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Abstract: Recent results obtained in studying mono- and bimetallic catalysts for selective hydrogenation of
unsaturated carbonyl compounds, even unsaturated ones, acetylenic and nitro compounds as well as CO and
bio-available alcohols oxidation are reviewed from the standpoint of the strong interaction between the metal
nanoparticles, on the one hand, and two metals in the composition of bimetallic nanoparticles, on the other
hand. Such interactions were demonstrated to result in partial positive or negative charging of metal nano-
particles, which, in turn, changes their adsorption and catalytic properties, especially with respect to the
reactions involving hydrogen. Among the systems studied, Au-Pt, Au-Pd, Au-Cu, Au-Fe, Pt-WO,, Fe-Pd,
Fe—Pt, Fe—Cu nanoparticles prepared by the redox procedure are considered to be most perspective in diverse
catalytic applications because of the proper combination of the particle size and the electronic state of the
metals.
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Introduction

Metal nanoparticles deposited on porous carriers are widely studied due to their various practical applications,
especially in catalysis. The properties of catalysts with supported metal nanoparticles are determined by the
structural, electronic, and other characteristics of the deposited nanoparticles. The high catalytic activity of
metal catalysts can be due to such factors as the morphology and size of metal nanoparticles, the interaction of
the metal with the carrier, and the method of catalyst preparation [1, 2]. The carrier contributes to the stabi-
lization of small nanoparticles, in some cases with a size smaller than 1 nm, and also governs the morphology
of the deposited nanoparticles and the uniformity and width of the particle size distribution. This is true even in
cases where the carrier is an inert material that does not interact with the supported metal particles, but due to
its porous structure, especially in the case of micropores, contributes to the stabilization of very small particles
via topological (geometric) effects.
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The choice of optimal conditions for the synthesis of catalysts with supported metal nanoparticles can
result in a strong interaction of the metal with the carrier and in the electron transfer from the metal to the
carrier with the formation of a partial positive charge on the metal or transfer in the opposite direction, as a
result of which the metal acquires a partial negative charge [3-6]. As a result of such a charge transfer, the
properties of metal particles change, including catalytic properties, such as activity and selectivity [7]. For
example, for supported gold particles, it is shown that as the particle size decreases, the metal-metal bond
length decreases and the d-electron density increases [8]. The relative number of metal atoms on the facets,
edges, and vertices of a nanoparticle is uniquely determined by its size [9, 10].

The charge transfer is reliably determined by physicochemical spectroscopic methods [11]. The effect of the
charge transfer on catalytic properties is described in the literature for metal nanoparticles containing noble
metals (Pt, Pd, Au, Rh, Ir, Ru) [3, 4, 12, 13]. There are three main methods for determining the variation of the charge
of metal nanoparticles, two of which are direct methods: (1) X-ray photoelectron spectroscopy (XPS) and (2) X-ray
absorption spectroscopy using synchrotron radiation (EXAFS/XANES). The third method - IR spectroscopy using
adsorbed molecules-probes, mainly CO is not direct, since an indirect assessment of the charge of metal particles
can be obtained from the values of the shifts of carbonyl complexes of metals in relation to complexes of neutral
(uncharged particles). Note that all three methods have certain disadvantages, including the possibility of elec-
trostatic charges of the sample (metal particles) under the action of X-rays, and the variation of the electron density
or the modification of metal particles due to the adsorption of CO. In some cases, for example, for particles of
iridium or rhodium, such an interaction of the metal particles with CO may lead to disintegration of nanoparticles
[14], which, however, is not observed in the case of Pt, Pd, Au and some other metals.

X-ray absorption spectroscopy (XAS) is used for studying both the electronic (oxidation) and coordination
state of a metal. The Fermi level of the metal is shifted when the particle is charged to the higher energy region if
the particle is negatively charged or to the lower energy region if the particle is positively charged. Moreover,
the intensity of the so-called white line increases when the particles are positively charged or, conversely,
decreases when they are negatively charged.

X-ray photoelectron spectroscopy (XPS) has proven to be a very effective and sensitive method for studying
the electronic state of supported metals. The position of the electron binding energy indicates the oxidation
state of the metal. However, it should be noted that the displacement of the core levels when changing the
particle size should be taken into account. Studies of supported metal nanoparticles with the size smaller than
10 nm by the XPS method indicate a significant shift in the binding energy of the core-level electrons in
comparison with the bulk metal. Usually the reason for this shift is the transfer of electron density between the
metal and the carrier, however, dimensional and geometric effects can contribute to the value of the shift. In
particular, geometric factors such as particle shape or morphology, including deviation from the spherical
shape and the formation of flat (disc-shaped) or elongated (filaments, rods) particles can play a significant role
in changing the electronic state of supported metal nanoparticles [15].

Note that the carriers can have a fundamentally different nature, both in terms of acid-base properties and
electrical properties: insulators, semiconductors, and conductors. In this mini-review, interaction of supported
metal nanoparticles with carriers will be considered and the catalytic activity/selectivity patterns will be
interpreted from this standpoint.

Au-based metal nanoparticles in selective oxidation

Catalysis on gold is a relatively new but rapidly developing area of both homogeneous and heterogeneous
catalysis. Since the discovery by M. Haruta of the unique properties of supported gold nanoparticles in the low-
temperature oxidation of CO [16], more than 500 thousand publications have been published devoted to
catalysis on gold. As shown in reviews [17-19], the number of reactions using gold catalysts is constantly
expanding. Over the past decade, supported gold nanoparticles have been established as active and selective
catalysts for the oxidation and hydrogenation of various organic substances, in particular, hydrocarbons of



DE GRUYTER E. A. Redina et al.: Unusual behavior of bimetallic nanoparticles —— 991

various structures [20-23] and oxygen-containing organic compounds, including classes of alcohols and
carbohydrates [24-30].

