is attributed to RGO.

Polyvinylpyrrolidone (PVP) is a water-soluble polymer
made from the monomer N-vinylpyrrolidone and can apply
as a stabilizer for metallic NPs (Scheme 4).

ILs with different physical properties such as high
density, polarity
supramolecular network formation are potentially good

charge dielectric  constant, and
candidates for the formation of stabilized NPs. Stabilization
of Pt/Pd NPs from organometallic precursors, [PtCl,(cod)]
and [PdCly(cod)] in the presence of 1-aminoethyl-3-methyl-
[CONHomim][Br],  1-methyl-3-
octylimidazolium chloride [Cgmim][Cl] and 1-methyl-3-
[Cymim][BF,]

investigated. This stabilization is due to the electrostatic and

imidazolium  bromide

octylimidazolium tetrafluoroborate was

steric properties of ionic liquids in the absence of any

additional stabilizers or capping agents (Fig. 7) [68,26,27].
The effects of different

morphology and catalytic activity of NPs were investigated

stabilizers on the size,
by our research group. For Pt nanostructures, in the
presence of AC, dendritic structures are produced (Fig. 8a)
[5]. In the presence of PVP as a stabilizer, nanosheets
of platinum were observed (Fig. 8b) [5]. Spherical NPs
are produced in the presence of [Cgmim][Cl], GO and
AC-GO (Figs. 8c, d and e [9]). Pt/[Cgmim][BF,] spherical
nanostructures with the mean diameter of 4 nm was formed
at the interfaces (Fig. 8h) [27]. In the case of Pd
nanostructures, spherical morphology is observable in the
presence of GO and AC (Fig. 8f[7], g [18]). Flower-shaped
core-shells, spherical and oval-like shapes and spherical
Pd nanostructures were obtained in the presence of
[C,NHymim][Br], [Cgmim][CI] [Csmim][BF,],
respectively (Fig. 8i-1) [26]. Spherical particles were formed

and

in the presence of P-cyclodextrin (Fig. 8m,n) [28].
Schematic illustration of Pd/B-cyclodextrin thin film
formation from [PdCly(cod)]
Scheme 5. According to this mechanism, (cod) ligand is

precursor is shown in
able to place itself in the B-cyclodextrin porous structure by
folding and form a boat conformation (Scheme 5b).

Depending on the rate of the addition of a reducing agent,
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Pd(0) formation may happen via routes (c) or (d)
(Scheme 5c and d). In liquid-liquid interface method, route
(d) was happened due to the low rate of nucleation and
Pd(0) NPs
interface and Pd/B-cyclodextrin was formed at toluene-water

growth. Therefore, self-assembled at the
interface.

Furthermore, = porous  structured  metal-organic
frameworks can be synthesized from the liquid-liquid
interface strategy. Our research group reported the
successful synthesis of zeolitic imidazolate framework-8
(ZIF-8) at toluene-water interface with uniform and well-
dispersed crystals with rhombic dodecahedral shape and the
average side size of 30 nm (Fig. 8o and p) [29]. In the case
of bimetallic alloys stabilized on surfaces, for PdCu/RGO
the spherical NPs are observable (Fig. 9a) [17]. Figure 9b
shows the nanoneedle structure for PtCu/AC [18]. Spherical
NPs are the morphology of PtPd and Pt;Sn nanoalloys
stabilized on RGO surface (Figure 9¢c [25a] and d [10]).

In the case of trimetallic alloys, spherical NPs stabilized
on RGO thin layer is observable for PdACuFe/RGO (Figure
10a,b) [14] and PdNiZn/RGO (Fig. 10c) [15] thin films.

Also, covalent attachment of 3-(aminomethyl)pyridine
(3-ampy) to GO was investigated to produce a new
stabilizer for Pd nanostructures [69]. The N group of the
pyridine ring in 3-ampy helps in the uniform and well-
organized dispersion of the Pd(0) NPs. Our studies show
that the Pd/3-ampy-RGO nanohybrid is suitable for the
Suzuki-Miyaura C-C coupling reaction. Preparation of
3-ampy-GO is illustrated in Scheme 6.

Pd nanostructures stabilized on 3-ampy-RGO at liquid-
liquid interface was characterized by TEM analysis.
Spherical NPs with the mean diameter of 5 nm are the
product of this reaction (Fig. 11b). Figure 11a shows the
SEM image of the GO support.

Furthermore, Pd NPs were supported on magnetic
Fe;04/RGO nanohybrid by reduction of dichloropalladium
(II) complex in water medium. Pd/Fe;O04/RGO nanohybrid
was characterized by TEM (Fig. 12a). Our study shows that
this nanohybrid was suitable for Suzuki-Miyaura C-C
coupling reaction in environmentally friendly medium of
water [70]. The same procedure was continued for Pt NPs
(Fig. 12b). Scheme 7 shows the formation of Fe;04/RGO
magnetic support.

In another investigation, cyclometallated palladium
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1 X
50 nm

Fig. 8. TEM images of (a) dendritic Pt/AC [5], (b) Pt/PVP nanosheets [5], (¢) Pt{Csmim][CI] NPs, (d) Pt/RGO NPs [9],
(e) Pt/AC-RGO NPs [9], (f) PdA/RGO NPs [7], (g) Pd/AC NPs [18], (h) Pt/[Cgmim][BF4] spherical nanostructures
[27], (1) Pd/[CoNH,mim][Br] (SEM image) flower-shaped core-shells [26], (j) Pd/[C,NH,mim][Br] core-shells
[26], (k) Pd/[Csmim][CI] spherical and oval-like shapes [26], (1) Pd/[Cgmim][BF,] (SEM image) spherical
nanostructures [26], (m) Pd/B-cyclodextrin (SEM image) spherical NPs [28], (n) Pd/B-cyclodextrin spherical
NPs [28], (0) ZIF-8 (SEM image) [29] and (p) ZIF-8 rhombic dodecahedral structure [29].
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{c)

