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Abstract: Silicon nanowires (SiNWs) decorated by pulsed laser ablation with gold or copper
nanoparticles (labeled as AuNPs@SiNWs and CuNPs@SiNWs) were investigated for their catalytic
properties. Results demonstrated high catalytic performances in the Caryl–N couplings and
subsequent carbonylations for gold and copper catalysts, respectively, that have no precedents
in the literature. The excellent activity, attested by the very high turn over number (TON) values,
was due both to the uniform coverage along the NW length and to the absence of the chemical
shell surrounding the metal nanoparticles (MeNPs). A high recyclability was also observed
and can be ascribed to the strong covalent interaction at the Me–Si interface by virtue of metal
“silicides” formation.
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1. Introduction

Silicon nanowires (SiNWs) are attracting worldwide research interest due to their fascinating
properties and application in a wide range of areas, such as electronics, photovoltaics, solar cells,
diagnostics, molecular sensing, batteries, catalysis, and analytical chemistry [1–7].

Several methods have been employed to fabricate SiNWs such as vapor-liquid-solid growth [8,9],
chemical vapor deposition [10], laser ablation [11], thermal evaporation [12], metal-assisted chemical
etching (MACE) [13,14], etc. Among them, the chemical etching approach proved to be a more rapid
and practical technique for producing uniform SiNWs at room temperature with inexpensive and
scalable procedures [15–17].

SiNWs are also a promising host matrix for dispersing metal nanoparticles (MeNPs) due
to their large surface area, mechanical stability, low cost, and easy preparation by industrially
compatible methods [18]. The SiNW-dense forest structure offers a wide range of possibilities for
further implementations.
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For the decoration of SiNWs with MNPs, chemical routes are the most adopted approaches,
even if they do not allow for fine control of the NP growth, size, and shape. In addition, with galvanic
reduction metal clusters are often surrounded by a chemical shell that limits the applications of such
systems. A further concern is the incomplete NW coverage that very often occurs only on the top of
the NW arrays, thus limiting the performance of the nanocomposite [19–21].

In the last decade, several nanoscale metals have been anchored on SiNWs for catalytic
purposes (Au [22,23], Ag [24–26], Pd [27–30], Pt [31,32], Cu [33,34] etc.). Decoration by chemical
reduction has been frequently employed, with applications mainly in the degradation of dyes and
pollutants [22,24–31,33], but also in cross-coupling reactions [3,27,28,34].

Recently, a physical method based on the pulsed laser ablation technique was successfully
used for deposition of metal nanoparticles on substrates with different surface morphologies [35–37].
By selecting the proper values of experimental parameters (e.g., laser fluence, gas nature, and pressure,
number of laser pulses etc.), a uniform and dense decoration of silicon nanowires was obtained
with a tight control of size, distribution, and mutual distance among NPs. In the case of silver
NPs, this material has been successfully used for Surface Enhanced Raman Spectroscopy (SERS)
applications [36–38].

Although SiNWs hybrid composites had already been investigated in various fields, none of those
prepared via laser ablation have been tested in catalysis. On these bases, above all due to the absence
of the chemical shell surrounding NPs, we envisaged that these materials should display superior
catalytic properties.

In the present work, we report on the synthesis and characterization of gold and copper-based
nanocomposite systems (namely AuNPs@SiNWs and CuNPs@SiNWs) and their use as highly
recyclable heterogeneous catalysts. Specific chemical transformations were chosen as a benchmark
for these materials, ranging from the well-known reductions of nitroarenes [22,23,33] to the relatively
unexplored C–N hetero-couplings of aryl halides [34]. Concerning the latter processes, we found,
unprecedented in the literature, that gold catalyst (AuNPs@SiNWs) can efficiently promote Caryl–N
coupling with amines. We also found that the analogous copper-based system (CuNPs@SiNWs) is
an active catalyst for alkoxy- and amino-carbonylation of haloarenes.

2. Materials and Methods

2.1. Materials

Aryl halides, amines, alcohols, nitroarenes, Cesium carbonate, Potassium carbonate,
Triethylamine, Tetrabutylammonium acetate, bidistilled water and Sodium tetraborohydride were
purchased from Sigma Aldrich and used as received. Solvents CH3CN, DMF, DMSO, THF, DMA, Et2O
(Sigma Aldrich, Milan, Italy) were dried prior to use.

