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Abstract:



Bimetallic nanoparticles represent attractive catalytic systems thanks to the synergy between both partners at the atomic level, mainly induced by electronic effects which in turn are associated with the corresponding structures (alloy, core-shell, hetero-dimer). This type of engineered material can trigger changes in the kinetics of catalyzed processes by variations on the electrophilicity/nucleophilicity of the metal centers involved and also promote cooperative effects to foster organic transformations, including multi-component and multi-step processes. Solvents become a crucial factor in the conception of catalytic processes, not only due to their environmental impact, but also because they can preserve the bimetallic structure during the catalytic reaction and therefore increase the catalyst life-time. In this frame, the present review focuses on the recent works described in the literature concerning the synthesis of bimetallic nanoparticles in non-conventional solvents, i.e., other than common volatile compounds, for catalytic applications.
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1. Introduction


Transition-metal-based nanoparticles (NPs) represent unique entities for applications in catalysis due to their intrinsically electronic properties, besides the high specific surface area, in comparison to conventional heterogeneous catalysts [1]. The foremost concern is the aggregation of NPs leading to major changes in their physical properties and structure that may preclude the peculiar reactivity profiles arising from their distinct nanoscale state. Commonly, the immobilization of NPs on solid supports permits their stabilization [2,3,4], such as inorganic oxides [5] or carbon-based supports [6], in addition to favoring nanocatalyst recycling. In particular, bimetallic nanoparticles (BMNPs) differ from their corresponding monometallic structures in terms of morphology, composition, and structure, inducing distinctive physical and chemical properties [7]. The synergy between both metal partners, modulated by the different BMNP structural arrangements, introduces a wide diversity in reactivity, mainly due to the electronic tuning of metals [8,9].



This review focuses on BMNPs prepared in non-usual solvents which can play, together with stabilizers or capping agents, a key role in dispersion and therefore trigger a substantial impact on catalytic properties [10,11,12]. For each type of medium, we highlight the synthetic methodologies, mainly the wet chemical procedures such as the co-reduction of starting precursors and seeded ways, but also the sputtering physical approaches, with the final goal of correlating the main structural architectures (heterodimers, core-shell, and alloy/intermetallic arrangements) with reactivity (Figure 1) [13,14,15]. The efficient design of BMNPs in non-usual media can lead to sustainable methodologies for the synthesis of nanocatalysts, also permitting their immobilization and thus their recycling [16,17]. Concerning the design of appropriate BMNP-based catalysts, the deep impact in discriminating catalytic activity and selectivity arising from different multi-metallic systems, namely disordered alloys and ordered phases in nanomaterials, has great potential for future developments in catalysis, where control over the level of atomic precision is necessary. The differential activity of various Au-Cu BMNPs towards electrocatalytic activity for CO2 reduction or hydrogen evolution has recently been described by Yang et al. [18].


Figure 1. Structures of bimetallic nanoparticles: (a) mixed alloys; (b) alloys; (c) subclusters with two interfaces; (d) subclusters with three interfaces; (e) subclusters with a small number of A–B bonds; (f) core-shell nanoparticles; (g) multishell core-shell nanoparticles; (h) multiple small core material coated by single shell material, (i) movable core within hollow shell material. Reprinted with permission from reference [11]; license number 4133680875589. Copyright 2015, Elsevier B.V.
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2. Water


Water represents the solvent of choice in the development of sustainable methodologies for the synthesis of metal nanoparticles, provided that reagents (metal precursors, capping agents, reducing agents) show a convenient solubility in this medium, and ruling out both the agglomeration of nanoclusters and surface state modification such as uncontrolled oxidations [19,20]; phase transfer methodologies, i.e., the transfer of metal NPs from the aqueous phase to the organic one, stand for an interesting approach which avoids the use of expensive organometallic precursors [21]. Thereafter, we describe the contributions related to the synthesis of BMNPs exhibiting applications in catalysis, both colloidal suspensions and solid-supported nanomaterials. For a summary of BMNPs in water applied in catalysis, see Table 1 at the end of this section.



Table 1. Bimetallic nanoparticles in water applied in catalysis. a







	
Entry

	
BMNPs (Mean Size, nm)

	
Structure a

	
Metallic Precursors

	
Synthetic Procedure

	
Catalytic Reaction

	
Refs.






	
1

	
NiPd (2–4)

	
alloys

	
NiCl2·6H2O, K2[PdCl4],

	
co-reduction

	
C-C cross-couplings

	
[22,23,24]




	
2

	
NiFe (10–70)

	
n.r.

	
FeSO4·7H2O, Ni(NO3)2·6H2O

	
co-reduction

	
dechlorinations

	
[27]




	
3

	
PdCu (3–7)

	
alloys

	
H2[PdCl4], H2[CuCl4]

	
co-reduction

	
p-nitrophenol reduction

	
[28]




	
4

	
PdNi (6–20)

	
alloys

	
Pd(OAc)2, NiSO4·6H2O

	
co-reduction

	
Buchwald-Hartwig aminations

	
[30]




	
5

	
PtCu (3)

	
alloys

	
H2[PtCl6], Cu(OAc)2

	
co-reduction

	
Rhodamine B degradation

	
[31]




	
6

	
AuAg (12)

	
alloys

	
H[AuCl4], AgNO3

	
co-reduction

	
nitrophenols reduction

	
[32]




	
7

	
AuAg (8)

	
core(Au)-shell(Ag)

	
H[AuCl4], AgNO3

	
co-reduction

	
nitrophenols reduction

	
[32]




	
8

	
AuPd (80)

	
n.r.

	
H[AuCl4], PdCl2

	
co-reduction

	
Suzuki and Heck C-C cross-couplings

	
[33]




	
9

	
FePd (25–40)

	
n.r.

	
Pd(OAc)2, FeSO4·7H2O

	
sequential reduction

	
dechlorination

	
[34,35,36]




	
10

	
FeNi (20–100)

	
n.r.

	
NiSO4·6H2O, FeSO4·7H2O

	
sequential reduction

	
dechlorination

	
[38]




	
11

	
AuPd (8)

	
core(Au)-shell(Pd)

	
H[AuCl4], H2[PdCl4]

	
sequential reduction

	
dechlorination

	
[39]




	
12

	
AuPd (4.2)

	
core(Au)-shell(Pd)

	
H[AuCl4], K2[PdCl4]

	
sequential reduction

	
oxidation of unsaturated alcohols

	
[41,42]




	
13

	
CuPd@γ-Al2O3 (6.9)

	
alloys

	
Cu(NO3)2, H2[PdCl4]

	
co-reduction

	
transfer hydrogenation

	
[43]




	
14

	
CuNi@SiO2 (5.7)

	
alloys

	
Cu(NO3)2, Ni(NO3)2,

	
co-reduction

	
p-nitrophenol reduction

	
[44]




	
15

	
FeNi@MMT (30–40)

	
n.r.

	
FeSO4·7H2O, NiSO4·6H2O

	
co-reduction

	
reductive cyclization of levulinic acid

	
[45]




	
16

	
AuPd@GO (37)

	
alloys

	
H[AuCl4], PdCl2

	
co-reduction

	
photocatalytic degradation of phenols

	
[46]




	
17

	
FePd@DOW® M4195 (3–5)

	
n.r.

	
Fe2(SO4)3, PdCl2

	
co-reduction

	
nitrate reduction

	
[47]




	
18

	
AgPt@sepiolite (30–50)

	
core(Ag)-shell(Pt)

	
AgNO3, H2[PtCl6]·6H2O

	
sequential reduction

	
nitrophenols reduction

	
[48]




	
19

	
AuPd@amberlite (8)

	
core(Au)-shell(Pd)

	
H[AuCl4], H2[PdCl4]

	
sequential reduction

	
hydrogenation

	
[49]




	
20

	
AuPt@zeolite (4–4.5)

	
n.r.

	
H[AuCl4], K2[PtCl4]

	
sequential reduction

	
oxidation of glycerol

	
[50]




	
21

	
CuPt@C (10–12)

	
core(Cu)-shell(Pt)

	
CuSO4, H2[PtCl6]

	
sequential reduction

	
oxygen reduction reaction

	
[51]








a For abbreviations: n.r. = not reported; MMT = montmorillonite; GO = graphene oxide; DOW® M4195 = weakly basic solid supported polyamine chelating anion exchange resin.








2.1. Unsupported BMNPs in Water


Unsupported bimetallic nanoparticles in water are generally synthesized using strong reducing agents such as borohydride salts, hydrazine, hydrogen, etc. According to this strategy, Ni-Pd alloy BMNPs were prepared by the co-reduction of the metallic salts of NiCl2·6H2O and K2[PdCl4], using NaBH4 in the presence of polyvinylpyrrolidone (PVP) as a stabilizer in water at room temperature [22,23,24]. The size of the as-prepared BMNPs was in the range of 2–4 nm for Ni0.9Pd0.1, and ca. 10 nm for Ni0.99Pd0.01 and Ni0.95Pd0.05, exhibiting an alloy structure, as proven by TEM (Transmission Electron Microscopy), EDX (Energy-dispersive X-ray spectroscopy), and elemental mapping. The powder XRD (X-ray Diffraction) showed the planes corresponding to the face-centered cubic structure of Ni(0) for both materials, Ni0.99Pd0.01 and Ni0.95Pd0.05. In comparison to pure Ni (3.524 Å) and Pd (3.873 Å), the slight change of the lattice constants in relation to Ni(0) for Ni0.99Pd0.01 (3.527 Å) and Ni0.95Pd0.05 (3.6006 Å) confirmed the formation of an alloy displaying a lattice expansion from the substitution of Ni by Pd atoms in this frame. More significantly, XPS spectra for the Pd 3d5/2 and Ni 2p3/2 exhibited significant shifts in binding energies (∆E for Ni 2p3/2 are 0 and +0.2 eV, ∆E for Pd 3d5/2 are +0.5 and +0.6 eV for Ni0.99Pd0.01 and Ni0.95Pd0.05 compared to the pure monometallic counterparts, respectively) [20]. The very low content of Pd in these alloys results in a significant positive shift for the Pd 3d5/2 binding energy, due to not only a charge transfer effect, but more plausibly, to lattice structural modification [25,26]. Singh’s group applied these BMNPs as catalysts for C-C coupling reactions using a mixture of H2O:C2H5OH (1:1 v/v) as the solvent for Suzuki-Miyaura cross-coupling, and H2O:DMF (1:1 v/v) as the solvent for Heck and Sonogashira reactions, obtaining the corresponding coupling products in a moderate to high yield [22,24]. High Ni to Pd ratios in such BMNPs improved both the catalytic activity and stability of the catalyst, showing >90% conversion even after the seventh run (using Ni0.95Pd0.05 as the catalyst for the Suzuki-Miyaura reaction between 4-iodoanisole and 2-methylphenylboronic acid at room temperature). This behavior can be explained by the synergistic effect between both metals, as the charge transfer from Ni to Pd atoms resulting in Pd electron-enriched centers, favoring the oxidative addition elementary step of aryl halides and hence improving the reactivity of NiPd BMNPs [22,24] (Figure 2). Singh and coworkers also reported the one-pot direct transformation of furfuryl alcohol to 2-furoic acid in water under continuous air bubbling at 80 °C for 4 h, using 5 mol % of Ni0.90Pd0.10 alloy as the catalyst, showing full conversion with >99% selectivity [23].