Jfé@:@f
=2

(d)

Scheme 5. Pd/B-cyclodextrin thin film synthesis at the interfaces via an inclusion complex formation [28]

complexes, [Pd(C*N)CI(L)], have been synthesized. C*"N
stands N(1), C(2")-chelated deprotonated 2-
phenylpyridine and L stands for dimethylsulfoxide (dmso)
1) or (PPh;) (complex 2) (Scheme 8).
Furthermore, covalent bonding of complex 1 onto the GO

for
(complex

surface led to the attachment of complex 1 to amine
functionalized GO (~GO) which plays enhanced catalytic
activity towards Suzuki-Miyaura C-C coupling reaction
between aryl halides and phenylboronic acid at 25 °C in
comparison to homogeneous catalysts and recovered for
several reaction cycles with high yield. Figure 13a exhibits
the TEM image of f~GO and Figure 13b is related to
complex 1-f~GO nanohybrid [71].
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In another study, new stabilizer was synthesized from
silylation process between the organosilane compound ((3-
aminopropyl)triethoxysilane (APTES)) and GO (f~GO).
[Cu(PPh;3);CI] complex was anchored on the GO surface
through coordination interaction with organosilane ligand
spacers (Scheme 9). The obtained catalyst was characterized
by X-ray photoelectron spectroscopy (XPS) (Figure 14),
SEM and energy dispersive analysis of X-ray (EDAX)
elemental mapping (Fig. 15) and TEM (Fig. 16) analysis.
This catalyst exhibited interesting catalytic activity toward
Sonogashira reaction of aryl halides and phenylacetylene in
aqueous medium with considerable recycling in comparison
to homogeneous reaction medium [72].
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B Sthnhm 5
S 150 nm

Fig. 10. TEM images of (a,b) PACuFe/RGO [14] and (c¢) PANiZn/RGO [15] thin films.
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Fig. 11. (a) SEM image of GO and (b) TEM image of Pd/3-ampy-RGO thin film [69].

APPLICATIONS for methanol and ethanol oxidation in direct alcohol fuel
cells (DAFCs) as power sources for the near future [73].
Application as Electrocatalyst for DMFC But, the high cost and low scarcity of Pt limits the wide

Platinum-based electrocatalysts have been investigated application of Pt-based electrocatalysts [74,75]. One of the
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Fig. 12. (a) TEM images of (a) Pd/Fe;04/RGO and (b) Pt/Fe;04/RGO nanohybrid [70].
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Scheme 7. Preparation of Fe;04/RGO hybrid as a magnetic support [70]
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e
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Scheme 8. Steps of cyclometallated palladium complexes formation [71]
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Fig. 13. TEM images of (a) /~GO and (b) complex 1-/~GO nanohybrid [71].
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Scheme 9. Cu(I)-f~GO nanohybrid formation by anchoring the Cu complex on the /~GO surface [72]
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Fig. 14. XPS spectra of the as-synthesized Cu(I)-~GO nanohybrid, (a) the survey curve, (b) C 1 s, (c¢) Si 2p,

(d) Cupyyz and () Cu p3, [72].
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Fig. 15. (a,b) SEM images of the as-synthesized Cu(I)-f~GO nanohybrid, and the related EDAX mapping of (c) N,

(d) Si, (¢) Cl and (f) Cu [72].

Fig. 16. TEM image of the as-synthesized Cu(I)-/~-GO nanohybrid [72].

important and considerable topics in the catalysis field is
investigating the multimetallic NPs and Pt and Pd-based
NPs are more interested due to their higher activity in
catalytic reactions especially in fuel cells [76]. To find the
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effective and less expensive non-Pt electrocatalysts for
DAFCs, alloying method is helpful. Electrocatalysts of tri
and tetrametallic alloy thin films exhibit considerable
catalytic activity for the methanol oxidation reaction (MOR)
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in fuel cell anodes. Constructing metallic alloys with special
morphology, low cost and improved catalytic activity is one
of our main aims. Cyclic voltammograms of the as-prepared
nanostructures (monometallic Pt thin films obtained
from [PtCly(cod)], [Ptly(cod)] and [Pt(p-tolyl),(SMe,),]
precursors [6], Pd thin film [25a], stabilized monometallic
thin films such as Pt/RGO [9], Pd/RGO [25a], PRGO-AC
[9], Pt/ILs [27] and Pd/ILs [26], bimetallic alloys such as
PtPd [25a], PtSn [10] and PtNi [8], PtPd/RGO [25a] and
Pt:Sn/RGO [10] thin films, trimetallic PtPdNi [8] and
PtZnSn [11] and tetrametallic alloys such as PtPdNiFeFe,O3
[8], PtPdNiSn [8] and PtPdNiZn [8] thin films) in 0.5 M
sulfuric acid at a scan rate of 50 mV s (Figs. 17-18a-u)
were used to study the catalytic activity of the thin films by
investigating the processes of hydrogen adsorption and
methanol oxidation on the films. As is obvious, some humps
are observable on these diagrams which are belong to
atomic hydrogen desorption and adsorption (I and IV
regions in Figs. 17a-u). Formation of metal oxide and also
reduction was observed at II and III regions in Figs. 17a-u.
The electrocatalytic activity of the as-prepared thin films
was characterized by cyclic voltammetry in an electrolyte of
methanol (0.5 M) and sulfuric acid (0.5 M) at a scan rate of
50 mV s'. The resulting voltammograms are shown in
Figs. 18a-u. From the cyclic voltammograms, we can
conclude that Pd thin films show no considerable methanol
oxidation, except in the case of Pd/[C,NH,mim][Br] [26].

There are three main facts for investigation of the
catalytic activity in the MOR that are as following:

(i) Current density (J). The peak current densities of
the as-prepared thin films are given in Table 1 applying
Fig. 18a-u. According to Table 1, the catalytic activity of
the ternary PtPdNi alloy thin film is at least 10 times higher
than that of the monometallic Pt NP film.