Preparation of silicon nanowires and their decoration with gold and copper nanoparticles by PLD
technique were accomplished by previously reported protocols [38], and are briefly described into the
paragraph on the structural properties of catalysts nanocomposites (results and discussion section).

Reaction products were detected by Gas chromatography-mass spectrometry (GC-MS) and
identified by comparison of their MS spectra with the literature data. GC-MS spectra were recorded on
a Shimadzu GLC 17-A gas-chromatograph connected with a Shimadzu GLC/MS QP5050A selective
mass detector (capillary column: HP-5 MS, 30 m).

XPS analyses of silicon nanocomposites were performed using a PHI Versaprobe II spectrometer
equipped with a monochromatized Al Kα source (1486.6 eV). Dual-beam charge neutralization was
constantly applied during analysis. Large area XPS was performed operating with a sampling area of
200× 1400 µm2. Survey and high-resolution (HR) spectra were acquired at a pass energy value of 117.4
and 58.7 eV, and energy step of 1.0 and 0.125 eV, respectively. HR regions relevant to C1s, O1s, Au4f
(for AuNP-modified materials), Cu2p3/2 (for CuNP-modified materials), Si2p, N1s (after reactions),
and CuL3M45M45 were acquired. Multipak software (v.9.7.0.1, Ulvac-Phi Inc., Chigasaki, Japan) was
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used for elemental quantification. CasaXPS® software (v. 2.3.18PR1.0, Casa Software Ltd., Teignmouth,
UK) was used for fitting XP spectra. Binding Energy (BE) was referred to aliphatic component of C1s
at 284.8 eV.

2.2. General Procedure for Caryl–N Cross Coupling

All the reactions were carried out in a sealed glass vial. In a typical procedure, in a 10 mL glass vial
equipped with a magnetic bar, haloarene (0.25 mmol), amine (2.5 mmol), anisole (or 4-methylanisole
as internal standards) and Cs2CO3 (1 mmol) were suspended in 2.0 mL of bidistilled water. Then,
the square silicon wafer of MeNPs@SiNWs catalyst (1.5 µm, 1 cm2, Me = Au or Cu) was immersed
into the liquid and heating and stirring were started keeping the reaction mixture at 110 ◦C for 8 h.
After reaction time, the silicon sheet was recovered with tweezers and washed three times with
bidistilled water, then with acetone. Next, after drying with a N2 stream, silicon wafer was reused for
a new run or stored in a glass vial under inert atmosphere. The reacted mixture was extracted with
ethyl acetate, and the organic phase analyzed by GC-MS for evaluating conversions and selectivities
listed in Table 1.

Table 1. Substrate scope in the coupling of aryl halides and amines catalyzed by MeNPs@SiNWs (a).
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Run X R Amine (R1NH2)
Yield (%) (b)

CuNPs@SiNWs AuNPs@SiNWs

1 I H BuNH2 96 95
2 I H AllylNH2 80 85
3 I H BnNH2 99 98
4 I H HO(CH2)4NH2 75 (c) 80 (c)

5 I H H2N(CH2)4NH2 99 (d) 95 (d)

6 I H CyNH2 98 97
7 I H 2-NH2CyNH2 99 (e) 99 (e)

8 I H n-C12H25NH2 82 79
9 I I Bu2NH 20 19
10 I H PhNH2 15 18
11 I 4-NO2 BuNH2 99 96
12 I 4-Br BuNH2 50 55
13 I 4-MeO BuNH2 40 49
14 I 4-CH3 BuNH2 94 98
15 I 2-CH3 BuNH2 72 73
16 Br H BuNH2 15 10
17 Br 4-CN BuNH2 19 20
18 I H HO(CH2)4SH (f) 90 95
19 I H HO(CH2)4OH <1 3

(a) General conditions: haloarene (0.25 mmol), amine (2.5 mmol), catalyst MeNPs@SiNWs (1.5 µm, 1 cm2), Cs2CO3
(1 mmol), H2O 2,0 mL, T = 110 ◦C, time 8 h; (b) Based on GLC areas using 4-methylanisole as an internal
standard (selectivities were always higher than 95%). (c) 4-(phenylamino)butan-1-ol was the reaction product.
(d) Only the monoarylation product was observed. (e) N1-phenylcyclohexane-1,2-diamine was the reaction product.
(f) A mercaptane was used in place of amine: 4-(phenylthio)butan-1-ol was the reaction product.