Figure 2. Electronic transfer from Ni (blue) to Pd (yellow) and the oxidative addition of aryl halides on Pd atoms. Reproduced from reference [24] with permission of The Royal Society of Chemistry.



[image: Catalysts 07 00207 g002]






Zhang et al., reported the synthesis of NiFe BMNPs in water using NaBH4 as a reductant and their application in the catalytic dechlorination of polychlorinated biphenyls under subcritical water conditions [27]. Cervantes and co-workers also reported bimetallic PdCu alloys synthesized from aqueous solutions of H2[PdCl4] and H2[CuCl4] with additives such as PVP, L-ascorbic acid, and citric acid towards the catalytic reduction of p-nitrophenol [28].



Furthermore, spherical Pd0.5Ni0.5, Pd0.5Cu0.5, Pd4Cu1, and Pd0.5Ag0.5 alloys were also prepared by the co-reduction of Pd(OAc)2 and the corresponding nickel, copper, or silver salt (NiSO4·6H2O, CuSO4·5H2O or Cu(OAc)2, AgNO3), using hydrazine as the reducing agent in a water-in-oil microemulsion system constituted by water/dioctyl sulfosuccinate sodium salt/isooctane at ambient conditions [29,30]. The resulting BMNPs were analyzed by TEM, showing a mean diameter in the range of 6–20 nm. The structure and elemental composition were determined by XRD, XRF (X-ray Fluorescence), and EDX analyses. Compared to monometallic NPs, Pd0.5Ni0.5 BMNPs revealed the highest activity for the Buchwald-Hartwig aminations of aryl chlorides, using water as the solvent at 80 °C; high yields (86–100%) were obtained together with an efficient catalytic recycling (up to seven consecutive runs). As stated above, the presence of Ni leads to electron-rich Pd centers favoring the C-Cl bond activation in the oxidative addition step; the regeneration of Pd(0) is promoted by the electron transfer process between both metals (Ni° + Pd2+ → Ni2+ + Pd°) (Figure 3) [30].


Figure 3. Catalytic pathway of the amination reaction on the surface of Pd0.5Ni0.5 BMNPs. Reproduced from reference [30] with permission of The Royal Society of Chemistry.
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Sharma and co-workers reported the synthesis of small spherical PtCu alloys (3 nm) in water-in-oil microemulsions of water/sodium dioctylsulfosuccinate/hexane by the reduction of the corresponding salts (H2[PtCl6] and Cu(OAc)2), using hydrazine hydrate as the reducing agent at 5 °C [31].



The green synthesis of BMNPs using plants as reducing agents has been recently studied. Thus, Philip et al. prepared Au-Ag BMNPs by the simultaneous reduction of H[AuCl4] and AgNO3 in water, in the presence of pomegranate fruit juice. Different molar ratios of metal ions led to the formation of alloy (for Au/Ag = 1:5; 1:4; 1:3; 1:2) or core-shell nanostructures (for Au/Ag = 1:1). These catalysts were applied in the reduction of 2-, 3-, and 4-nitrophenol to the corresponding anilines and also in the degradation of methyl orange in water [32]. Nasrollahzadeh’s group used Euphorbia condylocarpa M. bieb root extract as both the reducing agent and stabilizer to synthesize AuPd BMNPs from H[AuCl4] and PdCl2 in water. The as-prepared BMNPs were characterized by powder XRD, SEM (Scanning Electron Microscopy), and EDX, and were then used as reusable catalysts for Suzuki and Heck C-C cross-coupling reactions in water, maintaining the catalytic activity up to the fourth run [33].



Seeded growth synthetic methodologies have been developed in the literature. Fe-Pd BMNPs were synthesized by soaking freshly preformed iron nanoparticles [34], both in an ethanol solution of Pd(OAc)2 [35] and in an aqueous solution of K2[PdCl6] [36], resulting in the reduction of Pd(II) into Pd(0) and its subsequent deposition on the Fe surface (Fe° + Pd2+ → Fe2+ + Pd°). The obtained spherical nanoparticles of 25–40 nm in diameter were connected in chains of beads, thanks to the magnetic and electronic interactions between both metals. The use of an excess of reducing agent favors a rapid and uniform growth of iron nanocrystals. XPS analyses indicated the presence of Fe(0), Fe(II), and Pd(0), whilst XRD showed the existence of only crystalline bcc Fe(0). No data is reported concerning the structure of the as-prepared BMNPs. Fe-Pd BMNPs were active for the full dechlorination of γ-hexachlorocyclohexane in aqueous solution at 25 °C, yielding cyclohexane as a single product. From a mechanistic point of view, hydrogen was generated via Fe corrosion in water and then dissociated to form the metal-hydride on the Pd surface (or H• radicals). The labilization of the C-Cl bond of γ-hexachlorocyclohexane due to adsorption on the surface of the nanoparticles leads to the replacement of chlorine atoms by the active metal-hydride (or H• radicals) to furnish cyclohexane [35,37]. Following a similar strategy, Xu et al. prepared FeNi BMNPs by a reaction between preformed monometallic Fe(0)NPs and NiSO4·6H2O in water [38]. This catalyst was used for the dechlorination of Aroclor 1242 (polychlorinated biphenyl), reaching nearly 96% of the dehalogenated product at 25 °C after 10 h of reaction.



Sequential reduction is considered as one of the most suitable methods to prepare core-shell BMNPs. Fu’s group reported the synthesis of core-shell AuPd BMNPs in water [39]. Firstly, AuNPs in colloidal solution were formed by the reduction of H[AuCl4] with an aqueous solution of sodium citrate, tannic acid, and potassium carbonate at 120 °C. After centrifugation and washing with water, the resulting powder was re-dispersed in ultrapure water yielding a brown-red colloidal solution of monometallic AuNPs, which was then treated with an aqueous solution of H2[PdCl4] under H2 bubbling for at least 3 min, affording a brown solution of AuPd BMNPs (Au/Pd mass ratio = 1/1). SEM and HR-TEM analyses of the as-prepared BMNPs showed the face centered cubic structure of spherical particles with a mean size of ca. 8 nm, exhibiting a bigger size than the corresponding monometallic nanoparticles (ca. 5 nm for both monometallic AuNPs and PdNPs). The line scanning analysis in the STEM-EDX method of an individual AuPd nanoparticle indicated the lightly broader signal of Pd corresponding to the formation of the prominent structure of the Pd-shell, compared to that of the Au-core [40]. These core-shell BMNPs were active catalysts for the dechlorination of diclofenac in water under H2 atmosphere at room temperature (full conversion, pH = 7, 4.5 h of reaction) (Scheme 1).



Scott and co-workers described the preparation of PVP-AuPd (1:3) BMNPs using a similar sequential reduction method. PVP-stabilized monometallic AuNPs from an aqueous solution of HAuCl4 were pre-formed using NaBH4 as the reductant. Then, the mixing of gold seed nanoparticles and K2[PdCl4] in water was treated by ascorbic acid, leading to the formation of core-shell structural BMNPs [41,42]. The mean size of these BMNPs was ca. 4.2 nm, being bigger than the corresponding monometallic AuNPs (2.8 nm). Structural elucidation was established by EXAFS, evidencing a Pd-enriched surface and a gold core. In addition, the XANES spectra of Pd-LIII edges evidenced significant d-charge depletion in relation to monometallic PdNPs and alloy AuPd BMNPs. This as-prepared catalyst was applied in the selective aerobic oxidation of aliphatic and aromatic unsaturated alcohol towards the corresponding aldehydes or ketones under smooth conditions in water, in the absence of a base and using molecular oxygen as the oxidant.




2.2. Supported BMNPs in Water


Inorganic oxides and carbon-based supports generally facilitate the immobilization of metallic nanoparticles by impregnation, as well as their separation after the reaction and then their recycling. Li and co-workers synthesized CuPd BMNPs supported on γ-Al2O3 by the impregnation of Cu(NO3)2 and H2[PdCl4] [43]. Aqueous solutions of H2[PdCl4] and Cu(NO3)2 were successively added dropwise into the solution containing γ-Al2O3 in distilled water under vigorous stirring at 80 °C for 5 h. Then, the pH value was adjusted to 8–9 by the addition of an aqueous NaHCO3 solution. The resulting solid was filtered, washed with distilled water, dried under vacuum at 383 K, calcined at 533 K for 3 h, and finally treated with H2 at 533 K. The as-prepared supported metal nanoparticles (6.9 nm of mean diameter) were highly dispersed on γ-Al2O3. The specific surface area of CuPd BMNPs/γ-Al2O3 was slightly increased, but the total pore volume and mean pore size decreased, in comparison to γ-Al2O3. Besides CuPd BMNPs, monometallic PdNPs could also be observed on the surface of the γ-Al2O3 support to a minor extent. These supported BMNPs were active for the transfer hydrogenation of nitrobenzene derivatives and sequential cyclization coupling using o-nitroaniline and alcohols to afford benzimidazoles (up to a 98.2% yield using 5 mol % loading for each metal, under 3.5 MPa of N2 at 453 K for 12 h) (Figure 4). However, no conversion was observed using CuNPs/γ-Al2O3, and only a 6.5% conversion was recorded when using PdNPs/γ-Al2O3. Notably, the cooperative effects of CuPd NPs could be evidenced when the palladium content of the catalyst increased as the activity rapidly increased: from a 21.9% yield for Cu5Pd1/γ-Al2O3 to a 95.4% yield for Cu5Pd10/γ-Al2O3.


Figure 4. Synthesis of 2-methyl benzimidazole from ethanol and o-nitroaniline catalyzed by a multifunctional CuPd NPs/γ-Al2O3. Reproduced from reference [43] with permission of The Royal Society of Chemistry.
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Furthermore, one can envisage the concomitant synthesis of both BMNPs and the solid support, such as silica, by in situ methodologies from metal salts and organosilicates. As a highly valuable and sophisticated impregnation method, Zhang et al. reported the synthesis of CuNi@SiO2 from the reverse-microemulsion of Cu(NO3)2·3H2O and Ni(NO3)2·6H2O in a mixture of Brij®58 (polyethylene glycol hexadecyl ether) and cyclohexane, followed by aqueous ammonia treatment and tetraethyl orthosilicate (TEOS) hydrolysis at the oil/water interface to trigger the formation of a 3-D network structure Cu(II)/Ni(II)@SiO2 [44]. After drying, Cu(OH)2/Ni(OH)2@SiO2 was generated, followed by CuO/NiO@SiO2 after calcination at 500 °C. Finally, CuO and NiO were reduced to CuNi@SiO2 under H2 atmosphere at a high temperature (350 °C) [44]. The size and composition of these as-prepared BMNPs were characterized by FT-IR (Fast Transform-InfraRed spectroscopy), TEM, XPS, XRD, and ICP-OES (Inductively Coupled Plasma Optical Emission Spectrometry) [44]. As a catalyst for the reduction of p-nitrophenol in water by NaBH4, the calculated activation energy of Cu54Ni46@SiO2 (CuNi BMNPs showed a mean size of 5.7 nm) was much lower (16.6 kJ/mol) than that of monometallic Cu@SiO2 (29.0 kJ/mol) and Ni@SiO2 (39.5 kJ/mol). This CuNi@SiO2 nanocatalyst was recycled up to 10 times whilst preserving its reactivity (>90% conversion for 10th run).