Today of particular interest are bimetallic systems based on gold nanoparticles [31-34]. The combination
of gold with a second metal (Au-Me) allows one to develop catalytic systems with unique physical and
chemical properties not observed for individual monometallic catalysts due to the synergistic effect. It was
noted that the nature of the second metal, the Au:Me ratio, the structure of bimetallic catalysts, the size, and,
consequently, the shape of nanoparticles, which is, in turn, determined by the method of synthesis of bime-
tallic catalysts, have a great influence on their activity, selectivity, and stability [35-38].

One of the ways to obtain a bimetallic Au-containing catalyst is the modification of a support with one
metal (M1) and subsequent Au nanoparticle deposition on it. This strategy allowed us to obtain efficient and
stable Au catalysts supported on the high-temperature 6-Al, ,Fe,Os carrier for the process of selective CO
oxidation in the presence of NH; in the feed for the needs of exhaust gases neutralization both from diesel
engine auto transport and industry [39, 40]. The prepared Au/6-Al,Fe,0O; nanomaterials maintain high
catalytic activity even after prolonged thermal treatment at 750 °C. A strong synergetic effect was observed
between Au and Fe species; the activity, selectivity and stability of bimetallic catalysts were significantly
higher compared to monometallic Au and Fe samples (Fig. 1). Moreover, the preparation method played a
crucial role in obtaining high activity in selective CO oxidation in the presence of ammonia. The Au catalysts on
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the 0-Al, ,Fe, 05 supports (prepared by calcination of the precursor “Fe-salt/y-Al,05”at 1000 °C) were more
active in CO oxidation in comparison with the catalysts on the FeOQ,/6-Al,0; supports prepared by deposition of
Fe,0; on pure 0-Al,05. ESR studies revealed the presence of both the isolated and exchange-bonded Fe’* ions in
the 0-Al,Fe,O5 supports. The supported FeO, phases and the exchange-bonded Fe’* ions favored NH;
oxidation, whereas the Fe’ isolated ions decreased the activity in NH; oxidation. The preferential oxidation of
CO in the rich mixture with ammonia showed the possible purification way of the kiln gas from industrial
production of lithium iron phosphate batteries (LFP) through utilization of ammonia and carbon monoxide by
means of their processing into the initial components of the mixture for the LFP synthesis, i. e., ammonia can
be transformed to (NH,),HPO,, while CO should be first transformed into CO, to be used in the synthesis of
initial Li,COs. In addition, the high thermal stability of the prepared nanomaterials makes possible their
application as a catalytic layer in the engine exhaust gas-purifying systems equipped with oxidation catalytic
section for CO and CH treatment coupled with NH3-SCR methodology.

The other way of bimetallic catalyst preparation implies the formation of bimetallic nanoparticles on
the surface of a support. However, the major problem faced in the preparation of bimetallic supported
catalysts is the difficulties to ensure an extended area of contact between the monometallic phases. The
most common method of bimetallic particles synthesis is the sol-method with subsequent immobilization
of prepared nanoparticles on the support, yet unstable solid solutions are often formed by this way [37, 41].
Another drawback is stabilizing agent removal [42, 43]. Impregnation and co-precipitation methods are
considered to be non-selective and lead to formation of the “non-true” bimetallic particles with the pres-
ence of isolated monometallic phases. In addition, the structure of the obtained bimetallic particles is hard
to control [44]. In our works we showed the simplicity and high efficiency of the redox-methods that are
based on the reduction of the ions of the second metal either by the pre-supported first [45, 46] or by a
reducing agent adsorbed at the surface of the first metal, for instance, hydrogen [47-49]. Several catalytic
systems were prepared combining gold and other noble metals (Ru, Pd, Pt) or non-noble ones (Cu, Fe). A
strong synergetic effect was observed for Au-Ru nanoparticles supported on 0-Al,05 for the preferential CO
oxidation in the presence of ammonia in the treatment of exhaust gases in diesel engines [49]. The crucial
role of the method of bimetallic nanoparticles formation was also demonstrated. The conventional method
of deposition-precipitation with urea (DPU) lead to big particles of both RuO, and Au (>40 nm), while the
redox-method (RR) allowed obtaining nanoparticles below 7 nm even after calcination of the catalyst at
300 °C. The redox-prepared catalysts showed the highest activity in CO oxidation and the largest window
between the temperature of full CO conversion and the temperature at which NH; oxidation starts to
proceed (Fig. 2). Another examples are redox-prepared Au/Rh/TiO, catalysts. This system was an extremely
efficient in dichloromethane degradation processes. The complete DCM conversion was observed at 400 °C
over the low-loaded 0.1Au/0.3Rh and 0.1Au catalysts with selectivity of destruction to HCl 87 and 72%,
correspondingly, and the CO release 3.2 and 400 ppm, respectively, indicating the strong interaction
between Au and Rh in bimetallic nanoparticles [47].

Our special attention in the preparation of bimetallic catalysts is devoted to the systems with an ultra-low
amount of the active phase. Applying the redox method and working with diluted precursor solutions, we have
obtained low-loaded Au-containing bimetallic catalysts, which showed unprecedently high activity and
selectivity in bio-available alcohol oxidation. For the first time, we have developed an ultra-low-loaded Au/
Cu0,/Si0, catalytic system, which was able to oxidize ethanol to acetaldehyde in the gas phase with a full
conversion and 100% selectivity at 250 °C, while monometallic Au catalyst with the same metal loading was
less active and CuO,/SiO, showed only a 7% of ethanol conversion (Fig. 3). The interaction between Au® and
Cu™ isolated cations led to the pronounced oxidation activity and selectivity in acetaldehyde formation [45].

We also observed that Au redox-deposition in the amount of only 0.05% wt onto the 0.5%Pd/TiO, catalyst
can change the route of ethanol conversion, and instead of full complete ethanol oxidation to CO,, acetal-
dehyde and ethyl acetate can be formed with selectivity 70 and 20%, respectively, due to the formation of
bimetallic Au—Pd nanopatrticles proved by the DRIFTS-CO method [47].