2.3. General Procedure for Carbonylation of Haloarenes

All the carbonylative couplings were carried out in a stainless-steel autoclave equipped with
a glass vial to avoid the direct contact of the reaction mixture with the metal wall. In a typical
procedure: a glass vial equipped with a magnetic bar was charged with haloarene (0.25 mmol), amine
(0.625 mmol), Cs2CO3 (1 mmol), and anisole (or 4-methylanisole as internal standards) suspended
into 2 mL of bidistilled water. A square silicon wafer of CuNP@SiNWs (1.5 µm, 1 cm2) was then
immersed into the reaction mixture and the vial inserted into the autoclave. Once sealed, the reactor
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was filled with carbon monoxide at 20 atm and heated under stirring at 110 ◦C for 8 h. After reaction
time, the residual gas was discharged, the silicon sheet was recovered with tweezers and the reaction
mixture extracted with ethyl acetate for GC-MS analyses.

A similar procedure was employed for alkoxy carbonylation, providing that the alcoholic reagent
was used as a reaction medium in place of water (2 mL), heating was raised at 130 ◦C, under
PCO = 30 atm and by adding Et3N (1 mmol) as an additive.

Reaction products (benzamides and benzoates) listed in Tables 2 and 3 were identified by comparison
of their MS spectral data with those reported in the literature (see supplementary materials).

Table 2. Aminocarbonylation of iodoarenes catalyzed by CuNP@SiNWs (a).
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(c) 4-AB= 4-aminobutan-1-ol. (d) 4-amino-N-butylbenzamide was the main reaction product. (e) Bromobenzene
as substrate.

2.4. General Procedure for Reduction of Nitroarenes

All reactions were carried out in a sealed glass vial. Firstly, a series of concentrated mother
solutions of nitroarenes were prepared. With a micropipette some microliters of these concentrated
solutions were added to a reductant agent solution and filled with water until to obtain the selected
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concentration. Finally, a square silicon wafer containing gold NPs or copper NPs was immersed
in the reaction mixture. After reaction time, the silicon sheet was recovered with tweezers and
washed three times with bidistilled water, then with acetone and after drying with a N2 flux, stored
in a glass vial in an inert atmosphere for further catalytic cycle. The reacted mixture was analyzed
directly or by extraction with ethyl acetate, by GC-MS instrument. The MS data are reported in
supplementary materials.

3. Results and Discussion

3.1. Structural Properties of Catalysts Nanocomposites

SiNWs are grown on 100 oriented crystalline p-type Si substrates by silver salts metal-assisted
chemical etching. An oxygen-free surface is obtained processing the samples with 2 min of UV ozone
cleaning and 5 min of chemical etching in a 5% hydrofluoric (HF) water solution. The clean substrates
are immersed in the etching solution made of AgNO3 40%, H2O 40% and HF 20%. Each step of SiNW
growth is performed at room temperature.

During the process, silver salts dissolve in the solution leading to the formation and precipitation
of small Ag clusters that act as precursors for the SiNW synthesis. Due to the difference of
electronegativity at the Ag–Si interface an anodic reaction occurs, producing a thin layer of silicon
dioxide only underneath the metal covered regions that is selectively etched by HF, causing the metal
nanoparticle to sink into the Si bulk layer to form NWs.

1.5 µm long Si nanowires were prepared, depending on the etching conditions and time.
Decoration of the SiNWs was realized by pulsed laser deposition (PLD) of gold or copper nanoparticles.
The process is carried out in a high vacuum chamber with a residual base pressure of 10−4 Pa. The laser
beam from a KrF excimer laser (Lambda Physik CompEx 205, 25 ns pulse width, 248 nm wavelength,
10 Hz repetition rate, laser fluence set at 2.0 J·cm−2) is focused onto the surface of a pure gold or
copper target using a quartz lens with the target mounted on a rotating holder to avoid excessive
surface damaging.

SiNW samples are positioned 35 mm far from the target surface and the Au deposition process
is performed in presence of 100 Pa of Ar, while, for Cu deposition, Ar pressure is set at 70 Pa.
The difference in the ambient gas pressure for the two metals is due to the different atomic mass values
(Cu 63.5 amu, Au 196.9 amu). The NPs formation mechanism is, in fact, driven by the interaction
of the laser generated plasma with the ambient gas [39]. As a consequence, a higher Ar pressure is
needed to confine the Au plasma with respect to the Cu one.