(i) (J4Jp) ratio.
poisoning with carbon monoxide is evaluated using the ratio

The catalysts tolerance toward

of the forward anodic peak current (Jy) to the backward peak
current (J,), J/J,. The higher value means the more
tolerance of catalyst from poisoning during MOR [8]. The
J/J, ratios for the thin films are given in Table 1. This ratio
is higher for all the metallic alloys than those for the ETEK
Pt (0.99), another type of commercial Pt/C (0.605), and
monometallic Pt NP thin films (1.28) [6].
(iii) Lower voltage for the onset of current attributed
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to methanol oxidation. This amount is approximately
lower for the as-prepared thin films than that for
monometallic Pt NP thin film electrode (0.73 V vs. NHE).
This shift exhibits that these alloy thin films have a positive
effect on promoting the methanol oxidation process by
lowering the overpotential (Table 1).

All of these results strongly show that the tetra, tri and
bimetallic alloy nanostructures and also stabilized thin films
exhibit a higher electrocatalytic activity than the
monometallic Pt thin film commercial Pt/C
electrocatalyst, due to their higher J/J, ratio. So, more

and

complete methanol oxidation is predictable. It is noteworthy
that these electrocatalysts can promote the methanol
oxidation by lowering the overpotential.

Why alloys
oxidation? The reasons are as following:

are better electrocatalysts for methanol
(i) High specific surface areas of the alloys. Recent

investigations show that nanostructures with specific
geometric shapes and high surface area exhibit high
catalytic activity. Noble metal nanocrystals with special
thin
nanodendrites with higher active sites show effective
catalytic activity.

(i) High active sites. The electrocatalytic activities of

morphologies such as films, nanosheets and

the as-prepared nanostructures are related to the existence of
a high density of low-coordinated atoms in edges and kinks,
which are catalytically active sites on their surfaces.

(iii) Synergistic effects. By considering the molecular
orbital and band theories and according to the electronic
facts it can be concluded that the valance and conduction
bands of the metals are changed and electron donation from
noble metals such as Pt to some other metals was observed.

A typical cyclic voltammogram recorded for all the as-
synthesized thin films in sulfuric acid (0.5 M) and methanol
(0.5 M) at different scan rates 20 -100 mV s™'. Figure 19a
shows this diagram for Pt thin film as an example. An
increase in the current density with the scan rate is observed
and the peak potentials nearly show no change (Fig. 19a).
Figure 19b shows that the peak current densities are linearly
proportional to the square root of the scan rates, suggesting
that the electrocatalytic methanol oxidation on these as-
prepared alloy thin films is a diffusion-controlled process
[6].

Poisoning of Pt-based electrocatalysts surfaces during
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the MOR (Scheme 10) and the oxidation mechanism Pt-OH,——> Pt-OH+H +¢

(Egs. (5)-(12)) are as following [27]:
Pt+ CH;OH——> Pt-CH;O+H' +¢
Pt-CH;0———> Pt-CH,O+H' +¢
Pt-CH,O——> Pt-CHO+H +¢

Pt-CHO——> Pt-CO+H' +¢

Pt-OH———> Pt+O+H' +¢

(5)
Pt-CO + Pt-O ——> CO,
(6) ..
The overall reaction is:
(7) .
CH3OH + Hzoﬁ C02 + 61‘1+ + 6¢
(®)

The  application of PtFe nanostructures
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©)

(10)

(11

(12)
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Fig. 18. Cyclic voltammograms of the (a) Pt thin film obtain from [PtCl,(cod)] [6], (b) Pt thin film obtain from [Ptl,(cod)]
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(f) PA/RGO [25a], (g) PYRGO-AC [9], (h) PtPd [25a], (i) PtSn [10], (j) PtNi [8], (k) PtPd/RGO [25a],
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(r) Pt/[Cgmim][BF,] [27], (s) Pd/[C,NH,mim][Br] [26], (t) Pd/[Csmim][Cl1] [26] and (u) Pd/[Csmim][BF,] [26]
thin films in 0.5 M sulfuric acid electrolyte containing 0.5 M CH;OH with a scan rate of 50 mV s,
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electrocatalytic processes limited due to their hard synthesis.
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Fig. 18. Continued.

solubility of Fe,O5

in acidic medium. Cyclic

High temperature used for this synthesis caused severe
problems such as aggregation and wide size distribution of
NPs [12]. Our research group could synthesize PtFeFe,0;
alloy thin film via a simple procedure and use it as an
electrocatalyst in MOR (Scheme 11) [12].

MOR on the PtFeFe,O; thin film in alkaline medium
was investigated. Choosing the alkaline medium is due to

162

voltammogram of PtFeFe,0; NPs thin film in NaOH (0.5
M) and methanol (0.5 M) at a scan rate of 50 mV s is
shown in Fig. 20. The J/J, ratio is about 8.09. The number
of exchanged electrons can be calculated from the following
(13-14)
electrochemical reaction during MOR [84]:

equations in the case of an irreversible
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Table 1. Comparison of Different Electrocatalysts

Electrode JiTy Current density E Ref.
(mA cm™) (V,NHE)

Pt thin film® 1.28 35.0 0.73 [6]

Pt thin film® 1.20 30.4 0.75 [6]

Pt thin film° 1.60 40.5 0.65 [6]

Pd thin film - 743 1.38 [25a]
Pt/RGO thin film 1.55 663.2 0.54 [9]

Pd/RGO thin film - 474 1.42 [25a]
Pt/RGO-AC thin film 1.82 12.1 0.34 [9]

PtPd thin film 1.19 3212 0.54 [25a]
PtSn thin film - 87.9 0.40 [10]
PtNi thin film 1.52 461.0 0.47 [8]

PtPd/RGO thin film 1.50 110.4 0.63 [25a]
Pt;Sn/RGO thin film 1.59 73.1 0.55 [10]
PtPdNi thin film 2.08 443 4 0.52 [8]