Catalytic valorization of bio-available glycerol and 1,2-propanediol represents a very challenging problem
since such processes open a new era of non-petrochemical synthesis of valuable products. Among them lactic
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Fig. 2: Temperature dependence of the CO (a) and NH; (b)
conversion in the gas mixture consisting of 1.5 vol.%
NHs, 4.5 vol.% CO, 22.5 vol.% 0, and He balance [49].

acid is a key molecule for the production of bio-degradable polymer — polylactic acid (PLA). We have suc-
ceeded in the preparation of active and stable ultra-low-loaded Au/1%Pt/TiO, bimetallic catalysts with an Au
content of 0.025% wt. This system appeared to be active in selective primary hydroxyl-group oxidation in 1.2
propanediol with the lactic acid yield 87% [48] (Fig. 4). Moreover, the 0.025%Au/1%Pt/TiO, catalyst is the first
example of an active and selective system with the extremely low Au content for the formation of lactic acid
from glycerol just in air at 60 °C. The addition of Au greatly enhanced the activity and selectivity of Pt/TiO,
catalysts both in 1,2-propanediol and glycerol oxidation due to the observed strong interaction between the
two metals in Au/Pt bimetallic particles and between the bimetallic particles and the support, which was
proved by XPS analysis, DRIFTS-CO technique, and temperature programmed reduction method (TPR-H,) [47]

(Fig. 4).
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Hydrogenation processes
Pt-containing bimetallic nanocatalysts in hydrogenation reactions

Pt catalysts are universal systems for both oxidation and reduction reactions. The ability of Pt-group metals to
activate hydrogen predetermines their application for hydrogenation of different classes of organic substances
such as nitro-compounds, carbonyl compounds, alkenes and alkynes, nitriles, etc. [50-55]. The activity and
selectivity, as well as the form, in which Pt is present in the catalytic system (nanoparticles or clusters), greatly
depend on the support. Strong Pt-support interaction in hydrogenation reactions plays a crucial role to obtain
high activity and selectivity in hydrogenation reactions. Thus, widely used supports for Pt nanoparticles are
reducible metal oxides such as Ce0Q,, TiO,, Fe,0; [56-62]. It is known that interaction of hydrogen with
supported metal nanoparticles (Pt, Ni, Cu) causes a H, spillover effect with the formation of active hydrogen
species (H*=H" or H" and H") [63-69]. Split-over hydrogen species can cause reduction of the support, and
therefore can interact with an adsorbed substrate leading to the hydrogenation product formation [70, 71].
Thus, the lower the energy barrier of H, activation and transition of H* species to the carrier (the spillover), the
milder the conditions required for the reaction to proceed. Decreasing the energy of hydrogen dissociation and
inducing the hydrogen spillover effect can be achieved by the synthesis of supported Pt-containing bimetallic
nanoparticles [72-75], formation of ultra-small or single-atom Pt NPs [76-79], and, finally, by the modification
of oxide support [80, 81]. The use of mixed oxide systems or solid solution can greatly enhance the spillover
effect due to the defects in the crystalline structure of the obtained carrier, that can appear, for example, in
easier reduction of the metal oxide [82]. We have applied this strategy to develop a catalytic system charac-
terized by a low energy barrier for H, activation [83]. The main attention was paid to the synthesis of a mixed
oxide support, and CeO,—ZrO, system was chosen as it is characterized by the easier reduction of Ce* to Ce*
compared to CeO, oxide [84, 85]. The preparation technique used led to the highly dispersed mixed nano-oxide
Ce0,—Zr0, with the particle size less than 5 nm and specific surface area higher than 100 m’/g. Deposited Pt NPs
on the prepared support were stabilized with the size <1 nm. The giant hydrogen adsorption caused by
hydrogen spillover effect was observed at temperatures —50 to +25 °C on the prepared 1%Pt/Ce0,-ZrO,
catalytic system for the first time (Fig. 5). The unique ability of intense hydrogen activation at sub-ambient and
ambient temperatures allowed us to perform selective hydrogenation of carbonyl compounds with different
structures at room temperature and atmospheric pressure of H, [83, 86, 87]. The developed catalytic system was
much more active than Pt NPs supported on monometallic CeO, and ZrO, supports, as well as Pt supported on
non-reducible SiO,, which correlated with the magnitude of the observed low-temperature hydrogen spillover
effect. The activity of Pt/Ce0,—ZrO, supported catalysts is greatly affected by the specific surface area of the
mixed-oxide support [87].

In some cases, the modification of the support used for the preparation of Pt-containing catalysts with a
second metal oxide can also lead to the change in their acidity [88, 89]. This technique is usually applied for the
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reactions implying the isomerization of a hydrogenated substrate or for hydrodeoxygenation reactions. One of
examples of such a process is hydrogenolysis of tetrahydrofurfural alcohol to 1,5-pentanediol [90]. The
combination of Pt with reducible oxides (WO,, MoO,) was responsible for the enhanced selectivity, while
monometallic catalysts were not selective. Another example is the hydrodeoxygenation of glycerol to a value-
added product, 1,3-propanediol, used as a monomer for the synthesis of a new type of thermoplastic polymer
PTT [91, 92]. The most efficient system for this reaction appeared to be Pt/WO,/Al,O5 [88, 93, 94]. It was
suggested that hydrogen dissociation takes place at the the Pt—-WO, interface with spillover to a neighboring
oxygen atom and the formation of strong Brgnsted acid sites, i. e., protons formed in situ in the reaction are
responsible for the high activity and selectivity of this type of catalytic system in glycerol to 1,3-propanediol
transformation [93]. On the other hand, WO, provides strong adsorption sites for the primary hydroxy group of
glycerol molecule and stabilizes the secondary carbocation formed during the reaction [94]. However, we
showed that the activity of these catalysts greatly depends on the method and conditions of their preparation
[95]. To obtain strong Pt-WO, interaction, special attention should be paid to the conditions of preparation of
W-modified alumina: the complete ammonium tungstate (10 %wt) deposition is observed only after 7 h of the
reaction at 80 °C. In addition, to exclude leaching of W-species during glycerol dehydrodeoxigenation reac-
tion, the W-modified alumina support should be calcined at 800 °C [95].