Under the selected deposition conditions, the plasma expands through the ambient gas forming
a shock wave [40], at the interface between the plasma and the atmosphere ambient. Gas density and
pressure favor the in-flight formation of clusters that subsequently land onto the substrate surfaces.
Deposition are performed using a laser pulse number of 60,000 to realize decorated SiNWs.

By adopting these conditions, a series of silicon wafers were decorated with gold and copper
nanoparticles. Two nanocomposites based on Au and Cu NPs were prepared using the Si nanowires
support (labeled as AuNPs@SiNWs and CuNPs@SiNWs, Figure 1a). For comparison, analogous Au
and Cu nanocomposites were prepared by deposition on a bulk silicon wafer (labeled as AuNPs@Sibulk
and CuNPs@Sibulk, Figure 1b). The structural properties of these materials were investigated
by scanning electron microscopy (SEM) as reported in Figures 2 and 3, respectively. As already
demonstrated [38], the SiNW arrays are not damaged during the PLD decoration process that was
optimized in order to fully decorate the NW sidewalls. Figure 2 displays the SEM cross-section images
of the (a) top, (b) center and (c) bottom regions of the Au decorated NWs.

The AuNPs radius distribution was measured for each section by software analysis and fitted by
Gaussian distributions. The presence of a dense and coalesced distribution of bigger AuNPs is clearly
attested in the top region with radius of 5.6 ± 0.8 nm (Figure 2), with size of 4 ± 0.6 nm in the center
(2e) and 3.5 ± 0.5 nm in the bottom (2f) of the NWs. Figure 3a shows the SEM cross-section of SiNWs
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decorated with CuNPs. The presence of CuNPs along the whole NWs is visible from the top (3c) to
the bottom (3b). In Figure 3b the SEM image of the NW bottom is reported. The uniform presence of
CuNPs is visible but the size is at the detection limit of the SEM analysis.
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Figure 1. (a) Schematic of pulsed laser decoration of SiNWs (Me = Au or Cu) and (b) Metal NPs
supported on bulk silicon.

Figure 3c shows the SEM of the NW tips clearly demonstrating the presence of small NPs whose
mean radius is of about 3.4 ± 0.5 nm (Figure 3d). This trend is in very good agreement with the results
demonstrated for AgNPs [38] and AuNPs shown in Figure 2, in fact for CuNPs the radius distribution
decreases along the NW from the top to the bottom.
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Figure 2. Cross-section SEM images (Field Emission Zeiss Supra 25 Microscope) of the (a) top, (b) center
and (c) bottom regions of a 1.5 µm long SiNW array decorated with AuNPs. The statistical analysis
of the AuNPs radius measured for the decorated sample are reported for the top (d), center (e) and
bottom (f) sections, respectively.
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Dimensions of the NPs at the top of the NWs are close to the SEM resolution limit, therefore
the NP size in the center and bottom region cannot be measured even if it is possible to appreciate
their presence.
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Figure 3. (a) Cross-section SEM image of Cu decorated SiNWs; (b) SEM microscopy displaying the NW
bottom decorated with CuNPs; (c) SEM microscopy displaying the tips of an ensemble of Cu decorated
SiNWs; (d) Statistical analysis of the CuNPs radius measured for the top section of the sample.

The PLD conditions adopted for Cu decoration led to the formation of NPs with smaller radii
than Au ones, due to the different clustering dynamics during the PLD process and to the different
wettability of the two metals with the SiNW substrate.

RBS (Rutherford Backscattering Spectroscopy) analyses of CuNPs@SiNWs nanocomposite
revealed the presence of 1.57 × 1017 Cu atoms/cm2 (corresponding to 1.67 × 10−5 g/cm2) and
1.95 × 1017 Au atoms/cm2 (6.41 × 10−5 g/cm2) for the analogous AuNPs@SiNWs material.

AuNP- and CuNP-decorated SiNWs were also characterized by X-ray photoelectron spectroscopy
(XPS) to provide information about their surface chemical composition and MeNP speciation. Typical
surface composition of Au-based and Cu-based materials are reported in Tables S1 and S2 of
the supplementary materials. Si% presents the lowest values for bulk materials (AuNPs@Sibulk
and CuNPs@Sibulk), due to the absence of substrate nanostructuration, which results in a sort of
PLD-induced Si “metallization”.