PtZnSn thin film 1.65 122.0 0.65 [11]
PtPdNiFeFe,0; thin film 2.85 144.0 0.59 [8]

PtPdNiSn thin film 1.71 278.0 0.49 [8]

PtPdNiZn 3.50 140.0 0.58 [8]

Commercial Pt/C 0.57 - - [77]
Pt/C 0.60 - - [78]
Pt/C 1.18 - - [79]
PtRu/XC-72¢ 1.05 - - [80]
PtFe;04/Ce0, 1.32 - - [81]
PtAu 1.23 - - [82]
ETEK Pt* 0.99 - - [83]
PtFeFe,0s5 thin film 8.09 105.8 1.53 [12]
Pd/[C,NH,mim][Br] thin 3.72 153 0.55 [26]
film

Pd/[Cgmim][C]] thin film - 454 130 [26]
Pd/[Csmim][BF,] thin film - 178 1.25 [26]
Pt/[C.;NH,mim][Br] thin 4.54 81.14 0.6 [27]
film

Pt/[Csmim][C]] thin film 3.90 157.57 0.63 [27]
Pt/[Cgmim][BF,] thin film  1.56 196.24 0.43 [27]
ZIF-8 thin film' - 32.7 - [29]

“Pt thin films obtained from [PtCly(cod)], °[Ptly(cod)] and [Pt(p-tolyl)(SMe,)] precursors,
4X(C-72: vulcan XC-72 carbon black, “commercial Pt-Ru/C catalyst, fin alkaline medium.
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Fig. 19. Cyclic voltammograms of the monometallic Pt thin film at different scan rates in sulfuric acid (0.5 M) and
methanol (0.5 M), (b) Dependence of the peak currents on the square root of the scan rates [6].
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Scheme 10. CO poisoning effect on the Pt electrocatalyst surface [27]

E,- E ,,=477 (mV)/an, (13)

I,=(2.99 x 10%nA4Co* Do (an,)"*v'? (14)

Using the above equations, the number of exchanged
electrons is 6 and confirms this claim that the MOR is an
overall 6 electron process (Eq. (12)).

Application as Catalyst in C-C Coupling Reaction
The coupling reaction between aryl boronic acid and
aryl halide in the presence of Pd(0) complexes as catalyst

164

can lead to the formation of biaryl compounds with
pharmaceutical, polymer and material applications [85].
General conditions for these kinds of reactions are the
presence of Pd/ligand complexes in the toxic medium
of organic solvents [85]. Finding effective and
environmentally friendly catalysts with low Pd dosage is a
challenge. Recently, we have made Pd-based bimetallic NP
thin film catalysts, such as Pd-Cu [17] and Pd-Zn [19], that
exhibit higher catalytic activity in Suzuki-Miyaura reaction
compare to monometallic Pd thin film NPs [7] and other Pd-
based complexes. Pd/B-cyclodextrin [28] and Pd/ILs [26]
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Scheme 11. Formation of the PtFeFe,O; bimetallic NPs thin film at liquid-liquid interface from a facile strategy and
transfer to a glassy carbon electrode for electrocatalytic applications [12]
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1.5

Fig. 20. Cyclic voltammogram of PtFeFe,O; thin film in NaOH (0.5 M) electrolyte containing CH;OH (0.5 M) with

a scan rate of 50 mV s [12].

thin films showed interesting catalytic activity. The catalytic
activity of the as-synthesized catalysts for the coupling
reaction of phenylboronic acid and bromobenzene is
illustrated in Table 2.

Compared to classical reactions, these catalysts have the
considerable advantages such as applying green solvent,
short reaction times, low catalyst loading and cost,
reusability of the catalyst without considerable loss of
catalytic activity, presence of all atoms on the surface, high
active sites and high yields with unactivated aryl halides.

One of the useful strategies for the synthesis of organic
compounds is Sonogashira cross-coupling reaction. The
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organic synthesis such as construction of C-C bonds
between terminal alkynes and vinyl/aryl halides is very
important [92-94]. The reaction products have wide
applications the drugs,
nanomaterials and natural products [95].

for synthesis of various
In general,
palladium catalysts progress the Sonogashira cross-coupling
reactions by using copper salt as cocatalyst and an amine
base. Owning to their high cost, difficult reusability and
pollution, the palladium-free Sonogashira coupling reaction
has been attracting universal interest [96,97]. So, finding a
modified catalytic strategy for the cross coupling reaction of

alkynes with aryl halides and replacing palladium with non-
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Table 2. Catalytic Performance of Different Pd-based Catalysts in the Coupling of Phenylboronic Acid and Bromobenzene

B(OH), O
K
+ _ KCOo;
B as-synthesized

r

nanostructures

Temp Time Yield

Entry Catalyst Solvent Base Ref.
(§Y) (h) (%)
1 PdNi NPs (H,O/EtOH" 1:1) K,COs 50 7 65 [86]
2 Pd/SBA-15° (H,O/EtOH 1:3) K,COs 85 10 88 [87]
3 Pd/SiO,/TEG® toluene K;PO, 110 12 86 [87]
4 Pd-G-3¢ EtOH NaOAc® Reflux 24 42 [87]
5 Pd NPs Tonic liquid” NBu,OHE 60 15 93 [87]
6 PdCu H,0 K,COs 80 133 87 [17]
7 PdCu/RGO H,0 K,COs 80 0.5 87 [17]
8 Pd;Ni, DMF" NaOH 140 10 93.8 [88]
9 Pd/Fe;04 NPs MeOH! K;PO, 60 18 95 [89]
10 Pd-Ni/Fe;0,4 EtOH K,COs 80 0.5 95 [85]
11 Pd thin film H,0 K,COs 80 15 90 [7]
12 Pd/RGO thin film H,0 K,COs 80 0.5 95 [7]
13 PtPdCu H,0 K,COs 80 0.42 94 [17]
14 PdZn thin film (H,O/EtOH 1:1) K,COs 80 1 94 [19]
15 PdPtZn thin film H,O-CTAB! K,COs 80 0.75 96 [19]
16 Diimine/Pd(1I) DMAX K,CO; 80 1 58 [90]
17 NHC-Pd' EtOH K;PO, Reflux 0.5 75 [91]
18 PdNiZn H,0 K,COs 80 0.25 90 [15]
19 PdNiZn/RGO H,0 K,COs 80 0.16 97 [15]
20 Pd/3-ampy-RGO (H,O/EtOH 1:1) K,COs 80 0.5 85 [69]
21 Pd/Fe;0/RGO H,0 K,COs 80 0.42 97 [70]
22 Cyclometallated Pd-f~-GO Toluene K,CO4 r.t. 0.5 90 [71]
23 Pd/CdS H,0 K,CO;  rt. (sun light) 1 94 [16]
24 Pd/[C,;NH,mim][Br] thin film H,0 K,COs rt. 0.33 70 [26]
25 Pd/[Csmim][CI] thin film H,0 K,COs rt. 0.66 95 [26]
26 Pd/[Cgmim][BF,] thin film H,0 K,COs rt. 0.5 70 [26]
. . r.t./ultrasonic