The results presented clearly illustrate that high hydrogenation activity of Pt containing catalysts is mainly
due to the strong metal-support interaction and hydrogen spillover effect. The bimetallic catalytic system,
when second metal modifies the support, are the most perspective catalysts for hydrogenation reactions.

Fe-based metal nanoparticles in selective hydrogenation processes

Selective hydrogenation of triple C—C bonds to form the desired alkene is a key step in the synthesis of many
important compounds of petrochemical industry, as well as for the synthesis of fine and specialty chemicals
(i. e., vitamins A and E, linalool) [96-99]. The conventional heterogeneous catalysts of this process are based
on noble metals, in particular Pd [100-103]. Although these catalytic systems are highly effective, they are
quickly deactivated due to the blocking of the active surface by the reaction products and by-products; we can
also note the high content of the noble metal in the catalysts and hence their high cost, and, in some cases, the
toxicity of the systems used, in particular, of the Lindlar palladium-lead catalyst [104, 105].

An addition of a second metal or metal oxide to Pd-based catalysts is known to increase the activity and
selectivity of catalysts [106]. The well-known bimetallic nanoparticlesfor selective alkyne hydrogenation
include Pd—-In [107], Pd-Ag [108] and Pd—Cu [109, 110]. However, the Fe influence on the catalytic properties of
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Pd catalysts in these reactions remains scarcely investigated. There is increasing research interest in iron as a
catalyst component for the homogeneous and heterogeneous hydrogenation since this transition metal is
abundant in nature, cheap, non-toxic, and potentially amenable to magnetic recovery [111]. Despite the large
number of reports on the selective hydrogenation on Pd-containing catalysts, the improvements in efficiency
and environmental safety of catalytic systems are remaining an active area of research and development.

In a number of our published papers [112-117], we paid special attention to the study of catalytic prop-
erties of bimetallic catalytic systems Fe-M (Pt, Pd, Cu), in particular, to interrelation between the redistri-
bution of electron density between metals in bimetallic catalysts, representing a combination of metallic
nanoparticles of a noble metal (Pd, Pt) and Fe or FeOx, and their activity/selectivity in reactions of selective
hydrogenation of triple C=C bonds to C=C bonds under mild conditions. The high catalytic activity of
bimetallic Fe—Me systems appears due to many factors, such as the structure, size and dispersion of nano-
particles, the method of synthesis and conditions of thermal treatments and reduction, the metal ratio, as well
as the nature of the support.

In 2016 we published [115, 116] the results of catalytic activity of the supported bimetallic Fe—Pd nano-
particles in hydrogenation of phenylacetylene to styrene. The bimetallic of Fe-Pd/SiO, catalysts were syn-
thesized by incipient wetness impregnation of SiO, carriers (LS-30 m’/g and HS-300 m’/g) with aqueous
solutions of the active metal precursors (NH,);[Fe(C,0,);] and [Pd(NH;),]Cl, with subsequent thermal treat-
ment (air calcination, reduction in a H, flow). We investigated the influence of many factors, such as the
solvent, the nature of the support, the composition and conditions of thermal treatment on the catalytic
properties. It is shown that the use of ethanol as a solvent of phenylacetylene leads to an increase in the rate of
the hydrogenation reaction by 3 times, and there is an increase in the selectivity of styrene formation in
comparison with the results obtained in the iso-propyl alcohol.

The application of the support with a high specific surface area (HS) makes it possible to obtain the 90%
selectivity to styrene at the full conversion of phenylacetylene at 23 °C and 0.1 MPa H, for 25 min compared to a
sample on a low specific surface area carrier, where the maximum selectivity was 82%. The XRD and TEM
methods have shown that the average size of supported nanoparticles in the sample on the HS support is 8 nm,
compared to the sample supported on a carrier with a low specific surface area (15 nm).

We also showed that variation of thermal treatment conditions (air calcination at different temperatures,
reduction in a H, flow) have a significant effect on the phase composition of the catalyst, the size of the
bimetallic particles and the electronic state of metals, which leads to different catalytic properties of the
obtained systems. The activity of the calcined bimetallic 8%Fe-3%Pd/SiO, catalyst exceeds the activity of the
reduced monometallic 3%Pd/SiO, catalyst and is 10 times higher than the activity of an industrial Lindlar
catalyst (5% Pd/CaCOs-Pb). The high selectivity of styrene formation 86% is achieved on a bimetallic sample
for 20 min compared to a monometallic palladium sample. Reduction of catalysts in the hydrogen flow leads to
a decrease in hydrogenation activity, as well as to an increase in the selectivity of styrene formation up to 90%.
The XRD results of the calcined 8Fe-3Pd/SiO, catalyst indicate the formation of Pd’, a-Fe,03 and Fe;0, phases.
The reduction of the calcined bimetallic samples in a H, flow at 400 °C provides the formation of Fe’ nano-
particles 17-20 nm in size, whereas the reduction of the dried samples results in the formation of X-ray
amorphous Fe phases.

It should be noted that the support material plays an importantrole in the overall catalytic performance for
achieving the high conversion and better selectivity towards the desired products [105]. In our work [117], we
have shown that the use of y-Al,Os (Sger of 240 m’ g™') as a carrier for Fe—Pd nanoparticles made it possible to
increase the initial phenylacetylene hydrogenation rate several times in comparison with nanoparticles
supported on SiO, and Lindlar catalyst. The bimetallic 8Fe-3Pd/y-Al,05 catalysts also showed a high catalytic
activity in hydrogenation of the acetylene alcohol. The selectivity towards 2-methylbut-3-en-2-ol on this
catalyst was 95% at the complete conversion of 2-methylbut-3-yn-2-ol at a high rate of hydrogenation at room
temperature and 0.1 MPa H,. The reduced 8Fe-3Pd/Al,0; samples demonstrated promising magnetic prop-
erties and were easily separated from the reaction solution with a permanent magnet. The catalytic activity and
the selectivity remained high even after four successive catalytic recycles. In addition, no metal leaching
occurred during the cyclic operation after four cycles.
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Thus, our stable 8Fe-3Pd/SiO, and 8Fe-3Pd/Al,0; catalysts are a good alternative to the traditional toxic
Lindlar catalyst (5Pd/CaCOs inhibited by Pb) in the selective hydrogenation of acetylene alcohols and alkynes
under mild conditions.