Fe-Ni BMNPs supported on montmorillonite (MMT, soft phyllosilicate mineral) have recently been developed by Chikate and coworkers [45]. Thus, an aqueous solution of FeSO4·7H2O and NiSO4·6H2O was mixed with a suspension of Na+-MMT in deionized water, before being reduced by the dropwise addition of NaBH4 under N2 atmosphere. The as-prepared composites were characterized by XRD, TEM, and NH3-TPD (Temperature Programmed Desorption) and were then applied as catalysts for the reductive cyclization of levulinic acid (LA) to γ-valerolactone (GLV). The reduction of LA took place on the bimetallic sites, while the subsequent cyclization to GLV was favored on the strong acidic sites of MMT. Despite the high reactivity (conversion of 90% after 1 h), substantial leaching of iron was observed when using water as the solvent.



Another example of a co-reduction methodology by Yamauchid et al. yielded AuPd alloys supported on graphene oxide (GO) nanosheets by the treatment of a GO water suspension with an aqueous solution of H[AuCl4] and PdCl2, using ascorbic acid as the reducing agent [46]. The resulting material was employed as an efficient photocatalyst for the degradation of phenolic compounds in water and it could be recycled up to five times. Long et al. reported the preparation of FePd BMNPs supported on chelating resin from Fe2(SO4)3 and PdCl2 using NaBH4 as the reducing agent in water; these catalysts were used for the selective reduction of nitrate into nitrogen [47].



Similar to the synthesis of colloidal BMNPs, supported core-shell structure BMNPs were obtained following a sequential procedure. Ag-core@Pt-shell BMNPs supported on sepiolite (soft clay mineral) nanofibers were reported by Zhang and co-workers [48]. AgNO3 and H2[PtCl6]·6H2O were successively reduced using ascorbic acid and PVP, which acts both as the stabilizer and dispersing agent. The silver cores coated with platinum shells were obtained as a colloidal solution and were then mixed with a suspension of sepiolite nanofibers in water. The resulting material exhibited Ag-core@Pt-shell NPs with a mean size of 30–50 nm and a spherical or elliptical shape, well-dispersed on the sepiolite nanofiber, as evidenced by TEM, HR-TEM, XRD, XPS, and FT-IR techniques. This catalyst enhanced the catalytic performance for the reduction of nitrophenols in water, thanks to its large surface area, high porosity, and unique electronic structure (charge redistribution and s-d hybridization between Ag cores and Pt shells), in comparison with the corresponding monometallic counterparts on sepiolite; it was recycled up to five runs.



Following a similar sequential chemical reduction, Fu’s group prepared core-shell Au-Pd BMNPs from preformed monometallic AuNPs in water (using sodium citrate as the reductant in a mixture of tannic acid and potassium carbonate), which were treated with H2[PdCl4] under H2 pressure [49]. Finally, Au-Pd BMNPs were supported on amberlite 717 (tradename of ion-exchange resins) by soaking. The as-prepared catalytic material was applied to the complete transformation of chloramphenicol to N-(1,3-dihydroxyl-1-(4-nitrophenyl)propan-2-yl)acetamide in water under H2 atmosphere at room temperature in 3 h; the catalyst was reused five consecutive times [49].



Moreover, bimetallic Au-Pt NPs on zeolites could also be synthesized by a sequential deposition protocol [50]. First, monometallic AuNPs on zeolite were obtained by the NaBH4 reduction of H[AuCl4] in a water solution containing polyvinyl alcohol (PVA) as an additive. Treatment of the as-prepared monometallic nanocomposites with an aqueous solution of K2[PtCl4] and PVA under atmospheric pressure of H2 gas (9.86 vol % in N2, flow rate of 150 mL/min) and room temperature for 6 h, permitted the researchers to obtain highly dispersed BMNPs on zeolites, exhibiting a mean diameter of 4–4.5 nm. These catalysts were applied to the conversion of glycerol into lactic acid or glyceric acid in water under base-free conditions [50]. Similarly, carbon supported BMNPs showing an internal core of Cu atoms and an outer shell of Pt atoms were synthesized from Cu(II) and Pt(IV) metal precursors in a dispersion of carbon (Vulcan XC72, Cabot) in an ethylene glycol/water mixture as the solvent, for applications as electrocatalysts [51].





3. Alcohols


In contrast to water, alcohols exhibit the advantage that they can act as reducing agents of metal precursors, particularly when using polyols. Ethylene glycol and polyethylene glycol are among the most frequently applied ones towards bottom-up synthetic approaches of metal colloidal suspensions, where the polyalcohol plays a role as both the solvent and reducing agent of the metallic precursor [52]. In some cases, this methodology can affect the kinetics of the growth step and define the shape of the nanoparticles [53]. In our group, glycerol has been applied in the synthesis of metal and metal oxide nanoparticles under hydrogen atmosphere, precluding its reductant behaviour; glycerol acts as liquid support by the efficient immobilization of MNPs [54,55,56,57]. Contrary to monometallic nanoparticles, BMNPs prepared in alcohol medium are less common. For a summary of BMNPs in alcohols applied in catalysis, see Table 2 at the end of this section.



Table 2. Bimetallic nanoparticles in alcohols applied in catalysis. a)







	
Entry

	
BMNPs (Mean Size, nm)

	
Structure

	
Metallic Precursors

	
Synthetic Procedure

	
Catalytic Reaction

	
Refs.






	
1

	
CuNi (8)

	
alloys

	
Ni(OAc)2, Cu(OAc)2

	
co-reduction

	
alkyne-azide cycloaddition

	
[58]




	
2

	
PtRu (3.2)

	
alloys

	
RuCl3·3H2O, H2[PtCl6]·6H2O

	
co-reduction

	
H3N-BH3 hydrolysis

	
[59]




	
3

	
FePt (3.2–3.6)

	
alloys

	
[Pt(acac)2], Fe(CO)5

	
co-reduction

	
hydrogenations

	
[60]




	
4

	
PdCo@3DG (15–25)

	
alloys

	
PdCl2, CoCl2

	
co-reduction

	
Sonogashira and Suzuki couplings

	
[61]




	
5

	
NiCu@CNTs (25–42)

	
alloys

	
Ni(NO3)2·6H2O, Cu(NO3)2·3H2O

	
co-reduction

	
CH4 decomposition

	
[63,64]








a) For abbreviations: n.r. = not reported; 3DG = three-dimensional graphene; CNTs = carbon nanotubes.








3.1. Unsupported BMNPs in Alcohols


Analogously to the preparation of alloy-based BMNPs in water, the reduction of two metal salts in alcohols is simultaneously undertaken in the presence of strong reducing agents. Mandal and co-workers reported the synthesis of CuNi alloy nanostructures by the reduction of Ni(OAc)2 and Cu(OAc)2 in ethanol using hydrazine hydrate as the reducing agent and poly(ethylene glycol) (PEG) or poly(4-vinyl phenol) (PVPh) as stabilizing-cum-structure-directing agents (Figure 5) [58]. The spherical CuNi polymer-assisted chain-like nanostructures exhibited a diameter in the range of 8.0 ± 1.1 nm (CuNi-PEG) and 7.5 ± 1.8 nm (CuNi-PVPh), whilst bare CuNi BMNPs displayed a tendency to be aggregated, proving the role of the polymer as a stabilizer. The saturation magnetization values are 38 emu g−1 for CuNi-PEG and 34 emu g−1 for CuNi-PVPh, being higher than that of bare CuNi (11.5 emu g−1), probably due to the presence of oxides on the alloy surface. XPS along with zeta potential analyses confirmed the presence of Cu(I) on the surface material, promoting its reactivity for alkyne-azide cycloaddition reactions at room temperature both in water and organic solvents, with enhanced recovery (due to the inherent magnetic properties of the BMNPs) and reusability for up to three cycles.


Figure 5. Preparation of CuNi polymer-assisted chain-like alloy nanostructures. Reprinted with permission from reference [58]. Copyright 2014 American Chemical Society.
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Pt-Ru alloy BMNPs were synthesized by the co-reduction of RuCl3·3H2O and H2[PtCl6]·6H2O in the presence of PVP as a protecting polymer in an ethanol/water mixture, where ethanol acts as both the solvent and reducing agent [59]. The formation of Pt(0) and Ru(0) NPs was monitored by UV-Vis. The size, morphology, and composition of BMNPs were determined by TEM-EDX analyses, showing a mean particle size of 3.2 ± 1.4 nm, which is smaller than the corresponding monometallic nanoparticles (4.6 nm for PtNPs and 4.2 for RuNPs). XPS analysis evidenced the absence of oxidized metallic species, thanks to the protection triggered by PVP on the nanomaterial surface. The PVP-protected Pt-Ru BMNPs were efficient catalysts for the hydrolysis of ammonia borane adduct (H3N-BH3) to generate hydrogen with an average TOF of 308 min−1 and a maximum rate of hydrogen generation of 9884 L(H2) min−1 molcat−1, along with a calculated activation energy of 56.3 ± 2 kJ mol−1. In comparison with monometallic PtNPs, RuNPs, and an equimolar mixture of them (PtNPs + RuNPs), PtRu BMNPs (1:1) showed higher catalytic activity thanks to the synergistic effect between metal partners, as well as their smaller particle size.



Fe-Pt BMNPs were synthesized by the simultaneous decomposition of [Pt(acac)2] (acac = acetylacetonato anion) and Fe(CO)5 at 100 °C in a mixture of 1,2-hexadecanediol, dioctyl ether and oleic acid (the latter acting as a stabilizer) [60]. The isolated BMNPs capped by oleic acid led to exchange ligand reactions by the addition of other carboxylic acids, including those bearing perfluoro-alkyl substituents; among them, the most stable colloidal solutions were those containing long perfluorinated-alkyl chains. This stabilizer exchange did not trigger any change in the morphology of the Fe-Pt BMNPs, as evidenced by TEM analyses. The BMNPs stabilized by fluorous-based carboxylic acids were notably active in the hydrogenation of cinnamaldehyde and also more selective in relation to the analogous monometallic PtNPs. Actually, Fe-Pt BMNPs capped by long-perfluorous carboxylic acids showed a high chemoselectivity towards the reduction of carbonyl groups, preferentially leading to cinnamyl alcohol (up to 94%), in contrast to the PtNPs capped by oleic acid, which mainly produced a saturated alcohol, namely hydrocinnamyl alcohol. The authors explain the different behavior of mono- and bimetallic NPs on the basis of the hindrance produced by the adsorption of long-chain ligands around platinum sites, favoring the head-on approach of cinnamaldehyde and then precluding the C = C bond hydrogenation.




3.2. Supported BMNPs in Alcohols


Pd-Co BMNPs supported on three-dimensional graphene (3DG) were synthesized from PdCl2 and CoCl2 in the presence of ethylene glycol as the reducing, stabilizing, and dispersing agent [61]. The distributed Pd-Co BMNPs on the surface of 3DG exhibited a mean size of 15–25 nm, characterized by TEM. XPS showed the alloy structure for Pd-Co BMNPs, constituted by Pd(0), Pd(II), Co(II), and Co(III). The PdCo (1:1) BMNPs-3DG revealed enhanced reactivity towards Sonogashira and Suzuki cross-couplings between terminal alkynes and aryl halides, and phenyl boronic acid and bromobenzene, respectively, when water was used as the solvent. The catalyst was recycled up to seven times, without any change in the morphology of the catalytic material.