27 Pd/[C,NH,mim][Br] thin film H,0 K,COs 0.33 80 [26]

waves
28 Pd/[Cgmim][C]] thin film H,0 K,CO; rt/ultrasonic 0.25 97 [26]

waves
29 PA/[Csmim][BF,] thin film H,0 K,co, ~ultrasonic 97 [26]

waves
30 Pd/B-cyclodextrin H,O K,CO;3 r.t. 0.2 97 -

“EtOH: ethanol; "SBA-15: Santa Barbara amorphous type silica; “TEG: tetra(ethylene glycol); generation-3 palladium NP-
cored dendrimer; ‘NaOAc: sodium acetate; 'tetraalkylammonium-based ionic liquids; Stetrabutylammonium hydroxide;
"DMEF: dimethylformamide; ‘MeOH: methanol; 'CTAB: cetyltrimethylammonium bromide; “DMA: dimethyl acetamide;
'NHC: N-heterocvclic carbene.
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precious, environmentally friendly and abundant metals is
important [98]. Using transition metal NPs as catalysts in
organic synthesis has a significant advantage due to their
unique structures and high surface area comparing with the
bulk metals [99]. The as-prepared nanostructures were
employed as efficient and non-precious catalysts in the
Sonogashira coupling reactions (Table 3).

Catalyst for Reduction of p-Nitrophenol and Dye
Degradation
p-Nitrophenol reduction. ne of the most toxic
refractory water pollutants are nitrophenol derivatives. In
general, 4-nitrophenol (4-NP) compounds cause severe
environmental and water pollution that hampers the public
health, causing alteration in the habitat and perturbations in
aquatic life [85]. Different strategies were examined for the
removal of these pollutants; but reduction of the nitro group
seems to be a better strategy. 4-aminophenol (4-AP) is the
reduction product of 4-NP, that is a useful organic
compound with wide applications [85]. Producing an
efficient and recoverable catalyst for 4-NP reduction is
already a challenging task. Noble metal nanostructures such
as Pd and Pt have been widely used as catalysts in a variety
of important fields such as C-C cross-couplings, fuel cells
and hydrogenation reactions owing to their excellent
catalytic activity and stability [104]. Also, several noble
metal catalysts such as Pt, Pd, Rh and Au have been applied
for the reduction of 4-NP to 4-AP in the presence of NaBH,4
[105,106]. Pal et al. have been used coinage metals (Ag, Au
and Cu) for the catalytic reduction of aromatic nitro
compounds [107]. Nevertheless, using these metal NPs has
been limited due to their high cost and scarcity. Both of the
reactant (4-NP) and the product (4-AP) have remarkable
UV-Vis absorption peaks in basic solution and this leads to
simple monitoring of the progress of reduction reactions [5].
Herein, the as-prepared nanocatalysts were used for
hydrogenation of nitroaromatic compounds (Scheme 12).
Heterostructured of  graphene-supported
transition metals prepared by the liquid-liquid interfacial

nanocatalyst

technique exhibited economically catalytic systems for
hydrogenation reactions and we hope that they can be
applied for other catalytic applications [18].

The reduction or hydrogenation of nitroaromatics led to
produce aromatic amines, which have a key role in various
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fields, such as pharmaceuticals, chemical, or dye industries
[18]. The catalytic activities were ascertained by using a
UV-Vis spectrometer. Totally, 4-NP shows an original
absorption peak centered at 317 nm and shifted to 400 nm in
the presence of NaBH, solution, indicating the formation of
the sodium 4-nitrophenolate ions (Fig. 21). The reduction of
4-NP to 4-AP did not show any remarkable progress in the
presence of just NaBH, confirming that the reduction
reaction is catalyzed by thin film nanocatalysts.

Addition or formation of a thin film decreases the 400
nm absorption peak and increases the 300 nm absorption
peak intensity which is belong to the formation of 4-AP.
This followed wusing UV-Vis
spectroscopy (Fig. 22). UV-Vis absorption spectra of the
reduction of 4-NP was recorded every 30/60 second and the

investigation can be

pseudo first-order kinetics can be used to evaluate the rate
constants of these reactions. The concentration of NaBHj, is
very high, therefore it can be considered constant during the
reaction. Also, the absorbencies at A = 400 nm were
collected with time (Fig. 22) and the apparent rate constants
were listed in Table 4. The proposed mechanism for the
reduction of 4-NP on the surface of catalyst is given in
Scheme 13 with complete details. Investigations show that
the catalyst
generation of active hydrogen atoms and the rate of charge

p-nitrophenolate adsorption on surface,
transfer are important facts that affect the reaction rate.
These facts can affect the catalytic activity:

(i). Stabilization of metal NPs on support surface.
Formation of the interface between the two phases leads to
adsorption and interaction between GO and reduced-metal
precursor that leads to the formation of nanostructures at the
interface by self-assembly. Stabilizing nanostructures on the
GO surface in the form of thin films can increase the surface
area and available active sites. GO with its hydrophobic and
hydrophilic functional groups can stabilize aqueous-organic
interfaces. Also functional groups can provide the anchoring
sites for the metal NPs. Scheme 14 shows the reaction
details.