The particular interest for the process of selective hydrogenation of unsaturated compounds are catalysts
with an ultra low content of a noble metal, 0.05-0.1%, which are currently poorly studied.

In our investigation [115], the maximum value of the selectivity of styrene formation of 93% was achieved
on the calcined bimetallic Fe—Pd/SiO, sample with a Pd content of 0.05 wt.% and the atomic ratio of Fe:Pd is 2
times greater than in a reduced catalyst with a higher Pd content of 3 wt.% at room temperature and 0.1 MPa H,.

In 2018 [113, 114] we published for the first time a new method for the preparation of bimetallic FeO,/Pd/
SiO, catalysts synthesized by the redox methods including reduction with H, at ambient conditions. Redox
methods of the deposition of a second metal ensure large contact surfaces in bimetallic particles resulting in
stronger synergistic effects between two metals and support [47—49]. It was shown in [113] that redox methods
can also be used to support oxides onto the surface of noble metal nanoparticles via the reduction of soluble
oxo-anions to insoluble hydroxides. The goal of our work was to develop the procedure and conditions of redox
deposition of FeO, species on the surface of the silica-supported Pd nanoparticles, as well as to study the
reducibility of thus synthesized materials and their catalytic activity in the hydrogenation of phenylacetylene
with molecular H,. The method proposed is based on the difference in the solubility of Fe’ and Fe* oxalates.
First the monometallic 3%Pd/SiO, catalyst was prepared by the impregnation of the support (Sggr = 240 m’/g)
with the [Pd(NHj;),]Cl, solution followed by drying and reduction in hydrogen at 400 °C. Then the 1.5% Fe/3%
Pd/SiO, catalyst was synthesized using the redox method of catalytic reduction with hydrogen with further
calcination at 300 °C to decompose the precipitated oxalate to iron oxide. The scheme of the precipitation of
iron ions can be presented as:

H, + Pd/SiO, — Hyas/Pd/SiO,
Fe®* + Hags/Pd/Si0, — Fe** + H* + Pd/SiO,,

Fe?" + C,0;” — FeC,0, | .

The TPR curve profile obtained in our work indicates the strong interaction between the deposited iron oxide
and palladium, confirming the deposition of iron particles on the surface of palladium nanoparticles. The
negative peak with a minimum at 60 °C shows that the surface of palladium nanoparticles in the prepared
bimetallic materials is still available for the adsorption of hydrogen to form palladium hydride that is
important for catalysis in hydrogenation processes.

The easily reducible FeO,/Pd/SiO, materials exhibited a multiple increase in the catalytic activity as
compared to the starting Pd/SiO, system in the selective hydrogenation of triple carbon bonds with molecular
H, in hydrogenation of phenylacetylene in the liquid phase at room temperature and 0.1 MPa hydrogen
pressure.

In our work [112], we have shown that the strong contact interaction between Pt and Fe and the charge
transfer from Fe to Pt in a bimetallic particle, proven by XPS, TPR, and DRIFTS-CO methods, provides both high
selectivity (85% at 90% conversion) of the bimetallic catalyst and increased activity in liquid-phase hydro-
genation of triple bonds in phenylacetylene to C=C bonds in comparison with monometallic 1%Pt/SiO, catalyst
(5% selectivity at 90% conversion) at 70 °C and 0.5 MPa H,.

Some of the most significant results on the study of the catalytic properties of iron-containing nano-
particles without the addition of noble metals are presented in our papers [118, 119]. We have shown for the
first time that deposited iron oxide nanoparticles are active in the hydrogenation of unsaturated compounds
under relatively mild reaction conditions (1.3 MPa H,, 80-110 °C). The activity of Fe,Oy nanoparticles
obtained by decomposition of the (NH,);[Fe(C,0,);] precursor and stabilized on the SiO, support signifi-
cantly exceeds that of the unsupported a-Fe,05 phase (Fig. 6). The catalytic properties of the Fe,0,/SiO,
monometallic catalysts depend on the conditions of their heat treatment. Thus, an increase in the tem-
perature of calcination of the samples from 250 to 500 °C led to the oxidation of Fe;0, to Fe,05 and a twofold
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increase in the catalytic activity and to a high selectivity of the process (Figs. 6 and 7). A TEM study showed
that an increase in the calcination temperature from 250 to 500 °C results in a growth of nanoparticles to
reach an average size of 15 nm and aggregation of particles. The hydrogenation of the C=C bond preferably
occurs on larger particles, which are accessible for the reaction. According to XRD and TPR-H, results, the
further reduction of Fe,05 in a H, flow led to the formation of nanoparticles of Fe’ and an increase in both
activity and selectivity in the studied process compared to the supported Fe,0; nanoparticles. Thus, a high
selectivity of styrene formation (78%) at full phenylacetylene conversion at 110 °C and 1.3 MPa H, in ethanol
was obtained for the sample with metal state of iron.

The paper also showed that modification of the iron oxide phase with small amounts of copper oxides
(0.4 wt%) makes it possible to exclude the stage of the reduction of FeO, to Fe’ in hydrogen at high temper-
atures, while the high activity and 78% selectivity of styrene formation are retained. Based on the TPR-
H, results of bimetallic Fe-Cu/SiO, catalysts, we can conclude that Fe and Cu oxide nanoparticles have a strong
contact interaction already at the calcination stage. An increase in the copper content in the samples promotes
hydrogenation and polymerization of styrene at elevated temperatures and hence has an adverse effect on the
selectivity of the formation of the desired styrene product.