Following the same strategy, Ni-Co and Ni-Zn BMNPs supported on graphitized carbon black solid (GCB) were synthesized by the co-reduction of Ni(NO3)2·6H2O and Co(NO3)2·6H2O or Zn(NO3)2·6H2O, according to the surfactant-aided polyol reduction method, using ethylene glycol as the solvent, reducing agent, and protecting agent, and H2[PtCl6] as the heterogeneous nucleation seeds [62]. The formation of Ni-Co and Ni-Zn alloy nanostructures was elucidated by XRD, XPS, and TEM techniques. The powder XRD evidenced the lattice of face-centered cubic (fcc) structured Ni and Co. Concerning XPS analyses, the binding energy of Ni 2p3/2 was shifted to higher energies, whereas the binding energy of Zn 2p3/2 appeared shifted to lower energies, compared to the corresponding monometallic counterparts; these data confirm the modification of the electronic properties of Ni and Zn in the NiZn alloy nanostructures. These catalysts were efficient for the gasification of phenol under supercritical water at 450 °C (Ni20Co15 favors H2 production with a calculated activation energy of 43.6 ± 2.6 kJ/mol and Ni20Zn15 favors CH4 production with a calculated activation energy of 20.4 ± 2.6 kJ/mol). However, BMNPs showed a tendency to be agglomerated and consequently, the specific surface area decreased, resulting in a drop in catalytic reactivity [62]. Lua and Shen reported the polyol synthesis of Ni-Cu BMNPs alloys supported on carbon nanotubes (CNTs) from Ni(NO3)2·6H2O and Cu(NO3)2·3H2O in the presence of PVP and ethylene glycol. The as-prepared Ni-Cu@CNTs were employed as catalysts for the H2 production by CH4 decomposition [63,64].





4. Ionic Liquids and Deep Eutectic Solvents


4.1. Ionic Liquids


Ionic liquids (ILs) exhibit distinctive physico-chemical properties (low vapor pressure, wide temperature range for the liquid phase, low coordinative properties, thermal and chemical stability, broad electrochemical window); these features permit one to control the assembling, size, and shape of metal nano-systems [65,66]. Although the contributions concerning mono-metallic and metal oxide nanoparticles have received a greater interest by the scientific community [67,68,69], BMNPs in ionic liquids are quickly appearing in the literature, mainly concerning late transition metals [see the following selected contributions [70,71,72,73,74]. Prechtl and Gómez groups have recently reviewed the synthesis of BMNPs in ILs for catalytic purposes [67,75]. Hereafter, we describe the works of BMNPs in ionic liquids applied in catalysis, organized according to the two main synthetic methodologies involved in their syntheses: (i) co-decomposition of two metal precursors; and (ii) sequential processes, where the first decomposed metal precursor acts as a seed for the deposition of the second one; chemical and physical strategies have been carried out for both approaches. For a summary of the BMNPs in ionic liquids, including Deep Eutectic Solvents, applied in catalysis, see Table 3 at the end of Section 4.



Table 3. Bimetallic nanoparticles in ionic liquids applied in catalysis. a







	
Entry

	
BMNPs (Mean Size, nm)

	
Structure

	
Metallic Precursors

	
Synthetic Procedure

	
Catalytic Reaction

	
Refs.






	
1

	
AuPd (4–5)

	
core(Au)-shell(Pd)

	
Au(OAc)3, Pd(OAc)2

	
co-reduction

	
hydrogenations/hydrodehalogenations

	
[76]




	
2

	
AuPd (4.6; 3.2)

	
n.r.

	
H[AuCl]4 K2[PdCl4]

	
co-reduction

	
hydrogenations

	
[77,78,79]




	
3

	
PtSn (2–3)

	
alloy

	
PtCl2, SnCl2 or Sn(OAc)2

	
co-reduction

	
hydrogenations

	
[85]




	
4

	
RuCu (2–3)

	
core(Ru)-shell(Cu)

	
[Ru(cod)(cot)] [CuMes]

	
co-reduction

	
hydrogenations

	
[86]




	
5

	
FeRu (1.65)

	
n.r.

	
[Ru3(CO)12] [Fe2(CO)9]

	
co-decomposition

	
hydrogenations

	
[87]




	
6

	
CuZn (45–50)

	
alloy

	
Cu(II) and Zn(II) amidinates

	
co-reduction

	
methanol synthesis

	
[90]




	
7

	
NiGa (7–29; 12–19)

	
alloy

	
Ni(NO3)2·6H2O, Cu(NO3)2·6H2O

	
co-pyrolysis

	
hydrogenations

	
[91]




	
8

	
AuPd (3.7)

	
n.r.

	
K2[PdCl4] H[AuCl]4·4H2O

	
sequential-reduction

	
oxidations

	
[42]








a n.r. = not reported.








4.1.1. Synthesis of BMNPs in Ionic Liquids by Co-Decomposition of Metal Precursors


AuPd BMNPs represent the most studied bimetallic systems applied in catalysis. Yan and co-workers prepared AuPd BMNPs by the co-decomposition of Au(OAc)3 and Pd(OAc)2 in [C2OHmim][NTf2] at 100 °C for 2 h under vacuum [76]. The size of the resulting BMNPs was independent of the Au/Pd ratio involved: in all cases, the mean diameter was ca. 4–5 nm. The mass percentage of Au and Pd in each type of BMNP was determined by STEM-EDX and was in agreement with the initial ratio of the molecular precursors. XRD analyses only showed Au diffraction peaks, and no crystalline domains of Pd were detected. The composition of the outer layer of BMNPs was determined by XPS. For the Au0.8Pd0.2, Au0.5Pd0.5, and Au0.2Pd0.8 ratios, as described for the synthesis, an enrichment in Pd was observed for the two first BMNPs (Au/Pd ratios are 56/44, 34/66 and 25/75, respectively, estimated from the intensity of XPS peaks). These XPS peaks correspond to Au(0) and Pd(0) in the case of the Au0.8Pd0.2 and Au0.5Pd0.5 samples, and a 30% level of Pd(II) could also be detected. Overall, the higher content of Au triggered an increase in %Pd (II) in the BMNPs. XPS data evidence a partial core-shell structure for these BMNPs. These BMNPs were applied in the one-pot multi-step hydrogenation/hydrodechlorination process of 2-chloronitrobenzene to selectively furnish cyclohexylamine, observing that the catalytic activity rises with the Au content, evidencing the synergic effect between both metals (Scheme 2). It could be noted that under the same conditions, monometallic AuNPs were inactive, and PdNPs showed a high selectivity towards the reduction of the nitro group alone (2-chloroaniline/aniline/cyclohexylamine = 85/7/8). These BMNPs were also efficient for the hydrodehalogenation of 4-bromotoluene and the 3,5-dibromotoluene to afford toluene.



Scott and co-workers have prepared Au-Pd BMNPs by the co-decomposition of H[AuCl4] and K2[PdCl4] in [C1C4Im][PF6] ([C1C4Im] = 1-butyl-3-methylimidazolium), using NaBH4 as a reducing agent in the absence of any added stabilizer, yielding polydispersed NPs [77]. Alternatively, they tested the preparation of AuPd NPs in methanol in the presence of poly(vinylpyrrolidone) (PVP), which acted as the stabilizer. After the reduction, the colloidal methanol solution was transferred into [C1C4Im][PF6] and the methanol was then removed under low pressure. No details are given in relation to the structure of the as-prepared nanocatalysts. However, the absence of the corresponding Au plasmon band in the UV-Vis spectra for these BMNPs dispersed in IL, seems to point to the formation of a bimetallic system. Au-Pd BMNPs constituted by different Au/Pd ratios (3/1, 1/1, and 1/3) were applied in the hydrogenation of allyl alcohol, cycloocta-1,3-diene, (E)-cinnamaldehyde, and 3-hexyn-1-ol; nanocatalysts with an Au:Pd ratio (1:3) showed the highest catalytic activity (Scheme 3) [78]. Moreover, the authors showed that PVP was the best stabilizer (among 1-methylimidazole and 1-(2′-aminoethyl)-3-methylimidazolium hexafluorophosphate) for the preparation of Au-Pd BMNPs for 3-buten-1-ol hydrogenation [79].



AuPd and AuPt alloys have been prepared by the simultaneous sputtering of the corresponding metals by Torimoto and co-workers [80,81]. The simultaneous sputtering of Au and Pt starting from six targets with different metal mixtures using N,N,N-trimethyl-N-propylammonium bis(trifluoromethanesulfonyl)amide (TMPA-TFSA), led to the formation of small AuPt BMNPs (mean diameter less than 2 nm). XRD analyses suggest the formation of an AuPt alloy phase, also confirmed by the peak current intensity, which was 20 times higher than the corresponding monometallic AuNPs electrodes in the methanol electrocatalytic oxidation [80] (for AuPt NPs with Au/Pt ratio 1/3). The same group described the synthesis of AuPd alloys in [BMI][PF6] following the same methodology. In this case, Au0.5Pd0.5 NPs (mean diameter ca. 2 nm) were the most active for the electroxidation of ethanol [81].



Au-Pd alloys supported on solids have also been reported. Therefore, Wang and co-workers applied the sputtering co-reduction method for the synthesis of Au-Pd BMNPs in [C1C4Im][BF4] immobilized on multi-walled carbon nanotubes (MWCNTs) [82]. The as-obtained BMNPs showed an alloy structure, as deduced from HAADF-STEM analysis. These materials were applied to the conversion of 4-nitrophenol into 4-aminophenol by NaBH4 in water, followed by UV-vis analyses. A higher activity was found for the as-prepared BMNPs than that observed using supported monometallic PdNPs on MWCNTs. Guo’s group prepared Pd-Ni BMNPs anchored on MWCNTs by thermal decomposition for electrocatalytic applications, mainly the electro-oxidation of alcohols [83,84].



Platinum-based BMNPs containing a p block metal were prepared by Dietrich et al. Pt-Sn alloys were synthesized by the co-reduction of PdCl2 and SnCl2 or Sn(OAc)2 in methyltrioctyl ammonium bis(trifluoromethylsulfonyl)imide ([OMA][NTf2]) and using methyltrioctyl ammonium borohydride as the reductant [85]. Each catalyst featuring different Pt-Sn ratios showed almost the same mean size, in the range of 2–3 nm. These BMNPs were used after precipitation or extraction from the IL phase for the hydrogenation of cinnamaldehyde in THF. When monometallic PtNPs were used, cinnamaldehyde gave exclusively hydrocinnamic aldehyde. However, Pt-Sn BMNPs constituted by a 1/1 or 3/1 Pt/Sn ratio only gave cinnamic alcohol. Furthermore, the latter system led to the higher TOF (28 h−1) (Scheme 4) [85].