(ii). Alloying effects and morphology. Alloying of
metal NPs leads to a higher catalytic activity owing to
synergistic effects between the individual metal NPs.
Formation of multi-metallic catalysts by the addition of Cu,
Ni or Co to Pt, leads to increase the surface to volume ratio
and synergistic effects between two metals. These alloy
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Table 3. The Sonogashira Coupling Reaction of lodobenzene with Phenylacetylene

catalyst
base, solvent

Entry Catalyst Solvent Base Temp. Time Yield Ref.
CC)  (min) (%)
1 PdCu/RGO thin film  H,O/CTAB KOH 60 14 95 [14]
2 PdCuFe/RGO thin H,O/CTAB KOH 60 10 95 [14]
film
3 Cu()-~~GO H,O K,CO; 80 46 90 [72]
4 [Cu(PPh3);Cl] H,O K,CO; 80 70 85 [72]
5 Thiospinel CuCo,S,’ H,O K,CO; r.t. 35 93 [100]
6 Thiospinel H,O K,CO;s r.t. 20 96 [100]
CuCo0,S4/RGO*
7 Pd/C Piperidine Piperidine 100 360 61 [101]
8 Pd/C DMA Pyrrolidine 100 360 77 [101]
9 Pd-CuFe,04Si0, DMA 1,4- 50 1440 80 [102]

Diazabicyclo[2.2.2]octane

10 MMT"/Pd-Cu Ethanol K,CO; 65 960 97¢ [103]
“This catalyst was also synthesized by our research group, "MMT: Montmorillonite, °In the presence of 2 mol% PPh;.

N
N
N

(a}

Scheme 12. Details of UV-Vis measurements using catalyst thin films [18]

nanostructures exhibited higher catalytic activity comparing inexpensive liquid-liquid interface strategy provides a
with monometallic Pt NPs. significant route for fabrication of high quality
(iii). Liquid-liquid interface method. Simple and nanostructured thin films with high catalytic performances.
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Fig. 21. UV-Vis spectra of (a) aqueous solution of 4-NP, (b) 4-nitrophenolate formation in the presence of NaBH,4[18].

Dye degradation. In order to decrease the water
pollution of textile industries with a large amount of toxic
non-biodegradable effluents, an efficient method is required
for safe extracting the harmful pollutants. Our research
group investigated the degradation of azo dyes catalyzed by
NPs thin films in the presence of NaBH,;. We report insitu
degradation of methyl orange (MO) by using Pt/Pd-based
thin films that monitored by UV-Vis spectroscopy. We have
thin films from Pt and Pd
the MO medium (dye
degradation and NPs formation is happened simultaneously)

synthesized different
organometallic precursors in
and activity of these films were compared in the complete
degradation of MO and methyl red (MR) dyes. Also, the
rate constants have been determined for the catalyzed
reactions. PtPd NPs thin film has shown the highest rate
constant for the degradation of MO within only a few
seconds due to its well-ordered structure. Furthermore, the
effect of presence of MO on the morphology of NPs was
investigated. Although different metals and metal alloy thin
films obtain from liquid- liquid interface were investigated
as the catalysts in the reduction of 4-NP [5,18], C-C
coupling reaction [7,15,16] and as the electrocatalysts in the
MOR [8,25a], but to the best of our knowledge, application
of these thin films in the degradation of dyes is rare. In this
study, application of pure Pt thin film and platinum- based
alloys such as PtPd, PtFeFe,O;, PtNi, PtAu, and also Pd/B-
cyclodextrin thin films were investigated in the degradation
of MO and the rate constants for catalyzed reactions were
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determined and compared with MR degradation results.
Also, the effect of the degradation of MO on the
morphology
investigated.

of metallic nanoalloy catalysts was
This thin film effectively catalyzed the reduction of MO

to  N,N-dimethyl-1,4-phenylenediamine and  sodium
sulfanilate (Scheme 15) in the presence of reducing agent,
NaBH, [13].

TEM and SEM images show the effect of MO
degradation on the morphology of the as-prepared thin films
(Figs. 24-25 and Table 5).

UV-Vis absorption spectra for the degradation of MO
azo dye by NaBH; (0.1 M) in the presence of Pd/B-
cyclodextrin thin film at 25 °C is shown in Fig. 26a. Also,
Plot of A versus time for the kinetic study of the reaction of
MO and NaBH, (0.001 M) in the presence of this catalyst is
shown in Fig. 26b. The apparent rate constant is observable
in Table 6. Also, recyclability of these catalysts is shown in
Fig. 27 and Table 7.

Progressing dye degradation and nitrophenols reduction
reactions by the inclusion complex formation in the
presence of Pd/B-cyclodextrin thin film is illustrated in
Scheme 16.