Thus, based on our previously published works, we can conclude that the highly effective catalysts based
on iron or iron oxide nanoparticles are very promising systems that represent an alternative to existing
hydrogenation catalysts with a high content of noble metals. Thus, the development of catalytic systems that
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do not require the use of expensive and dangerous stoichiometric reducing agents, are highly efficient under
mild reaction conditions, are affordable and environmentally friendly remains a key task today.

Cu-based metal nanoparticles in hydrogenation of nitrocompounds

Aromatic amines obtained via the catalytic reduction of corresponding nitro compounds are widely used in the
synthesis of different compounds for fine organic synthesis, production of dyes, urethanes, and pharma-
ceutical industry [120]. Nickel-containing catalysts, as well as catalysts based on platinum-group metals are
the most commonly used systems for the selective hydrogenation of nitro- and dinitrobenzene to corre-
sponding amines [121]. The main drawback of these catalysts is a high content of the active components and
their toxicity. The development of more effective and environmentally safe catalytic systems remains an
important goal of catalysis.

For the first time, we proposed supported Fe-Cu nanoparticles for reducing nitro compounds to the
corresponding amines [122, 123]. The preparation procedure of the supported bimetallic Fe-Cu/SiO, cata-
lysts and the conditions of the thermal treatment affect the catalytic activity and selectivity of p-phenyl-
enediamine formation from p-dinitrobenzene. Silica-supported mono- and bimetallic samples were
synthesized via (1) co-deposition—precipitation of Cu and Fe precursors (copper nitrate and iron (III) nitrate)
predominantly on the outer surface of the silica support using thermal hydrolysis of urea and (2) deposition
of Cu and Fe precursors by consecutive incipient wetness impregnation of porous silica with an ammonium
trioxalatoferrate solution and, after intermediate drying, with copper (II) nitrate solutions. Commercial silica
gel (Sger = 108 m’ g™') was used as a carrier. Once the metal precursors were supported, the samples were
dried at 60-110 °C and then calcined at 300 °C. The calcined samples were reduced in a H, flow at 300 °C. The
character, temperature, and degree of reduction of the metals in bimetallic samples depend largely on the
preparation procedure used. Analysis of the TPR curve shows that Cu and Fe were present mostly in the form
of individual oxides in the bimetallic sample obtained via impregnation. The strong contact interaction of Fe
and Cu species in the prepared nanoparticles has been revealed by the method of TPR, which exhibited the
Cu-enhanced reducibility of Fe’* to Fe° and stability to reoxidation for the metallic particles. Variations in the
preparation procedures influence the reducibility and the interaction between Cu and Fe components
resulting in considerable changes of the catalytic activity and selectivity in hydrogenation of nitro com-
pounds. The catalytic hydrogenation was conducted in the temperature range of 145-180 °C and initial
hydrogen pressure of 1.3 MPa. The calcined Fe—Cu/SiO, catalysts obtained by co-deposition are more active
and selective (89%) toward phenylenediamine at complete conversion of nitroaniline than catalysts syn-
thesized by impregnation.

The purposes of the another our work [124, 125] was to elucidate the applicability of chrysocolla-like
(Cu,Si,05(0H),-xH,0) Cu/SiO, and Cu-Zn/SiO, catalysts synthesized by the urea deposition method as cata-
lysts for reduction of nitroaromatic compounds with molecular hydrogen. The catalysts were synthesized
similarly to a previously described procedure [35]. Copper hydrosilicates demonstrated high catalytic activity
and selectivity towards nitrobenzene hydrogenation to aniline (100%) and p-dinitrobenzene hydrogenation to
p-nitroaniline and p-phenylenediamine (94%) under relatively mild conditions (150-170 °C, hydrogen pres-
sure of 1.3 MPa). At the same time, the introduction of Zn additives leads to an increase in the selectivity to p-
phenylenediamine to 99%.

Thus, we were able for the first time to synthesize mono- and bimetallic catalysts and to carry out the
selective hydrogenation of nitrobenzenes in the absence of noble metals under mild conditions.

Electronic and size effects

The behavior of monometallic and bimetallic metal nanoparticles in catalytic reactions is determined not
exclusively by the nature of the metal and the size of the metal nanoparticles. The electronic effects may be
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equally or even more important, since the electron transfer between the metal and the carrier or between two
metals in a bimetallic particle changes, sometimes dramatically, the catalytic properties of the metals. This is
especially important in the case of bimetallic nanoparticles based on Fe, when the d electron density depends
on the extent of electron transfer usually from Fe to a more electronegative noble metal. However, the
examples of such studies in the literature related to catalytic properties of iron-based catalysts applied in
hydrogenation reactions are scarce and non-systematic. Nevertheless, some pattern can be revealed on the
basis of available data obtained using spectroscopic methods, such as IR spectroscopy of adsorbed carbon
monoxide, X-ray photoelectron spectroscopy, and EXAFS/XANES.