On the contrary, successful PLD decoration of SiNWs with nanosized metals was achieved,
as indicated by the determined Au% and Cu%. Typical spectra relevant to Au4f and Cu2p3/2 regions
obtained on pristine AuNPs@SiNWs and CuNPs@SiNWs materials, respectively, are presented in
Figure 4. The main Au4f7/2 component falls at BE = 84.2 ± 0.1 eV (Figure 4a), which can be ascribed to
gold coordinated to silicon in a silicide state in agreement with previous findings about energy shift
towards higher BE when a Si–Au interface is created [41].

Other two Au4f7/2 components (at ~85 and 87 eV) represent less than 5% of the signal and can
be attributed to oxidized gold species, within the limits related to their very low intensity. The Au4f
spectrum of AuNPs@SiNWs is quite different from the one acquired for AuNP-decorated bulk Si,
which is reported in Figure S1. In that case, it is present essentially a component at 83.8 ± 0.1 eV,
compatible with bulk gold, and a second minor component at 84.2 ± 0.1 eV, whose explanation was
already given. Cu2p3/2 region reveals the presence of two components, falling at BE = 932.4 ± 0.2 eV
and 934.5 ± 0.2 eV (Figure 4b).
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The former may be attributed to Cu(0)/Cu(I) species, however the analysis of CuL3M45M45 Auger
region allows discriminating the two oxidation states (Figure S2).
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Figure 4. (a) Au4f XP region relevant to pristine AuNPs@SiNWs; (b) Cu2p3/2 XP region relevant to
pristine CuNPs@SiNWs.

The maximum of the Auger signal (at KE = 916.4 ± 0.2 eV) allows calculating the so-called
modified Auger parameter (α′ = BECu2p3 + KECuLMM), which is equal to 1848.8 ± 0.3 eV. This value is
in agreement with the presence of Cu(I) [42].

The second component of the Cu2p3/2 photoelectron signal is undoubtedly ascribed to Cu(II),
as also suggested by the occurrence of two shake-up features at BE > 940 eV [43]. It is not surprising that
unstabilized CuNPs deposited on SiNWs are not at the elemental state: Cu(I) and Cu(II) species could
be related to CuNP oxidation induced by air exposure. Finally, similar results about Cu speciation
were found on Cu@Si bulk materials (Figure S3).

3.2. Catalytic Activity in Caryl–N Coupling Reactions

Bulk metallic copper barely shows catalytic activity, but it displays remarkable performances at
the nanoscale level, as emerged in the recent developments of the copper(0) nanoparticle-catalyzed
C–C and C-heteroatom bond formations and related reactions [44]. Likewise, gold nanoparticles
based catalysts have been subjected to growing interest in recent times, with main applications in CO
oxidation, reduction of nitrophenols, cycloadditions, hydrogen generation, Ullmann and Sonogashira
couplings etc. [45,46].

Inspired by the recent literature [34], the Caryl–N coupling of aryl halides with amines (namely
the Ullmann condensation) [47–49] was chosen as benchmark for SiNW supported MeNPs, a powerful
tool for the synthesis of aromatic amines, which are valuable products possessing a variety of biological
and pharmaceutical properties [50,51].

Although several homogeneous copper catalysts have been used for promoting this reaction
(being Cu much cheaper than the other active metals in this process such as Pd and Rh) [52], only very
few heterogeneous counterparts have been reported [34,53,54]. More importantly, no gold-based
catalyst has been successfully employed until now in this kind of couplings.

At first, catalytic performance of both Cu and Au nanocomposites were evaluated comparing
their activity with that of similar catalysts in the literature (Figure 5). The coupling conditions were
optimized on the model reaction between iodobenzene and butylamine, with preliminary experiments
(Table S4) that showed Cesium carbonate and water as the most efficient base and solvent, respectively.
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Figure 5. Comparison of catalytic performance in the C–N coupling of iodobenzene with butylamine
(catalyst concentration is reported in square bracket). CuOnanop. = 33 nm in size (Sigma–Aldrich) [54],
Cubulk = Cu powder (Sigma–Aldrich). Cudendritic = dendritic Cu (3 µm in size, Sigma–Aldrich)
(for calculation of turn over number (TON) values see supplementary materials).