In another investigation, a nanoneedle Cu(0)/CuS
nanohybrid thin film was synthesized from the reaction of
[Cu(PPh;);I] complex with Na,S at the interface between
toluene and water at room temperature. Figure 28 shows the

TEM image.
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Fig. 22. UV-Vis absorption spectra for the reduction of (a) 4-Cl-2-nitrophenol, (c) 4-NP, (e) o-nitrophenol, (g) m-
nitrophenol (0.2 mM) using aqueous solution of NaBH, (15 mM) in the presence of Pd/p-cyclodextrin thin
film at 25 °C, (b, d, f, h) Plot of -Ln A versus time for the related nitroaromatic compounds [28].
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Table 4. Comparison of Apparent Rate Constants for 4-NP* Reduction with Different Thin Film Nanocatalysts

Entry Composition Metal loading Apparent rate constant Ref.
(ug)° )

1 PtPdFe 25 3.00 x 10 [18]
2 PdPtZn 28 75%107 [18]
3 PdCuFe/RGO 28 8.9 x 107 [18]
4 PtNi 2.1 2.7 %107 [18]
5 PdZn 20 296 x 107 [18]
6 PtZn 2.1 445 %107 [18]
7 Pd/RGO 25 452 %107 [18]
8 PtCuw/RGO 26 8.02 %107 [18]
9 PtCu 29 73 %107 [18]
10 PtCo 25 138 x 107 [18]
11 PdCu 25 466 %107 [18]
12 PdCu/RGO 22 747 %107 [18]
13 PtCu/AC 22 339 x10° [18]
14 Pt/RGO-AC 20 138 x 107 [18]
15 Pt/RGO 22 594 x 107 [18]
16 Pd 3.1 1.02 x 107 [18]
17 Pd/AC 3.0 258 %107 [18]
18 PtPdCu 25 8.10 x 107 [18]
19 Pd NPs@black tea 2000 590 x 10 [108]
20 PdCuO NPs 7000 550 %107 [109]
21 PY/AC 2.1 3.84 x10° [5]

22 Pt 32 198 x 10 [5]

23 Au/RGO - 0.9 %107 [110]
24 Pt/RGO - 29x107° [110]
25 Pt/C - 1.0 x107 [110]
26 Pt Pure 4.0 0.129 x 107 [105]
27 NiPt NPs 4.0 0.159 x 107 [105]
28 PtZnSn 38 466 %107 [11]
29 Pd/[C,NH,mim][Br] 14 282 %107 [26]
30 Pd/[Csmim][CI] 1.0 749 x 10 [26]
31 Pd/[Csmim][BF,] 1.0 237 %10 [26]
32 Pt/[C;NH,mim][Br] 12 447 %107 [27]
33 Pt/[Csmim][CI] 1.0 527 %107 [27]
34 Pt/[Csmim][BF,] 1.0 444 %107 [27]
35 Pd/B-cyclodextrin 20 1.09 x 107 [28]

*You can refer to the related references to find the rate constants for other nitrophenol derivatives in the
presence of the above thin films, °Obtain from ICP.
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Scheme 13. Mechanism for the reduction of 4-NP on the surface of catalyst

Fig. 23. (a) [Cl,Pt(cod)] complex in toluene (top phase) and MO solution (bottom phase), (b) degradation of MO and
formation of Pt thin film simultaneously, 30 s after the beginning of the addition of NaBH,4 and (c) complete
MO reduction and thin film formation after 2 min [13].

172



Hoseini et al./Inorg. Chem. Res., Vol. 4, No. 2, 140-182, December 2020.

0

0
g X /.
NAQ—S’ — NGNH + NH—< >—s¢"°
\N4©7N/ Sowt S Sonat
A

Scheme 15. Reduction of MO to N,N-dimethyl-1,4-phenylenediamine and sodium sulfanilate in the presence of
NaBH,4[13].

40 nm

Fig. 24. TEM image of (a,b) hexagonal Pt nanostructured thin film, (c, d, ) PtPd, (f, g) PtFeFe,0s;, (h) PtNi and
(1) PtAu thin films in the presence of degraded MO [13].
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Fig. 25. SEM images of (a,b) Pt, (c) PtPd (d) PtFeFe,O;, (¢) PtNi and (f) PtAu nanostructured thin films in the
presence of degraded MO [13].

Table 5. Effect of MO Degradation on the Morphology and Size of the

Thin Films [13]
Entry Thin Film Morphology Size
(nm)
1 Pt Spherical NPs 15
2 PtPd Snowman like-shaped 40
nanostructures
3 PtNi Spherical NPs 25
4 PtFeFe,O3 Spherical NPs 20
5 PtMO Hexagonal 11
6 PtPd/MO Polygonal structure 3
7 PtNi/MO Spherical NPs 17
8 PtFeFe,0;/MO Spherical NPs 4
9 PtAWMO Spherical NPs 5
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Fig. 26. UV-Vis absorption spectra for the MO degradation by NaBH, in the presence of Pt/B-cyclodextrin thin film
atr.t. (time interval = 30s), (b) Plot of A versus time for the kinetic study of the reaction of MO degradation
““A”’ stands for absorbance at A = 464 nm for different times [28].

Table 6. Comparison of Apparent Rate Constants for MO and MR Degradation at Nanostructured Thin Films
Obtained from Liquid-liquid Interface [13]

Entry Catalyst Kobs Kobs Ref?
s (s
1 Pt thin film 1.09 x 102+ 0.0001 4.86 x 107 +0.00006 [13]
2 PtPd thin film 2.02x10"£0.02 475 x 102+ 0.0001 [13]
3 PtFeFe,0; thin film 1.80 x 10+ 0.0003 9.70 x 10~ + 0.00002 [13]
4 PtNi thin film 3.75 x 102 £ 0.0002 745 x 107 + 0.00004 [13]
5 PtAu thin film 1.70 x 10% £ 0.002 434 x 107 +0.0001 [13]
6 MZVI® 830 x 10™ - [111]
7 NZVI® 5.60 x 107 - [111]
8 Ag NPs 8.50 x 107 - [112]
9 Pd/B-cyclodextrin thin film 1.85 x 107 - [28]

In the presence of (a) MO dye; (b) MZVTI: microscale zero-valent iron, (c) NZVI: nanoscale zero-valent iron;
(d) MR dye.

Fig. 27. Catalysts reusability for MO degradation [13].
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Table 7. Reusability of Thin Films in the Presence of MO and MR [13]

Entry Catalyst Number of cycles
1 Pt thin film 2° 2°
2 PtPd thin film 3¢ 3
3 PtFeFe,0s thin film 6" 8°
4 PtNi thin film 4 2°
5 PtAu thin film 4 5°

In the presence of (a) MO and (b) MR dye.