Au-Pt catalysts. Strong interaction between Au and Pt components in bimetallic particles was confirmed
by XPS [47, 48]. The shift of the Pt 4f line to BE = 72.3 eV, and that of the Au 4f line to BE = 84.3 eV, in
comparison with the expected energies for metals [126] (71.1 and 84 eV, respectively) indicated the strong
interaction between Au and Pt in the 1Au/1Pt catalysts resulting in the formation of partially positively
charged metallic Pt NPs (Pt*) and negatively charged metallic Au NPs (Au®). A similar shift of Pt BE to the
higher values with increasing Au content was observed recently for Au(core)-Pt(shell)/C catalysts [127].
Strong Au-Pt interaction in Au-Pt/Ce0O, was also found for platinum moieties in the XPS spectrum [128]. On
the contrary, the Pt 4f BE in 0.05Au/1Pt particles was close to that of metallic platinum, and BE in 0.025Au/
1Pt particles was somewhat shifted to the higher values [47, 48]. We assume that upon deposition of a very
small amount of gold onto the Pt-NPs surface by the redox method, the most active sites of Pt nanoparticles
covered by preadsorbed hydrogen are involved in the oxidation-reduction reaction and strong Au-Pt
contacts are formed. The XPS study of the Au-Pt catalysts with a low Au loading is difficult since the
intensity of Au 4f lines is extremely low. The surface Au:Pt atomic ratio in the low-loaded Au/Pt samples
significantly exceeded the ratio in the bulk as a result of the higher dispersion of Au than Pt and coverage of
the Pt surface with Au subparticles. For the 1Au/1Pt system, we observed a different effect. The surface Au:Pt
ratio was almost twice lower than in the bulk [47, 48]. This can be accounted for by partial coverage of Au NPs
with Pt. La Parola et al. [129] reported the decrease in the surface Au/Pt ratio measured by XPS in AuPt/SiO,
catalysts with an increase in the thickness of the Pt shell on the surface of the Au core. The bands at 2068 and
1837 cm™ due to the linear form of CO on Pt and bridged CO on Pt, respectively, are observed in the IR
spectrum of the monometallic Pt catalyst reduced at 200 °C [48, 130]. The DRIFT spectra of the Au/Pt sample
reduced at 200 °C contain three bands of metal carbonyls at 2107, 2069, 1852 cm ™ [48]. The band at 2107 cm™*
was assigned to CO adsorbed on metallic Au. It can also be assigned to Au®—CO [131], the formation of Au
with a partial negative charge in the 1Au/1Pt catalyst being revealed by XPS. It is known that the strength of
CO adsorption on metal nanoparticles is size-dependent and small NPs adsorb CO stronger than the large
particles, for example for Au NPs [132]. The strength of CO adsorption in the bridged form on Pt NPs in the
bimetallic Au/Pt catalyst was weaker than in the monometallic Pt/TiO, catalyst, since the frequency of
bridged CO for the 1Au/1Pt catalyst was higher (1852 cm™ compared to 1837 cm™) and thus adsorbed CO was
more easily removed by evacuation at 20 °C compared to the monometallic Pt catalyst [48]. This effect can be
accounted for by covering of Pt NPs by Au NPs as a result of direct redox deposition of gold. Gold redox
deposition on TiO, supported Pt NPs was also responsible for the noticeable strong metal support interac-
tion. Comparing the ratio between the intensity of the Ti**~CO and Pt"—CO bands, we found an increase of the
Ti*—~CO/Pt°—CO ratio for the Pt/TiO, sample with an increase of the reduction temperature from 200 to 500 °C.
This ratio for the bimetallic Au/Pt catalyst was much lower, and after the reduction at 400 °C, it dramatically
decreased. This can be accounted for by the higher rate of the TiO, reduction with the formation of Ti’** cations
due to the effect of strong Au-Pt and TiO, interaction in the bimetallic catalyst [48]. The geometrical factor of
such strong interaction, i. e., covering of metal NPs with the reducible support, can be responsible for the
increase in the Ti**~CO/Pt—CO ratio with increasing reduction temperature for both samples. Therefore, the
results of the DRIFTS study also proved the selective Au deposition on the Pt NPs by the redox method and
the effect of strong Au—Pt and TiO, interaction [48].
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In the XPS spectra of TiO, supported 1Au/1Pt catalysts, the doublet of Au 4f was shifted to the lower
binding energies (BE) by 0.4—0.6 eV in comparison to the value for the metallic Au with BE Au 4f7/2 = 84.0 eV
[47]. This indicated that Au NPs in Au/Pt/TiO, catalysts had an effective negative charge. The electronic state of
Pt in the bimetallic catalyst Au/Pt/TiO, was affected by the preparation method, atomic ratio Au:Pt, and
applied conditions of redox Au deposition. We assumed that a partial negative charge of Au NPs was due to
electron transfer from TiO, observed in several studies [47, 48, 133]. The electron transfer could occur on the
contact perimeter between the bimetallic Au/Pt particles and TiO,. The back donation of the electron density
from Pt to the reducible oxide support and/or to gold NPs was observed in [134] for Au/Pt/CeO, catalysts and in
[135] for Au/Pt/C catalysts. To sum up, XPS data provided direct evidence that there was a strong interaction
between Au-Pt in the bimetallic Au/Pt particles and between Au/Pt particles and TiO, in the redox-prepared
catalysts. The surface of low-loaded Au/Pt/TiO, catalysts was enriched with Au and the surface Au:Pt ratio was
much higher than that calculated from the chemical composition of the sample indicating high dispersion of
Au species on Pt NPs.

Au-Pd/TiO, catalysts. Direct selective Au deposition from the HAuCl, solution on the surface of the
titania-supported Pd NPs [47] has been proved by a decrease of the CO adsorption with an increase in the Au:Pd
ratio. In preliminary experiments, it was found that CO adsorption under the used conditions is negligible on
the surface of the Au® nanoparticles of the size 1-15 nm. Most likely, the observed decrease in the CO adsorption
for the Au/Pd samples is due to the coverage of the Pd surface with Au’ species.

The surface properties of Au/Pd/TiO, catalysts were studied with the use of DRIFTS-CO examining the low-
loaded 0.05Au/0.5Pd/TiO, catalyst [47] in comparison with the monometallic 0.5Pd/TiO, sample. Two bands
were observed in the DRIFT spectrum of adsorbed CO on the 0.5Pd/TiO, sample at 2089 and 1955 cm™ assigned
to the linear adsorbed CO on top of Pd (111) facets and 2-fold-bridged carbonyls on Pd (100)In the DRIFT-CO
spectra of the 0.05Au/0.5Pd/TiO, catalyst, there is an additional band at 1936 cm™ assigned to two-fold-
bridged CO on Au/Pd sites. The IR data provide evidence for deposition of Au species on the Pd NPs surface,
especially on top of Pd (111) facets. The comparison of the DRIFT-CO spectra of the 0.05Au/0.5Pd/TiO, catalyst
and the Pd/TiO, sample indicated selective Au deposition on the Pd surface by the redox procedure [47]. The
increase in the ratio of intensities of the bands of Au*-CO-linear and Pd-CO could be caused by covering of Pd
NPs surface with Au species [47].