BMNPs containing ruthenium and a first-row transition metal, e.g., copper and iron, have been efficiently prepared in ILs. Santini and co-workers synthesized Ru-Cu core-shell BMNPs in [C1C4Im][NTf2] from (η4-1,5-cyclooctadiene)(η6-1,3,5-cyclooctatriene)ruthenium(0), [Ru(cod)(cot)], and mesitylcopper(I), [CuMes], by simultaneous decomposition at 100 °C under 9 bar H2 for 4 h [86]. The mean diameter (dmean) of the resulting BMNPs was smaller than that corresponding to monometallic NPs: for RuNPs, dmean = 4 nm; for CuNPs, dmean = 5.1 nm; for Ru@CuNPs, the mean diameter was in the range from 1.8 to 3.4 nm by increasing the amount of copper from 0.005 to 0.9. These BMNPs were applied in the hydrogenation of benzene in order to obtain information about the cooperative effect of both metals (Scheme 5). Actually, by increasing the amount of copper, the full hydrogenation of benzene into cyclohexane decreased, showing that copper can also be present on the surface of nanoparticles in close proximity to ruthenium [86].



Baiker and co-workers synthesized Fe-Ru BMNPs in [C1C4Im][PF6] and [C1C4Im][BF4] from diironnonacarbonyl [Fe2(CO)9] and triruthenium-dodecacarbonyl [Ru3(CO)12] by simultaneous decomposition at 250 °C for 18 h [87]. Fe-Ru BMNPs with different Fe/Ru ratios (1/0, 9/1, 3/1, 1/1, 0/1) were applied in the hydrogenation of cyclohexen-2-one (Scheme 6). In [C1C4Im][BF4], the monometallic RuNPs were more active than FeNPs (94% and 33% conversion, respectively, after 1 h at 50 °C under 50 bar H2). The reactivity of the Fe-Ru BMNPs increases with the amount of Ru (from 22 to 91% conversion for the different Fe/Ru ratios). The catalytic behavior of the FeRuNPs 1/1 is quite similar to that observed using monometallic RuNPs. Recycling experiments evidenced a deactivation of the iron containing catalysts; however, only Fe-Ru BMNPs 1/1 in [C1C4Im][BF4] maintained their activity after recycling. The presence of CO2 (60 bar for 30 bar pressure of H2) increases the hydrogenation rate (full conversion after 30 min); no consecutive hydrogenation of cyclohexanone was observed. It is well-known that the presence of CO2 enhances the mass transfer in the reaction medium by diminishing the viscosity of the IL and increasing the solubility of H2 [88,89].



BMNPs containing two first row transition metals, Cu-Zn alloy nano-systems, have been prepared by Janiak and co-workers [90]. Cu/Zn brass alloy NPs were synthesized by the decomposition of the corresponding amidinate precursors under microwave irradiation in [BMIm][PF6] (Scheme 7a).



As confirmed by XPS, the phase composition of the alloy nanoparticles is coherent with the Cu/Zn ratio of the precursors used in their syntheses. The homogeneous distribution of this phase was checked by local resolution EDX throughout single nanoparticles for a mean diameter of 45–50 nm and powder XRD data correspond to β-CuZn for Cu/Zn = 1/1 and to γ-CuZn for Cu/Zn = 3/1. This β-CuZn colloidal solution was used as a catalyst for the synthesis of methanol (Scheme 7b). After catalysis, ZnO was detected undergoing morphological changes but no size changes [90]. ZnO is probably produced during the induction period observed in the formation of methanol.



NiGa NPs were prepared under microwave irradiation by the simultaneous pyrolysis of [Ni(cod)2] and GaCp* with a 1/1 and 3/1 molar ratio in [C1C4Im][BF4] at 50 W and 220 °C for 10 min [91]. The mean diameter of both BMNPs was 7–29 nm and 12–19 nm for the Ni/Ga (1:1) and (3:1) molar ratios, respectively. The formation of single crystalline Ni-Ga was evidenced by powder XRD in comparison with Ni-Ga reference peaks, and the homogeneous phase of Ni3Ga was determined by EDX. Ni-Ga BMNPs were applied as catalysts in the hydrogenation of terminal and internal alkynes (Scheme 8). In comparison to NiNPs, the activity of bimetallic catalysts was lower. However, Ni-Ga BMNPs were selective towards the formation of the corresponding alkenes under smooth conditions (1 bar H2, 40 °C), in contrast to monometallic NiNPs which gave the corresponding saturated compounds [91]. The catalytic phase was recycled up to four times with an insignificant loss of activity or selectivity.




4.1.2. Synthesis of BMNPs in Ionic Liquids by Sequential Process


Au-Pd BMNPs were synthesized by a sequential procedure, first reducing H[AuCl4]·4H2O by LiBH4, followed by the reduction of K2[PdCl4] by ascorbic acid, both in water and in tris(hexyl)(tetradecyl)phosphonium chloride [42]. No information about the structure of these BMNPs was given. These Au-Pd BMNPs were applied to the oxidation of α,β-unsaturated alcohols in the presence of molecular oxygen (Scheme 9). The activity of these nanocatalysts was higher in IL than in water, but Au-Pd BMNPs did not present a significant difference with the corresponding monometallic PdNPs in terms of activity or selectivity. After catalysis, an increase in the size of NPs was observed, ranging from 3.7 to 10 nm for Au-Pd BMNPs (1:3) and from 4.3 to 9.0 nm for PdNPs.



Ru@Pt core-shell nanoparticles were prepared by the reduction of [Ru(2-methylallyl)2(cod)] (cod = 1,3-cyclooctadiene) in [C1C4Im][PF6] at 75 °C for 18 h under 5 bar of hydrogen, followed by the addition of [Pt2(dba)3] (dba = dibenzylideneacetone) under 4 bar of H2 at 75 °C for 18 h [92]. These BMNPs showed a mean size of 2.9 nm. Rutherford Back Scattering (RBS) analysis indicated a composition of (2:1) Pt/Ru, which represents half the amount of the Ru precursor initially used. The HAADF-STEM and the single particle EDS analyses indicated a Pt rich BMNPs. XPS analyses evidenced three oxidation states for Pt (0, II, and IV) with 9%, 25%, and 66%, respectively, and only Ru(0), which represents 11%. Moreover, the Ru rich core composition was determined by a comparison of the ratio between Pt4f/Ru3d intensities for both binding energies (3000 and 1840 eV for Pt4f and Ru3d, respectively) and through evidence that this ratio decreases with the increase of the binding energies (which is related to the depth of the probe and so to the Ru concentration). These NPs were used as catalysts for the hydrogenation of benzene. It appeared that after catalysis the surface composition had changed (with an enrichment of Pt and a change in the composition (for Pt(0), Pt(II), and Pt(IV), 43%, 46%, and 11%, respectively; for Ru(0), 31%), inducing a different selectivity. Ru@Pt NPs showed a higher selectivity towards the formation of cyclohexene, in comparison to the selectivity obtained with the corresponding monometallic RuNPs and PtNPs at 1% substrate conversion. This behavior clearly evidenced the influence of Ru on the activity of Pt in the BMNPs system.



Supported Au-Pd BMNPs prepared in RTILs (Room Temperature Ionic Liquids) following a sequential methodology have been described by Wang’s group [93,94,95]. The role of the RTIL is multiple: it permits a uniform decoration of the BMNPs on the support thanks to a homogeneous dispersion of the support and BMNPs in the IL; it acts as a linker to better immobilize the metal nanoparticles on the support; and it favors the sputtering onto a liquid under high-vacuum conditions, due to its low vapor pressure. By this technique, Au-Pd BMNPs on TiO2 were prepared by the successive sputtering of first Au and then Pd onto a suspension of TiO2 in [C1C4Im][BF4]. These materials were isolated from the IL suspension by centrifugation and decantation. The characterization of these bimetallic systems with different Pd/Au ratios [TEM, EDX, HAADF-STEM (High-Angle-Annular-Dark-Field Scanning Transmission Electron Microscopy), UV-Vis spectra] revealed alloy structures. The best activity for the oxidation of phenylethanol into acetophenone was found using Pd/Au catalysts of a (1:1) ratio under solvent-free conditions and O2 atmosphere (1 atm) as the oxidant. The authors explained the increase in activity of the BMNPs in relation to the corresponding monometallic ones by both the fact that BMNPs are smaller than AuNPs (3 nm vs. 5 nm) and the synergetic effect between Pd and Au, which limits the reactant adsorption on Au [93]. Alloy-based AuPd BMNPs were prepared in the same way and supported on graphene [94]. These catalytic materials were applied in the oxidation of cis-cyclooctene by TBHP (tert-butyl hydroperoxide) under solvent-free conditions; the catalyst exhibiting a (1:2) ratio Pd/Au was the most active system. These catalysts were also tested in the reduction of 4-nitrophenol by NaBH4 in aqueous solution and in this case, the best Pd/Au catalytic system was that showing a (1:1) Pd/Au composition. This differential behavior evidences the crucial effect of the charge distribution and also the surface composition for catalytic applications [95]. Ag-Au and Ag-Pd BMNPs supported on graphene were also prepared using a similar method, presenting core-shell structures, where the core is Ag-based and a partial alloying Ag-Au or Ag-Pd takes place at the shell. These BMNPs showed higher activity for the reduction of 4-nitrophenol by NaBH4 in water (monitored by UV-vis analyses), than the corresponding monometallic Au and Pd NPs on graphene [93].





4.2. Deep Eutectic Solvents


Deep Eutetic Solvents (DESs) are often considered as alternative media in relation to room temperature ionic liquids (neat salts); however, they exhibit different compositions and physico-chemical properties. In general, a DES is constituted by a mixture of at least two components, a hydrogen bond donor (commonly carboxylic acids, urea, or polyols) and a hydrogen bond acceptor (such as choline, phosphonium, or sulfonium salts) [95], including Natural DESs, which represent alternative media to water [96]. In the last decade, DESs have been successfully applied in catalysis, including organocatalysis, bio-transformations, and metal-catalyzed organic processes [97,98,99]. Moreover, these new solvents have found applications in the synthesis of nanomaterials [100,101,102]. In the last years, metal nanoparticles have been synthesized in DESs, such as AgNPs [103,104] and AuNPs [105], as well as Cu2ZnSnS4 hybrid materials for photovoltaic purposes [106]. Next, we describe BMNPs prepared in DES medium for catalytic applications.



An electrochemical technique has recently been described for producing a core-shell structure for Au@Pd NPs in a deep eutectic solvent [107]. This procedure consists of an anodic dissolution of gold and palladium wires and their simultaneous electrodeposition on a graphite cathode at a constant current density (20 mA·cm−2 for Pd and 40 mA·cm−2 for Au) in a mixture of choline chloride and ethylene glycol (choline chloride:ethlylene glycol = 1:2 molar ratio). The consumption of palladium was five times higher than that corresponding to gold, due to the higher solubility of Pd than Au in this medium; however, the electrochemical reduction of Au was faster than that of Pd, where Au nuclei were first formed acting as seeds for Pd deposition. The resulting core-shell structure was proven by cyclic voltammetry using the NPs modified electrode in acidic medium constituted by metal oxides. The peaks observed after stripping corresponded to both PdO and AuO of the BMNPs, which were slightly shifted in comparison with the corresponding monometallic oxides. The consecutive electrochemical cycles led to an intensity diminution of the PdO peak reduction and the concomitant increasing of the peak of AuO (Figure 6). EDX analyses of both these AuPd NPs (after electrodeposition and after electrochemical treatment) also evidenced the core-shell structure. These BMNPs were tested as catalysts for methanol oxidation in alkaline medium [107].