Under these conditions, unprecedented in the literature, both AuNPs@SiNWs and CuNPs@
SiNWs composites promoted the coupling at a very low catalyst concentration (0.11–0.13 mol
%), with turn over number (TON) values of 733 and 920 (for Au and Cu materials, respectively),
that are about ten up to hundred times higher than those of the most commonly used Cu catalysts
(Figure 5). In contrast, the analogous nanocatalysts supported on the bulk silicon wafer (namely Au-
and Cu-NPs@Sibulk) gave more modest results (TONs ten times lower), thus evidencing how the dense
forest structure of Si nanowires is crucial for the catalytic efficiency (vide infra).

Both the general applicability and limitations of this protocol were explored by means of the
substrate scope showed in Table 1. From results clearly emerged that both Cu and Au based
nanocatalysts show similar performances, with the highest activity displayed in the coupling between
iodobenzene and primary aliphatic amines (yields in the range of 75–99%, Table 1, runs 1–8). Both steric
and electronic factors affected the coupling in the predictable manner, with lower yields observed
in the case of hindered substrates, such as dibutylamine and 2-iodotoluene (Table 1, runs 9 and 15),
or with electron-rich substituents on the phenyl ring, like methoxy group (Table 1, runs 12–13).

As expected, the less nucleophilic aniline proved to be much less reactive as well as aryl bromides,
that gave disappointing results (Table 1, runs 10, 16–17).

In contrast, a high reactivity was exhibited by the thiolic functionality, as demonstrated by the
high efficiency with which 4-mercaptobutan-1-ol was converted into 4-(phenylthio)butan-1-ol (Table 1,
runs 18). Conversely, alcoholic functionality proved to be unreactive (Table 1, run 19).

The stability of both catalysts was studied in a series of recycling experiments. As shown in
Figure 6, an initial decrease of activity occurred during the first four runs, certainly due to the depletion
of metal nanoparticles in the upper part of nanowires because of the contact with bulk reaction
solution. The depletion was testified by XPS analyses of hybrid materials after the first catalytic runs
(see paragraph on mechanistic insight).

Next, the catalytic performances of both Au and Cu nanocatalysts remained unchanged in the
range of 75–80% of yield throughout ten cycles, thus demonstrating the ability of SiNWs of anchoring
metal NPs firmly within the interstitial spaces of wires impeding the further loss of catalytic material.
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The easy removal of the catalyst wafer from the reaction mixture (by tweezers) associated with the fact
that catalysis is entirely heterogeneous in nature, as also confirmed by the hot filtration test (vide infra),
enabled a recycle of the catalyst material much easier than that of other supported nanocatalysts that
require tedious techniques such as filtration and ultracentrifugation.
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Figure 6. Recycling experiments for CuNPs@SiNWs and AuNPs@SiNWs catalysts in the C–N coupling
of iodobenzene with butylamine.

3.3. Carbonylation of Haloarenes

Due to the successful results in C–N hetero-coupling, we decided to extend these findings
to the carbonylation reaction. In the presence of proper nucleophiles, such as alcohols or amines,
this transformation affords, through an analogous pathway initiated by the oxidative addition of
metal to the haloarene, aromatic esters, and amides, which are important building blocks for various
pharmaceutical and agrochemical compounds [55].

With very few exceptions, Iranpoor et al. recently reported the nickel-catalyzed version [56]—this
process is dominated by palladium chemistry [57,58], but the extension to other versatile and much
cheaper metals, such as copper, is of crucial importance for industrial applications. In addition, to the
best of our knowledge, the use of copper and gold catalysts in the carbonylations of haloarenes has
been totally neglected until now [44].

With this in mind, we carried out a series of preliminary experiments from which the copper-based
material CuNPs@SiNWs emerged as the sole catalyst capable of promoting these reactions efficiently.
The substrate scope showed an array of iodoarenes as suitable substrates that can be easily converted
into the corresponding benzamides (or benzoates) in the presence of amines (or alcohols) under CO
pressure (Tables 2 and 3).

Slightly different reaction conditions were chosen for the two kinds of nucleophilic reagents.
Amines were reacted in water at 110 ◦C for 8 h (at PCO As expected, the less = 20 atm), while alcohols
were used as reaction medium at 130 ◦C (PCO As expected, the less = 30 atm), with Et3N as an additive.
In the first case, water was a useful reaction medium capable of dissolving Cs2CO3 and suppressing,
due to its poor nucleophilicity, the undesired side-reaction of solvolysis that leads to phenols.