Au-Cu/SiO0; catalysts. The state of gold was studied by EXAFS using the Au L3-edge [45]. In the spectrum
of the Au foil, the first double peak corresponds to the first coordination shell containing 12 Au atoms at a
2.885 A real distance from the central Au atom. The analysis of the EXAFS oscillations shows that the nearest
neighbors of the central Au atom in the samples are the Au atoms with an average coordination number (CN)
about 10.8 at 2.85 A real distances.

Pd-Fe catalysts. The relationship of electron transfer between two metals in deposited bimetallic Fe-Pd/
Si0, u Fe-Pd/Al,O5 catalysts and catalytic properties in furfural hydrogenation was investigated [136]. The use
of an inert carrier like SiO, makes it possible to ensure sufficient mobility of the metal precursors to intermingle
efficiently and thus the formation of a metallic alloy upon reduction. When Al,O5; was used, the signals that
characterize the formation of a Fe—Pd alloy by XRD, XPS methods were not detected. The formation of the Fe—
Pd alloy in the bimetallic Fe-Pd/SiO, catalyst has been proven by XRD, XPS methods. For the Pd-Fe/SiO,
catalyst, there is a clear shift about 0.4 eV to higher binding energies relative to the peaks characterizing Pd’ in
the monometallic catalyst. Tang et al. observed a positive binding energy shift in Pd-Fe/C samples compared to
a Pd/C sample [137]. In addition, Felicissimo et al. observed shifts to higher binding energies up to 0.6 eV when
Fe was deposited on top of Pd [138]. The same trend has been reported by other authors, who have consistently
observed a positive shift when the Pd—Fe alloy is formed with respect to pure Pd. It can be assumed that the
accompanying shifts in binding energies reflect an electron transfer from Fe to Pd, which was predicted by an
analysis of the electronegativity of the two metals (Pd: 2.2 and Fe: 1.83) [139]. Alloy formation in these works is
confirmed by DFT calculations of the Pd3d core-level shift in the monometallic Pd and bimetallic Pd-Fe alloy
bulk structures, which clearly show that alloying Pd with Fe leads to the Pd3d core-level shift of 0.35 eV in the
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Pds;-Fe, alloy and 0.52 eV in the Pd,-Fe, alloy [136]. The TEM studies of samples showed that the average
particle size in a bimetallic Fe-Pd/SiO, sample is relatively smaller (4.1 nm) than in a monometallic Pd/SiO,
catalyst (6.9 nm). Studies of the catalytic properties of synthesized Fe-Pd catalysts have shown that the
formation of bimetallic particles with a strong contact interaction of two metals affects not only the activity, but
also the reaction route of furfural hydrogenation. In the presence of a monometallic Pd catalyst, the main
product of furfural hydrogenation with a conversion of 68% was furan with a yield of 36%, while the yield of
the target product — furfuryl alcohol was only 7% and the formation of methylfuran on the monometallic
catalyst did not occur. However, on bimetallic 0.5Fe-1Pd/Si0O, and 0.5Fe-1Pd/Al,Q; catalysts, the conversion of
furfural was 84 and 89%, respectively. It should be noted that the effect of a strong metal-metal interaction
affects the distribution of reaction products. Thus, the use of a bimetallic catalyst 0.5Fe-1Pd/SiO, allowed to
increase the yield of the main reaction products—furfuryl alcohol and methylfuran to 21 and 36%, respectively,
in comparison with catalysts 0.5Fe-1Pd/Al,Q3, where the yields of the corresponding products were only 6 and
20%. It can be noted that the carbonyl group is more strongly adsorbed on the surface of the Fe—Pd alloy due to
the presence of electron-deficient Fe, which accelerates the hydrogenation of furfural to furfuryl alcohol and
further deoxygenation to methylfuran, while the decarbonylation reaction predominantly proceeds on a
monometallic catalyst.

Thus, both the physical and chemical properties of bimetallic catalysts and their catalytic properties in
various oxidation and hydrogenation reactions differ significantly from those of monometallic analogs due to
the presence of additional electronic effects in bimetallic systems.

Conclusions

The reactions involving hydrogen and oxygen in the presence of Fe’ and FeO, nanoparticles, mono- and
bimetallic Au and Pt nanoparticles supported on reducible carriers with ultra-low amount of noble metals are a
promising trend in modern catalysis. A significant breakthrough on this topic was made recently in metal-
complex catalysis, while heterogeneous mono- and bimetallic catalytic systems in the reactions of selective
hydrogenation of unsaturated, nitro-, and carbonyl compounds as well as selective oxidation are only
beginning to be actively investigated. Thus, the development of novel catalytic systems that can provide atom-
efficient hydrogenation and oxidation processes with high selectivity under mild reaction conditions meeting
the principles of green chemistry remains a challenging task today.

The Fe-and Cu-containing catalysts are a good alternative to traditional catalysts containing a large
amount of noble metals, including the toxic Lindlar catalyst (5%Pd/CaCOs; inhibited by Pb complexes), in the
selective hydrogenation of unsaturated and nitro- compounds under mild reaction conditions. Low-loaded
bimetallic catalysts are promising systems for both oxidation and reduction reactions with unique charac-
teristics that make them “next generation” catalysts. However, such systems call for a new challenge in the
investigation of their physio-chemical properties as today there are no instruments and methods to study the
catalytic materials with ppm amounts of active components. At the same time, the development of a new type
of multi-metallic supports opens up great prospects in the formation of a novel catalytic systems with an easily
manageable properties for a variety of applications.
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