Figure 6. Cyclic voltammograms of graphite rod modified with nanoparticles of (a) Au (b) Pd (c) Au@Pd in 0.5 M H2SO4 at a scan rate of 100 mV s−1 vs. SCE (Saturated Calomel Electrode). Reproduced from reference [107] with permission of The Royal Society of Chemistry.
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Alloys constituted by bimetallic Pd-Sn NPs supported on MWCNT were prepared in a choline chloride:urea mixture (1:2 molar ratio) by the reduction of PdCl2 and SnCl2 with NaBH4 at 150 °C for 12 h. After the synthesis, the corresponding BMNPs were isolated by centrifugation. XRD, HRTEM, EDX, and HAADF-STEM analyses confirmed the formation of an alloy structure and XPS spectra evidenced the presence of palladium oxide in the as-prepared material (23% of PdO) and also a small proportion of Sn(II) and Sn(IV) oxides. These PdSn BMNPs were applied in the electrooxidation of formic acid [108].



Ni-NiN3 nanocomposites were prepared by pyrolysis of the Ni(OAc)2/DES mixture. This mixture was constituted by Ni(OAc)2·4H2O:choline chloride:urea (0.5:1:2 molar ratio), forming a gel which was pyrolyzed at 320 °C, 425 °C, and 600 °C. XRD analyses of the three composites gave identical diffractograms for the crystalline structure of metallic nickel(0). The composition of these hybrid materials at the surface was determined by XPS. Amorphous phases of Ni(OH)2 and NiN3 were evidenced; the corresponding binding energy peaks in the region of Ni 2p3/2 were slightly shifted in comparison to those of the nickel(0) and the corresponding peaks for the pyrolyzed sample at 425 °C were more intense, pointing to a higher concentration of Ni(OH)2 and NiN3 at the surface [109].





5. Supercritical Fluids


Supercritical fluid reactive deposition (SFRD), also called chemical fluid deposition (CFD), represents a robust and highly tunable method for the preparation of well-defined metallic nanoscale structures on solid supports, by the hydrogenation of appropriate metal salts or organometallic precursors from their solutions in supercritical conditions. The supercritical state of matter provides the combination of gas-like effusion and liquid-like solvent properties. Thus, the resulting high phase homogeneity due to intrinsically enhanced transport, brings forth an outstanding means to control both seeding and particle growth processes [110].



In particular, the synthesis of nanocatalysts on solid supports under supercritical fluid reactive deposition represents a novel methodology for the preparation of tailored nanoscale structures of a smaller size than using conventional impregnation methods. Thus, small bimetallic NPs (<10 nm) are of great interest due to their peculiar physical properties and reactivity profiles towards novel applications in catalysis. This enhanced control of morphology at the nanoscale arising from the high phase homogeneity under supercritical conditions (namely, enhanced gas-like effusion and liquid-like solvent properties) provides the means towards a new generation of catalysts of higher performance, yielding ultimately outstanding means towards enabling new reactivity pathways that would not otherwise be achievable [111].



5.1. Synthesis of BMNPs in Supercritical Fluids


Supercritical CO2 (scCO2) has been widely used due to the fact that it is cheap, non-toxic, non-flammable, and its high solubilizing properties have been exploited for metal precursors. Furthermore, the relatively low critical temperature (Tc = 31 °C) and pressure of scCO2 (pc = 73.8 bar), make its handling straightforward, employing standard high pressure technology [110]. Seminal contributions for the preparation of bimetallic NPs by this approach pioneered by the groups of Erkey [111,112,113,114,115] and Wai [116,117], opened new opportunities towards the preparation of tailored nanomaterials with high potential in catalysis by the impregnation of the solutes into finely organized architectures. In particular, this synthetic methodology consists of three main steps: dissolution of a metal complex in a supercritical fluid, followed by its sorption or adsorption onto a support, and its final transformation to a zero-valent metal species [111]. Taking advantage of the tunable characteristics of scCO2 displaying both solvent and anti-solvent properties, many nanostructured systems such as supported and unsupported NPs, quantum dots, nanofilms, nanorods, nanofoams, and nanowires can be produced without requiring additional purification or drying steps [113].



Supported bimetallic Au-Ag NPs on different substrates have been prepared by the SFRD of dimethyl(acetylacetonate)gold(III) and (1,5-cyclooctadiene)(hexafluoroacetylacetonato)silver(I) from supercritical CO2. The mean particle size varied between 4 and 28 nm depending on the support used (mean particle size on BP2000 < γ-Al2O3 < TiO2 < β-CD; BP = Black Pearls; CD = cyclodextrin), as characterized by TEM (Figure 7). Notably, EDX analysis of single particles showed both monometallic and bimetallic Au-Ag core/shell NPs featuring a gold core covered by an intermetallic shell made of Ag1Au3 [118].


Figure 7. TEM images from Au-Ag NPs deposited on BP2000 (A), γ-Al2O3 (B), TiO2 (C), and β-CD (D) by SFRD at 353 K and 15.5 MPa, (E) particle size distribution of Au-Ag NPs deposited on BP2000, γ-Al2O3, TiO2, and β-CD by SFRD at 80 °C and 155 bar CO2. Reprinted with permission from reference [118]; license number 4126980392468. Copyright 2017, Elsevier.
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Erkey et al., have described a supercritical deposition method to prepare aerogel–Cu nanocomposites. Thus, carbon, resorcinol–formaldehyde, and silica aerogels were impregnated with bis(1,1,1,3,5,5,6,6,6-nonafluorohexane-2,4-diiminate)copper (CuDI6), exhibiting high solubility in scCO2. Adsorbed CuDI6 was reduced to Cu and Cu/Cu2O NPs on aerogel supports after thermal treatment (temperatures ranging from 200 to 400 °C) or chemical reaction at ambient pressure [112] (Figure 8). Thus, Cu–Cu2O core-shell nanoparticles could be obtained via a post-adsorption chemical conversion process using H2 at 250 °C. NPs supported on resorcinol–formaldehyde aerogels also exhibited a core-shell arrangement with smaller sizes (~10 nm) when compared to the NPs on carbon aerogels (~20–30 nm); however, silica aerogels-supported nanoparticles were found in the form of “partial” core-shells. Cu-Cu2O core-shell nanoparticles were synthesized when the carbon aerogel-CuDI6 composites were treated with H2 at 250 °C, while phase segregated Cu-Cu2O nanoparticles were obtained when an O2 treatment at 160 °C preceded the H2 treatment at 300 °C [112].


Figure 8. (A) TEM image of resorcinol–formaldehyde aerogel-supported Cu core-Cu2O shell nanoparticles prepared using chemical conversion in H2 after the adsorption from scCO2. (B) High magnification TEM image of a silica aerogel-supported partial core-shell nanoparticle prepared using chemical conversion in H2 after adsorption from scCO2. Reprinted with permission from reference [112]; license number 4127080686584. Copyright 2017, Springer.
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Later reports from Erkey et al. describe the preparation of carbon aerogel supported Pt-Cu BMNPs via the simultaneous adsorption of the polyfluorinated copper precursor CuDI6 and dimethyl(1,5-cyclooctadiene)platinum(II) onto carbon aerogels in scCO2, followed by thermal conversion at ambient pressure [114]. Homogeneously dispersed Pt-Cu NPs were formed at the carbon aerogel surface through thermal decomposition of the precursors at 400 °C. The metal (Pt/Cu) ratio could be easily controlled in the as-prepared materials, ranging from 97:3 to 21:79, which prompted an increase of both the mean diameter and the standard deviation of the particles, from 2.9–7.2 nm, and 1.3–3.7 nm, respectively (Figure 9). The alloying disposition of Pt and Cu atoms within the NPs was confirmed by means of XRD and XPS, indicating that the surfaces of these bimetallic Pt-Cu NPs were enriched in Pt [114].


Figure 9. TEM images and particle size distributions of carbon aerogel supported Pt–Cu BMNPs prepared via the simultaneous adsorption of Pt and Cu complexes followed by thermal treatment at 400 °C and under atmospheric pressure: Pt/Cu mol ratio from XPS (a) 95:5; (b) 86:14; (c) 74:26; (d) 72:28; (e) 25:75; and (f–j) particle size distributions corresponding to materials (a–e), respectively. Reprinted with permission from reference [114]. Copyright 2017, American Chemical Society.
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Leventis et al. have also reported the synthesis of homogeneous Au-Ag bimetallic alloys in silica aerogels using a standard base-catalyzed route for the preparation of the silica aquogels which were initially prepared, washed several times, and then immersed in an aqueous solution of the metal ions (up to 3 × 10−4 M total metal ion concentration). As a reducing agent, formaldehyde (0.5 M) was then added with NaOH (1–2 mM) as an additive. Next, the gels were washed again and then dried with scCO2 to yield the corresponding homogeneously alloyed Au-Ag BMNPs in silica aerogels, as confirmed by the linear shift to higher wavelengths of the single plasmon peak exhibited by their optical absorption upon an increase of the Au mole ratio [119]. TEM analysis showed that the diameter of the metal NPs depends on the molar ratio of the metal precursors used in the aquogel solution, ranging from ~20 nm (100% Au sample) to 80 nm (25% Au); EDX analysis confirmed that the NPs are bimetallic [119].



Moreover, a couple of synthetic methods for the preparation of Pd-Pt NPs using scCO2 deposition have recently been reported. Thus far, Erkey et al. described their preparation from the simultaneous adsorption and subsequent reduction of palladium (II) acetylacetonate and dimethyl(cyclooctadiene)platinum (II) precursors on carbon black support (BP 2000) in scCO2 at 200 bar and 60 °C [115]. This methodology rendered a heterogeneous mixture of the BMNPs where Pt-rich NPs exhibited diameters of ~4 nm and Pd-rich NPs appeared with larger diameters (~10 nm), according to X-ray spectrometry analysis [115]. Besides, Srinivasan et al. described the preparation of Pd-Pt NPs within a dendrimer film matrix immobilized on a solid support by covalent molecular assembly using scCO2. The size, particle distribution, and composition could be controlled by choosing the best precursors and optimized conditions for Pd-Pt BMNPs. This methodology was later extended to the synthesis of Fe-Ni BMNPs, which exhibited relevant tribological properties [120].



Hexane modified H2O-in-CO2 microemulsion. The CO2-based microemulsion process to deposit metal NPs on MWCNTs at room temperature has been described by Wai et al. [116]. In this method, metallic NPs are initially synthesized by H2 reduction of the metal ions dissolved in the water drops of a H2O-in-CO2 microemulsion (sodium bis(2-ethylhexyl)sulfosuccinate used as a stabilizer) in a liquid CO2-hexane mixture, and then, MWCNTs are impregnated with the microemulsion solution containing metal nanoparticles. The metal salt precursor mixtures were efficiently deposited as BMNPs on the MWCNT surfaces, and the resulting particle diameters were in the 2–10 nm range. The as-synthesized MWCNT-supported Pd-Rh BMNPs showed great potential towards the hydrogenation of arenes and were reused without a loss of catalytic activity [116].