Moreover, in the aminocarbonylation process small amounts of N-alkylanilines and α-ketophenyl
acetamides by-products were also observed coming from the simple C–N coupling and the double
carbonylation pathways, respectively. Notably, the latter side-reaction becomes predominant at CO
pressures above 30 atm. Aliphatic amines were solely investigated obtaining high conversions (in the
range of 75–97%) and selectivities (Table 2, runs 1–5). Predictably, both hindered and electron-rich
haloarenes gave lower conversions (Table 2, runs 8–10), while bromobenzene proved to be unreactive
(Table 2, run 11).
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The excellent performance of supported Cu nanocatalyst were confirmed also in the
alkoxycarbonylation of iodobenzene (Table 3). Reactions required Et3N as an additive and selectivities
were almost always above 90%, being suppressed most of the above-mentioned side-reactions (Table 3,
runs 1–5). Unfortunately, phenolic substrate was inert (Table 3, run 8).

Table 3. Alkoxycarbonylation of iodobenzene catalyzed by CuNP@SiNWs (a).
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3.4. Reduction of Nitroarenes

Finally, to complete investigations on catalytic properties of these materials, the reduction of
nitroaromatics was chosen as a further benchmark for evaluating their performances [59–63].

Nitrophenols and their derivatives are common water contaminants, that are present in
wastewater effluents coming from the production of pesticides, difficult to eliminate. Alternatively,
nitrophenol compounds could be reduced to aminophenol dyes and pharmaceutical products.

Removal with adsorption technique is one of the most effective methods, but it suffers from the
generation of toxic slurries that remain technically or economically derivatives, which are useful in
many applications that include photographic developers, corrosion inhibitors, dyeing agents, and the
production of pharmaceutical products.

With this in mind, the catalyst efficiency of nanocomposites obtained in this study was compared
with data for other catalysts in the reduction of 4-nitrophenol (Table 4). It should be noted that
comparison among different catalysts is difficult since the activity of NPs depends on their size, shape,
composition and concentration, but also on the reaction condition such as 4-nitrophenol and NaBH4

concentrations and temperature.
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However, from data in Table 4 clearly emerged that our catalysts display performance comparable
to or higher than the others, including the analogous composites prepared by galvanic decoration of
silicon nanowires (Table 4, run 3).

Table 4. Comparison of catalyst performance in the reduction of p-nitrophenol (a).
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(2.0 mL of 0.5 M water solution), cat. MeNPs@SiNWs wafer 0.5 cm2, H2O/Ether (2.5/0.85 mL), room temperature;
(b) For TOF evaluation see supplementary materials.

The catalyst stability and reusability were assured in a number of consecutive cycles of reduction
of 4-nitrophenol and nitrobenzene under the same reaction conditions. The results for gold catalyst
indicate that nanocomposite could be successfully reused for 10 successive cycles without any loss
of its activity (Figure 7). Similar results were also obtained in the case of analogous copper catalyst
evidencing the high reusability of these supported nanoparticles.
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NaBH4.

3.5. Mechanistic Insights

Aiming at the investigation of the high catalytic activity shown by the hybrid nanomaterials herein
proposed, we studied if and how the surface of the MeNP-decorated SiNWs was affected by a typical
catalysis experiment. To this aim, XPS analysis was also carried out on MeNPs@SiNWs substrates after
their use. Table S3 reports chemical composition of used AuNPs@SiNWs and CuNPs@SiNWs. It is
evident that nanocatalyst depletion occurs, at least in the XPS sampling depth (10–20 nm). However,
Au and Cu are still detectable and typical Au4f (a) and Cup3/2 (b) regions are reported in Figure 8.

Regarding gold, the same components identified on pristine samples can be observed also on
samples used in catalysis (Figure 8a). A clear prevalence of gold silicides is outlined. Additionally,
a minor signal related to the Mg2s region (falling at about 89 eV) was identified, due to trace impurities
of the chemicals used for reactions. The case of CuNPs is particularly interesting as a different main
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component falling at BE = 933.0 ± 0.2 eV is here identified (Figure 8b). This signal can be ascribed
to Cu–Si bond, again a case of metal silicides, allowing these NPs to be in intimate contact with the
SiNW surface.

Quite likely, the presence of Cu–Si interface was “masked” on pristine samples due to air oxidation
and formation of surface oxides, which are preferentially sampled by XPS when they are located at the
outer NP shell.