A
m o @ Nltrophenol?/Azo ares
A

() (b)

Scheme 16. Inclusion complex formation using Pd/B-cyclodextrin thin film as a catalyst in the presence of nitrophenols
or azo dyes as guest molecules [28]

130 nm

Fig. 28. TEM characterization of Cu(0)/CuS nanohybrid thin film [20].
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Fig. 29.

Degradation of methylene blue (MB) dye (a) plot of absorbance (A) vs. wavelength and the inset image
indicates the decolorisation reaction in the absence of H,O,, (b) plot of absorbance (A) vs. wavelength and
the inset image indicates the decolorisation reaction in the presence of H,O,, (c¢) plot of absorbance (A) vs.
time (t) in the absence of H,O, and (d) plot of absorbance (A) vs. time (t) in the presence of HO, [20].

Table 8. Dye Degradation in the Presence of Cu(0)/CuS
Nanoneedles at 25 °C [20]

Dye Peroxide Kapp
CD)
MB* - 197 x 107
MB* H,0, 8.40x 107
MG" - 6.67 x10™
MG" H,0, 6.82x 107
BG* H,0, 548 x 10
MR! H,0, 1.36 x 107

"MB: methylene blue; MG: malachite green; °BG:
brilliant green; “MR: methyl red.
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The catalytic activity of Cu(0)/CuS nanoneedles was
investigated in the degradation of dyes in the presence or
absence of H,O,. On the basis of comparative Kkinetic
studies, obtained for the
degradation of different dyes in the presence of H,O, and
CuS catalyst (Fig. 29 and Table 8): neutral dyes > cationic
dyes > anionic dyes [20].

the following trend was

In our recent investigation, PtSn thin films were formed
from the reaction of SnX, (X = Cl, Br) with [PtMe,(bipy)],
(bipy = 2,2"-bipyridine), in the presence or absence of GO
support with effective catalytic activity in MOR [113].

SUMMARY

In this general report, organometallic precursors were
used for the formation of a wide range of nanostructures and
applied in various catalytic reactions. Catalytic activity of
noble and non-precious transition metallic alloy thin films
has been studied for converting the nitrophenol compounds
to aminophenols in the presence of NaBH,. Also, these thin
films showed interesting electrocatalytic activity in MOR.
The catalysts formed from liquid-liquid interface strategy
are promising electrocatalysts for fuel cells and sensors.
Furthermore, some of the as-synthesized nanostructures can
be applied as catalyst in C-C cross coupling reactions such
as Suzuki-Miyaura and Sonogashira couplings. Some severe
problems for pharmaceutical industries that limit their
applications are: the high cost Pd cannot be recycled and
reused, difficult extraction from reaction mixture which
causes by homogeneous Pd catalysts during C-C coupling
reactions. In contrast with homogeneous systems, catalyst
stability, easy extraction from the reaction mixture even by
simple filtration and catalysts reproducibility for several
reactions are the advantages of heterogeneous catalysts. In
this investigation, we reported the use of some catalysts in a
safe solvent and eco-friendly medium. These recyclable
heterogeneous catalysts showed efficient catalytic activity
for the Sonogashira carbon-carbon coupling reaction of a
wide range of aryl halides with phenylacetylene. It can be
expected that these kinds of catalysts will reach wide
applications in the near future. In brief, the summary of our
key findings are these important facts: (i) Stabilization of
metallic NPs and alloys on support surfaces such as
graphene oxide, aminoclay, ionic liquids or cyclodextrins

can increase the catalytic activity by increasing the stability,
dispersion and preventing from aggregation. (ii) Alloying
effects and morphology shows that alloyed nanostructures
can be efficient like noble metal catalysts in catalytic
applications. (iii) Applying liquid-liquid interface strategy
to synthesize the catalysts shows that notably thin films
fabricated by this method quality in
comparison with the thin films fabricated by other methods.

show higher

This study highlights the value and importance of nano
alloy thin films and their key ability in the progress of
various catalytic reactions. We hope that they can be applied

for other important catalytic applications.

ABBREVIATIONS

nanoparticles NPs

direct methanol fuel cell DMFC

cis, cis-1,5-cyclooctadiene cod
triphenylphosphine PPh;
acetylacetonate acac

X-ray diffraction XRD
transmission electron microscopy TEM
nanobranch NB

alloy nanosheets ANSs
graphene oxide GO
aminoclay AC

ionic liquids ILs
reduced-graphene oxide- aminoclay RGO-AC
reduced-graphene oxide RGO

field emission- scanning electron FE-SEM
microscopy

selected area electron diffraction SAED
polyvinylpyrrolidone PVP
1-aminoethyl-3-methyl-imidazolium [CoNH,mim][Br]
bromide

1-methyl-3-octylimidazolium [Csmim][Cl]
chloride

1-methyl-3-octylimidazolium [Csmim][BF,]
tetrafluoroborate

zeolitic imidazolate framework-8 ZIF-8
3-(aminomethyl)pyridine 3-ampy
2-phenylpyridine CN
dimethylsulfoxide dmso

amine functionalized GO

GO
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(3-aminopropyl)triethoxysilane APTES
X-ray photoelectron spectroscopy XPS
energy dispersive analysis of X-ray EDAX
direct alcohol fuel cells DAFCs
methanol oxidation reaction MOR
forward anodic peak current Jy
backward peak current A
ethanol EtOH
Santa Barbara amorphous type silica SBA-15
tetra(ethylene glycol) TEG
generation-3 G-3
sodium acetate NaOAc
dimethylformamide DMF
methanol MeOH
N-heterocyclic carbene NHC
cetyltrimethylammonium bromide CTAB
dimethyl acetamide DMA
montmorillonite MMT
4-nitrophenol 4-NP
4-aminophenol 4-AP
methyl orange MO
methyl red MR
microscale zero-valent iron MZVI1
nanoscale zero-valent iron NZVI
methylene blue MB
malachite green MG
brilliant green BG
2,2"-bipyridine bipy
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