Supercritical MeOH (scMeOH). Protic solvents such as MeOH can also be used in supercritical conditions for the synthesis of noble metal nanostructures, due to their high solubilizing properties of metal precursors, such as H2[PtCl6], H[AuCl4], and RuCl3, and the ability to reduce them.



Du et al. have reported a simple and efficient route to deposit noble Pt–Ru and Ru–Sn BMNPs onto carbon nanotubes (CNTs) in scMeOH at 300 °C for 30 min, where MeOH acted as both the solvent and reductant of metal precursors. Mixtures of H2[PtCl6]·6H2O and RuCl3·3H2O, and RuCl3·3H2O and SnCl2·2H2O were used as precursors, respectively. The as-prepared nanocomposites were decorated by crystalline metal nanoparticles with uniform sizes (2–3 nm) and a small particle size distribution, as concluded from TEM analyses [121].




5.2. Applications in Catalysis of BMNPs in Supercritical Fluids


Applications in the catalysis of highly performant catalytic systems in supercritical conditions offer new alternative means to tackle current challenges for the development of sustainable industrial processes based on green chemistry applications.



For instance, the current multi-ton requirements of propylene oxide as a monomer for the industrial production of polyurethane foams, resins, and propylene glycol, represent a fundamental subject of research and development in catalysis. Despite the most straightforward production process for propylene oxide synthesis, which is the direct oxidation of propylene with O2, the major hurdles to obtain a highly pure monomer under safe and high yielding processes have precluded major industrial applications. Díaz, Corma et al. reported an elegant one-pot two-step process for direct propylene oxide production from propylene, H2, and O2 catalyzed by a bifunctional material (Pd(Au)@TS-1) based on metallic NPs supported on nanocrystalline titanium silicalite (TS-1) zeolites [122]. The resulting metallic nanoparticles encompassed the in situ formation of H2O2 in a controlled fashion, which triggered propylene epoxidation catalyzed by the TS-1 nanocrystalline matrix support, working under safe supercritical CO2 conditions. These bifunctional catalysts showed high reusability and stability demonstrated through several catalytic cycles, yielding a more sustainable process for future industrial applications [122]. For a summary of BMNPs in supercritical fluids applied in catalysis, see Table 4 at the end of this section.



Table 4. Bimetallic nanoparticles in scCO2 and scH2O applied in catalysis. a







	
Entry

	
BMNPs (Mean Size, nm)

	
Structure

	
Metallic Precursors

	
Synthetic Procedure

	
Catalytic Reaction

	
Refs.






	
scCO2




	
1

	
PdAu@TS-1 (3–8)

	
alloys

	
PdCl2, H[AuCl4]·3H2O

	
co-reduction

	
olefin epoxidations

	
[122]




	
2

	
FeCo@SiO2 (10–20)

	
alloys (bcc)

	
Fe(NO3)3·9H2O, Co(NO3)2·6H2O

	
co-reduction

	
Fischer–Tropsch

	
[124,125]




	
3

	
CoRu@γ-Al2O3 (n.r.)

	
n.r.

	
Co(NO3)2, Ru precursor n.r.

	
calcination

	
Fischer–Tropsch

	
[127]




	
4

	
RuPt@ MWCNTs (2.0–3.6)

	
hcp and fcc clusters

	
Pt(acac)2, Ru(acac)3

	
co-reduction

	
combustion

	
[117]




	
5

	
CuPt@ MWCNTs (3.5–7.9)

	
alloys (fcc)

	
Pt(acac)2, Cu(hfa)2

	
co-reduction

	
combustion

	
[117]




	
6

	
AuPt@ MWCNTs (5.6–13)

	
alloys (fcc)

	
Pt(acac)2, AuMe2(acac)

	
co-reduction

	
combustion

	
[117]




	
7

	
PdPt@ MWCNTs (5.9–12.5)

	
alloys (fcc)

	
Pt(acac)2, Pd(hfa)2

	
co-reduction

	
combustion

	
[117]




	
8

	
NiPt@ MWCNTs (3.1–10.1)

	
alloys (fcc)

	
Pt(acac)2, Ni(hfa)2

	
co-reduction

	
combustion

	
[117]




	
9

	
Pt-CeOx@Al2O3 (2–4)

	
core (Pt)-shell (CeOx)

	
CeCl3·7H2O, Pt(acac)2

	
calcination followed by reduction

	
Water-gas shift

	
[128]




	
10

	
RuRh@MCM-41 (2.2–4.6)

	
hcp and fcc clusters

	
Ru(acac)3, Rh(acac)3

	
co-reduction

	
arene hydrogenations

	
[129]




	
11

	
RuPd@MCM-41 (2.3–3.5)

	
hcp and fcc clusters

	
Ru(acac)3, Pd(acac)2

	
co-reduction

	
arene hydrogenation

	
[129]




	
12

	
RhPd@MCM-41 (3.2–4.4)

	
alloys

	
Rh(acac)3, Pd(acac)2

	
co-reduction

	
arene hydrogenations

	
[129]




	
13

	
FeRu (1.3–1.9)

	
alloys

	
Fe2(CO)9, [Ru3(CO)12]

	
co-reduction

	
olefin hydrogenations

	
[87]




	
14

	
PtPd@SBA-15 (4.9–6.1)

	
alloys

	
[PtMe2(cod)], [PdCp(allyl)]

	
co-reduction

	
ketone hydrogenation

	
[110]




	
15

	
PtRu@MWCNTs (1.0–2.5)

	
alloys

	
[Ru(cod)(cot)], [PtMe2(cod)]

	
co-reduction

	
ketone and olefin hydrogenations

	
[131]




	
16

	
PdRu (3.5–4.4)

	
alloys

	
Pd(NO3)2, RuCl3

	
co-reduction

	
olefin hydrogenations

	
[132]




	
17

	
RhPt@SBA-15 (6.1)

	
alloys

	
Rh(acac)3, Pt(acac)2

	
co-reduction

	
arene hydrogenations

	
[133]




	
18

	
AuPd (7)

	
alloys

	
PdCl2, H[AuCl4]·4H2O

	
co-reduction

	
hydrogenatios

	
[134]




	
19

	
AuPt (7)

	
alloys

	
H2[PtCl6]·6H2O, H[AuCl4]·4H2O

	
co-reduction

	
Suzuki-Miyaura C-C cross-couplings

	
[134]




	
20

	
PdPt (1.5–2.3)

	
alloys

	
K2[PdCl4], K2[PtCl4]

	
co-reduction

	
Suzuki-Miyaura C-C cross-couplings

	
[135]




	
21

	
Pd Cu2+/alginate aerogel (2–4)

	
Pd NPs

	
Na2[PdCl4], CuCl2

	
reduction

	
Suzuki-Miyaura C-C cross-couplings

	
[136]




	
scH2O




	
22

	
NiCo@Cblack (28.2–49.6)

	
alloys

	
Ni(NO3)2·6H2O, Co(NO3)2·6H2O

	
co-reduction

	
gasification of phenol

	
[62]




	
23

	
NiZn@Cblack (n.r.)

	
alloys

	
Ni(NO3)2·6H2O, Zn(NO3)2·6H2O

	
co-reduction

	
gasification of phenol

	
[62]








a For the abbreviations: n.r. = not reported; acac = acetylacetonate; Cp = cyclopentadienyl; cod = 1,5-cyclooctadiene; cot = 1,3,5,7-cyclooctatetraene; hfa = hexafluoroacetylacetonate; TS-1 = nanocrystalline titanium silicalite zeolite; MWCNTs = Multi-Walled Carbon Nanotubes; MCM-41 = mesoporous silica (Mobil Crystalline Material); SBA-15 = mesoporous silica (Santa Barbara Amorphous).








Fischer–Tropsch synthesis. The latest developments towards fine optimization of the Fischer–Tropsch process, an essential industrial process for synthesizing hydrocarbons from CO and H2, have also focused on the developments of structural controlled nanostructured catalysts, highlighting the potential of nanostructured materials to unravel the in situ dynamic reaction mechanism [123].



The synthesis of a well-defined Fe-Co/SiO2 catalyst with Fe-Co NPs smaller than 10 nm has been reported by Corrias, Paschina et al., under the high-temperature supercritical drying of alco gels, featuring Fe in a bcc crystal phase, while the active phase of Co exhibits an hcp/fcc structure [124,125]. These results correlate with research reports from analogous monometallic systems, where the advantage of using supercritical hydrocarbons as media precluded the deactivation of a Co/Al2O3 catalyst [126]. Moreover, it was found that supercritical media in combination with a Co-Ru/γ-Al2O3 catalyst (prepared by conventional impregnation), prompted a higher CO conversion with an increase in the selectivity towards long-chain hydrocarbon products in supercritical reaction media [127].



Gasification of phenol. On the other hand, the search for catalytic processes that can break down molecules showing structural complexity towards the synthesis of low molecular weight monomers, to by-pass the current dependence on contingent petroleum resources for industrial applications, is a growing societal need. In this context, the catalytic gasification of phenol in supercritical water represents a valuable alternative for sustainable development. Chen et al. have recently reported the convenience of bimetallic non-noble-metal catalysts (Ni-Co and Ni-Zn) supported on graphitized carbon black, for the high efficiency gasification of biomass in scH2O (prepared by polyol reduction) [62]. In particular, a nearly complete gasification of phenol was achieved at 450 °C. XRD, XPS, and TEM characterization analyses of the prepared materials revealed the formation of Ni-Co and Ni-Zn alloy phases. Further optimization of these catalytic systems is required because NPs agglomeration was found to be one of the main causes of the catalyst deactivation, ruling out efficient catalyst recycling [62].



Oxidation via combustion processes. A green method of depositing Pt-based BMNPs (Ru-Pt, Cu-Pt, Au-Pt, Pd-Pt, and Ni-Pt) on MWCNTs in scCO2 from solutions of the corresponding metal precursors (based on acetylacetonate or hexafluoroacetylacetonate complexes) has been described by Wai et al. for direct methanol fuel cell applications [117]. These MWCNT-supported BMNPs presented average sizes ranging from 2.8 to 9.3 nm. These supported systems were active in electrocatalysis for direct methanol fuel cells, exhibiting efficiencies to oxidize methanol to CO2 at least 60% better than the previously reported MWCNT-supported monometallic PtNPs [117].



Water-gas shift reaction (WGSR). This reaction encompasses the transformation of CO and H2O vapor to form CO2 and H2 and represents the standard industrial process for the synthesis of H2. West et al. reported a new generation of highly performant catalysts towards WGSR based on Al2O3-supported Pt-CeOx catalysts via supercritical fluid deposition from the organometallic precursor platinum(II) acetylacetonate. These supported Pt-CeOx catalysts featured PtNPs encapsulated in crystalline ceria and showed higher activity and greater reaction rates per mass of Pt than most literature values for WGSR on analogous Pt-CeOx catalysts [128]. Overall, these results show the great promise of SFRD as scalable means towards high performance catalysts enabling an efficient utilization of precious metals for the production of commodity gases such as H2 [128].



Hydrogenation reactions. Nanocatalysts are particularly well suited for hydrogenation reactions due to the surface tunability in terms of size, shape, and composition, which has a direct impact on the overall reactivity properties of the catalytic materials. Among the different techniques employed to achieve metal deposition, SCFD represents one of the most versatile and promising methodologies to furnish a new generation of catalytic materials, exhibiting the highest catalytic activity achieved thus far.