On the contrary, copper silicide is clearly visible after nanocatalyst partial depletion. In fact,
considering the systematic presence of metal silicides on the surface of samples used in catalysis,
and the peculiar morphology of our hybrid catalytic system, a possible hypothesis of its unprecedented
catalytic performance could be as follows.

We suppose that the high availability of MeNPs all over the length of NWs—as shown by
microscopy data—allowed continuous recycling of the catalyst, as the voids among the wires looked
like “micro-reactors”, confining the metal catalyst, which shows itself a great affinity towards
nanostructured silicon. The latter entraps intermediate metal oxidation states (metal(I) species)
as silicides.

In this hypothesis, if catalytic metals undergo a series of reaction and re-deposition cycles within
the micro-channels, this could amplify the catalytic properties of MeNPs, as schematized in Figure 9.

Besides chemical speciation of the active species by XPS technique, we obtained also precise
indications on the heterogeneous nature of catalytic process from the studies of the solution activity
after the separation of the silicon wafer catalyst (namely the hot filtration test). Thus, the model
reaction between iodobenzene and butylamine was stopped after 3 h and the catalyst was removed
with tweezers. The remaining liquid phase was re-heated for 5 h at 110 ◦C. After that time the
GC analysis showed 37% conversion of iodobenzene, which corresponds to the yield of N-phenyl
butylamine. The obtained yield was comparable to that obtained after 3 h (35%) and significantly
lower than that noted after 8 h (96%, Table 2) of the catalytic reaction.

Considering the results of the XPS analyses, from which Cu(I) or Au(I) emerged as the dominant
species on the NPs surface (mainly as “silicide”), taking into account the performed hot filtration tests
and the composition of the obtained products, a plausible mechanism for the coupling of iodoarenes
can be proposed (Figure 10).

The oxidative addition of Cu(I) to iodobenzene followed by nucleophilic attack of the amine onto
the σ-aryl copper complex intermediate results in formation of the direct Caryl–N coupling product,
N-alkylaniline (path 1).
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Figure 8. (a) Au4f XP region relevant to used AuNPs@SiNWs (the dashed line corresponds to Mg2s
signal, due to contamination); (b) Cu2p3/2 XP region relevant to used CuNPs@SiNWs (the vertical line
indicates the position of the main component).
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Alternatively, under CO pressure, migratory insertion of CO leads to the σ-acyl copper
intermediate (path 2), which evolves towards the aminocarbonylation product N-alkyl benzamide.
At the presence of higher CO pressures, the σ-acyl copper intermediate experiences a further migratory
insertion of CO leading to the dicarbonylation by-product, α-ketoamide (path 3). It can be assumed
that in the case of gold based nanocomposite (AuNPs@SiNWs) pathways (2) and (3) are inibited
due to the slow rate of CO migratory insertion step. Therefore, the direct C–N coupling (path 1) is
solely observed.
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4. Conclusions

In summary, silicon nanowires are well-known and powerful substrate supports for metal
nanocatalysts. In this paper, we reported (for the first time) that the use of pulsed laser ablation
technique for anchoring Cu- and Au-NPs on SiNWs enables these hybrid nanomaterials to act as
superior heterogeneous catalysts.

The advantages that can be reached are summarized below:

(i) an unexpected activity for some chemical transformations like Caryl–N couplings and subsequent
carbonylations that have no precedents in the literature for gold and copper catalysts, respectively;

(ii) an extraordinary activity, attested by the very high TON values (about ten up to hundred times
higher than those of the most commonly used catalysts (Figure 5)), surely due to the uniform
coverage along the NW length and absence of the chemical shell surrounding the MeNPs;

(iii) a high recyclability, with more than ten recycling runs occurring with limited loss of activity,
which can be ascribed to two main effects: (a) the high availability of MeNPs all over the length of
NWs, notwithstanding the initial depletion in the upper layer of wires, and (b) the strong covalent
interaction at the Me–Si interface by virtue of metal “silicides” formation. This confines the metal
catalyst to the voids among the wires, transforming them into “micro-reactors” (Figure 9).

All these gains bring significant benefits in terms of efficiency and eco-sustainability to the
investigated processes of C–N couplings and nitroarenes reductions. They also allow for easy
fabrication of SiNW-supported metal nanoparticles with excellent characters, giving them potential
use for many applications as multifunctional, high-performance catalysts.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/2/78/s1:
XPS analyses, Optimization of Caryl–N coupling conditions, Evaluation of TON and TOF values. MS data of
reaction products.
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