Tan et al. have recently described a simple and green method for the deposition of BMNPs (Ru-Rh, Ru-Pd, and Rh-Pd) onto a mesoporous silica support (MCM-41) in scCO2 starting from the corresponding metal acetylacetonates precursors [129]. The as-prepared NPs presented average sizes ranging from 2 to 8 nm, characterized by TEM, XRD, and EDX; they were applied in the hydrogenation of p-xylene at 50 °C and 35 bar H2 pressure, resulting in catalytic activity (TOF ~ 1400 h−1) that was nearly eight times better than other analogous catalysts prepared by conventional impregnation methods [129]. It is worth mentioning that the Rh–Pd/MCM-41 catalyst showed a clear synergistic effect since the catalytic activity of the bimetallic system was higher than that of the individual monometallic catalysts combined [129].



Gas-expanded solvents provide outstanding means towards size-selective fractionation on metal NPs by minimizing the polydispersity of the obtained nanomaterials, as described by the early reports of Roberts et al., where they exploited the highly tunable properties of scCO2 and organic solvent mixtures towards selectively size-separate mixtures of polydisperse NPs (2–12 nm) into monodisperse 2 nm fractions [130].



The four-fold reaction rate enhancement for the selective hydrogenation of cyclohexenone to cyclohexanone at scCO2 pressures up to 60 bar on Fe-Ru BMNPs (prepared by thermal decomposition), suspended in 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIm][BF4]) from 1.6 to 2.9 nm diameter size, has recently been reported by Baiker et al., (>95%, TOF = ~300 h−1) [87], precluding over the reduction of the carbonyl group which is otherwise observed in the absence of scCO2. Moreover, the peculiar properties of scCO2 permit new “solventless” approaches in green transition metal catalysis, due to its use as a non-toxic and convenient extraction medium; the catalyst was reused five times without a noticeable loss of activity [87].



SFRD in scCO2 was employed for the generation of bimetallic Pt-Pd NPs (5 nm mean diameter) on SBA-15 as a mesoporous support by Leitner et al. TEM, STEM, and EDX analyses revealed that the highly uniform alloy-type NPs were deposited inside the pores [110]. The obtained composite materials showed high activity towards the hydrogenation of levulinic acid and concomitant cyclisation towards γ-valerolactone, achieving high TOF and TON values with high selectivity (Scheme 10) [110]. Overall, the bimetallic Pt-Pd NPs displayed superior activity in comparison to either of the analogous monometallic NPs alone.



Small bimetallic Pt-Ru NPs stabilized by 4-(3-phenylpropyl)pyridine and fluorinated phosphines (mean diameter 1.0–2.5 nm) were prepared in scCO2 by Serp, Gómez et al., and these BMNPs exhibited a higher likelihood to be agglomerated in comparison with those BMNPs prepared in THF, but both types of BMNPs could be efficiently confined into functionalized multi-walled carbon nanotubes [131]. The as-prepared Pt-Ru/MWCNT catalytic materials were applied in cinnamaldehyde hydrogenation. Confined Pt-Ru NPs showed a significant higher selectivity and catalytic activity than unsupported NPs; reaction conditions were finely tuned to obtain a high selectivity towards the reduction of the aldehyde functional group. Thus, more than a 76% selectivity to the cinnamyl alcohol could be obtained, with 3-phenylpropanal and 3-phenylpropan-1-ol as the minor by-products (Scheme 11) [131].



Micelle-hosted bimetallic Pd-Ru (1:1) NPs have been prepared by Tsang et al., via the in situ reduction of their salt precursors in scCO2 and used towards the catalytic hydrogenation of functionalized alkene under mild conditions. This highly performant catalytic system can be easily recycled without the need to use organic solvents [132].



Other more challenging hydrogenations of arenes have also been described with advanced bimetallic nanocatalysts. In particular, Tan et al. prepared Rh-Pt NPs with an average size of ~6.1 nm on mesoporous silica SBA-15 (Rh-Pt/SBA-15) by CFD under scCO2, which showed a high performance towards the hydrogenation of terephthalic acid in water (full conversion was achieved at 80 °C and 50 bar of H2 in 4 h) (Scheme 12); clear cooperative effects were observed when compared to the corresponding parent monometallic catalysts (Rh/SBA-15 and Pt/SBA-15). The authors propose an enhanced absorption of arenes mediated by Pt on the active sites, whereas Rh plays a key role in the hydrogenation [133]. Other arenes such as bisphenol A, isophthalic acid, dimethyl phthalate, and benzoic acid were also efficiently reduced likewise.



Furthermore, Zhang et al. have recently described highly performant colloidal bimetallic alloy nanocrystals that were applied not only in the hydrogenation of citral in scCO2, but also in C-C cross-coupling reactions such as Suzuki-Miyaura couplings [134]. The authors used a single-step strategy based on the direct thermal reduction of metal precursors in octadecylamine towards the preparation of octahedron- and rod-shaped metal aggregates of bimetallic alloy nanocrystals.



Suzuki cross-coupling reactions. Crooks et al. have prepared bimetallic and semiconductor nanoparticles by dendrimer-encapsulation (prepared by chemical reduction) [135]. The template effect of the dendrimers serves both to direct metal nucleation upon chemical reduction by affinity to the tertiary amine groups (PAMAM and PPI dendrimers) and to BMNP stabilization, yielding nearly size-monodisperse nanoparticular aggregates of less than 3 nm that can be further immobilized on inorganic oxide supports, such as silica and titania. Working under supercritical conditions with enhanced transport serves to overcome low turnover frequencies generally associated with this type of highly organized support, while conferring outstanding size-selectivity for the substrates [135]. To the best of our knowledge, the application of bimetallic dendrimer-encapsulated NPs in supercritical fluids remains to be explored.



Other types of biopolymeric materials have been successfully used for catalytic applications in supercritical fluids. In particular, Taran, Quignard et al. described the preparation of an easily recoverable hybrid catalyst via scCO2 drying, which combines the catalytic efficiency of PdNPs in a Cu2+/alginate aerogel (Figure 10) [136]. This study evidences the dramatic effect of the gelling cation and highlights the synergetic effects between PdNPs and Cu2+ cations in the matrix, together with its high catalytic activity (TOF value of 10 s−1, and TON value close to 106), and the high robustness of the catalyst (no significant loss of activity or metal leaching could be detected) [136]. The as-prepared catalytic material was applied in Suzuki-Miyaura cross-coupling reactions between aryl bromides and aryl boronic acids, obtaining the corresponding cross-coupling products in moderate to excellent yields (47–99%, 17 examples) [136].


Figure 10. Chemical structure of alginate and schematic presentation of alginate/Cu2+/PdNPs preparation [136].
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6. Outlook


This review highlights the increasing use of non-conventional media (i.e., other than volatile organic compounds) in the synthesis of nanomaterials for catalytic purposes. Herein, we discuss the clear advantages of different solvents in the preparation of nanocatalysts, providing a templating effect for metal nanoparticle growth, as well as the possibility to control structural parameters such as size and morphology, which are crucial for the activity and selectivity of such catalytic processes. For bimetallic nanoparticles, the different arrangements (alloys, core-shell, heterodimers) can induce different electronic effects between the metal partners, besides the different nature of sites and the presence of stabilizers, which play an important role in terms of selectivity. With the aim of designing performant bimetallic nanocatalysts, cutting edge techniques for the structural elucidation and modelling of BMNPs, including the interaction with reagents, are required. As stated in the present review, the medium can tune the structure of BMNPs and also modify the catalytic pathways. Consequently, a thorough knowledge of the physico-chemical properties of innovative solvents is essential for gaining a precise control of the catalytic reactivity. Synthetic strategies, structural techniques, modelling, and solvent engineering need to be integrated together in the conception of any new synthetic process involving well-defined bimetallic nanoparticles in order to gain a better insight of the catalytic behavior, enabling the exploitation of their full potential towards synthetic applications.



Notably, the major enhancements obtained using supercritical fluids for the synthesis of a new generation of high performance catalytic materials require further exploration to unravel the full potential of techniques such as SFRD, where the combination of gas-like effusion and liquid-like solvent properties provide outstanding means towards the control of the morphology and dispersion of the nanomaterials through the fine tuning of seeding and particle growth processes. In particular, the number of scientific reports describing the use of scCO2 in combination with additives to further enhance the preparation of nanomaterials is still low. The use of (per)fluorinated compounds as additives for scCO2 show great promise and, in our opinion, this field will witness a rapid growth towards the elucidation of the best supercritical mixtures for the preparation of the next generation of nanocatalysts for sustainable catalytic applications needed to enable future developments.



Nonetheless, the limitless possibilities arising from technological advancements of novel top-down physical techniques such as the laser sputtering of bulk metals towards enabling the preparation of well-defined polymetallic nanocomposites in combination with non-conventional media shall challenge current bottom-up synthetic protocols well beyond the redox potential limitations, and thus provide a means to prepare well-defined polymetallic systems.
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Scheme 1. Dechlorination of diclofenac under hydrogen atmosphere catalyzed by AuPd BMNPs [39]. 
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Scheme 2. AuPd BMNPs applied in the one-pot multi-step hydrodechlorination/hydrogenation process of 2-chlorotoluene [76]. 
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Scheme 3. AuPd BMNPs applied in the hydrogenation of 3-buten-1-ol [79]. 
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Scheme 4. PdSn-based BMNPs stabilized by [OMA][NTf2] as the catalyst for the hydrogenation of cinnamaldehyde [85]. 
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Scheme 5. Conversion as a function of the molar fraction of Cu in bimetallic Ru–Cu NPs for the hydrogenation of benzene. Reproduced from reference [86] with the permission of Springer. 






Scheme 5. Conversion as a function of the molar fraction of Cu in bimetallic Ru–Cu NPs for the hydrogenation of benzene. Reproduced from reference [86] with the permission of Springer.



[image: Catalysts 07 00207 sch005]







[image: Catalysts 07 00207 sch006 550]





Scheme 6. FeRu BMNPs applied in the hydrogenation of cyclohexen-2-one [87]. 
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Scheme 7. (a) Synthesis of CuZn alloys in [C1C4Im][PF6] by the decomposition of amidinate precursors under microwave activation. (b) Production of methanol catalyzed by the β-CuZn alloy [90]. 
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Scheme 8. Semihydrogenation of alkynes catalyzed by NiGa BMNPs [91]. 
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Scheme 9. AuPd BMNPs catalyzed the selective oxidation of α,β-unsaturated alcohols to aldehydes [42]. 
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Scheme 10. Hydrogenation of levulinic acid to γ-valerolactone in aqueous solution catalyzed by bimetallic Pt-Pd NPs supported on SBA-15, achieving a nearly quantitative yield; total TON values up to 7200 and total TOF values up to 3600 h−1 [110]. 
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Scheme 11. Cinnamaldehyde hydrogenation catalyzed by confined nano-particles, Pt-Ru NPs into functionalized MWCNTs [131]. 
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Scheme 12. Hydrogenation of terephthalic acid in water catalyzed by Rh-Pt BMNPs supported on mesoporous silica SBA-15 [133]. 
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