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Abstract: Rhenium nanoparticles (Re NPs) supported on Norit (activated carbon—C) and graphene
(G) were prepared by a solvothermal method under microwave irradiation (MW). The synthesised
heterogeneous catalysts were characterised and tested as reduction and oxidation catalysts, high-
lighting their dual catalytic behaviour. In the first case, they were used, for the first time, to reduce
4-nitrophenol, in aqueous medium, under MW irradiation. Re catalysts were easily recovered by
centrifugation and recycled up to six times without significant activity loss. However, the same
Re catalysts in MW-assisted oxidation of 1-phenylethanol with no added solvent experienced a
significant loss of activity when recycled. The higher activity of the rhenium nanoparticles supported
on graphene (Re/G) catalyst in both reactions was assigned to the higher dispersion and smaller
particle size of Re NPs when graphene is the support.

Keywords: microwaves; rthenium; catalysis; oxidation; nanoparticle; graphene; activated carbon;
1-phenylethanol; reduction; 4-nitrophenol

1. Introduction

Most of the reported preparation methods for immobilised metal catalysts require
treatment of the supports and the use of solvents. In addition, there is the usual diffi-
culty of controlling the preparation steps and obtaining highly dispersed catalysts. The
microwave-assisted (MW) method [1], which is often more environmentally friendly than
wet preparation methods as it exhibits better heat transfer effect than conventional meth-
ods [2], has been reported by several authors for the synthesis of supported catalysts [3].

Many industrial catalysts are formed with expensive transition metals dispersed in
inexpensive, high-area porous substrates. Supported metal catalysts can be dispersed into
nano-sized clusters to improve the efficiency of catalytically active atoms. If the cluster
size is small enough, most atoms that are on the surface are accessible to reactants and
available for catalysis [4]. Since low-coordination or unsaturated atoms often work as active
sites, small size clusters of atoms, whenever possible, are highly desirable for catalytic
reactions [5].

Rhenium is a very promising element to be used as a versatile catalyst. Apart from
bare metal, rhenium nanoparticles (Re NPs) can serve as catalysts when supported on
polymers [6], in DNA scaffold [7], carbon [8], y-Al,Os [9], etc. For example, Ni et al.
successfully prepared supported rhenium catalysts by the microwave-assisted thermolytic
method, and the as-prepared catalysts showed good catalytic properties in the hydrogena-
tion of cinnamaldehyde [10]. The hydrogenation of succinic acid over supported rhenium
catalysts, prepared by the same method, was already performed efficiently [11].

4-Nitrophenol (4-NP) is an important secondary product obtained from the pharma-
ceutical industry, synthetic dyes, pesticides and herbicides. It is recognized as a hazardous
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product and its removal from the environment is a mandatory objective due to its toxicity to
human and animal blood, as well as to various organs [12-14]. Therefore, its catalytic reduc-
tion with different NPs has been the subject of on-going research [15-17]. The conversion
of a nitro group to amino is mainly achieved by treatment with various reducing reagents,
such as NaBHjy [18], Hp and CO gas [19], NoHy [20], ammonia-borane (NH3;BH3) [21] or
triethylsilicon hydride (Et3SiH) [22], under acidic/ neutral /basic conditions.

Among the above-mentioned reducing agents, NaBH, is often used as a mild and
selective one, providing a favourably economic option for reduction reactions under normal
pressure and room temperature in the presence of transition metal catalysts [23].

The reduction of 4-NP to 4-aminophenol (4-AP) is a six-electron process with a 44 k]
mol ! activation energy. Due to the high activation energy, this reduction with NaBH,
requires the use of a catalyst to aid in the production of an active hydrogen source [24].

On the other hand, this reaction can occur at room temperature/pressure and using
water as solvent. Since 4-NP has a light-yellow colour and 4-AP is colourless, this reaction
can be quantitatively monitored by ultraviolet—visible light (UV-vis) spectrophotometry.
The large excess of NaBH4 used makes the reaction follow pseudo first-order kinetics [25,26].
Studies have been extensively reported for nanoparticles, such as supported palladium
NPs, but rarely on supported Re NPs.

Rhenium complexes have become relevant catalysts in the oxidation of various organic
compounds, such as olefins [27], ketones [28,29] and alcohols [30]. High valent oxo-rhenium
complexes have also been successfully used in the activation of C-H bonds of aromatic
and saturated hydrocarbons [31-38]. Molecular oxygen or peroxides are often preferred as
oxidising agents. The first, employed by enzymes in biological processes, represents the
greenest choice; however, its application in laboratory reactions is not easily controllable,
not infrequently resulting in overoxidized products. In addition, the low toxicity and
low /moderate cost of peroxides such as hydrogen peroxide or tert-butyl hydroperoxide
(TBHP), and the nature of their by-products (water and alcohol, respectively), make them
sustainable reagents [28,39].

Regarding the reaction medium, recently the progressive growth of awareness of envi-
ronmental issues has stimulated remarkable efforts toward the use of green solvents [40]
including water, or the achievement of solvent-less conditions.

In this work, supported rhenium nanoparticles (Re NPs) were prepared by a mi-
crowave (MW)-assisted method, and their catalytic activity was investigated under MW
irradiation, in aqueous media, for the reduction of 4-nitrophenol (4-NP) to 4-aminophenol
(4-AP), and under solvent—free conditions for the oxidation of 1-phenylethanol to ace-
tophenone. The textural and structural properties of the supported Re catalysts were
characterised and discussed along with their catalytic performance and the kinetics of the
catalysed reduction reaction.

2. Results and Discussion
2.1. Characterization of Re/C and Re/G Catalysts

In this work, supported rhenium catalysts were prepared with the MW-assisted
thermolytic method by using decacarbonyldirhenium [Re;(CO)q0] as a precursor. The
chosen supports were Norit (C) and graphene (G), tried herein for the first time with a Re
precursor, leading to Re/C and Re/G, respectively. The chosen MW methodology was
effective in the incorporation of Re amounts very close to the theoretical (1 wt.%) loadings
(0.97 wt.% for Re/C and 0.99 wt.% for Re/G), as determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) (see Section 3).

The textural and structural properties of the catalysts were characterised and associ-
ated with their catalytic performance in the reduction of 4-nitrophenol and the oxidation of
1-phenylethanol.

The structural characterization based on powder X-ray diffraction patterns reveals
that Norit and graphene present two peaks at 26 = 24.6° and 44.6°, which can be attributed
to the amorphous graphitic carbon (002) and (100), respectively (Figure 1a) [40].



Catalysts 2022, 12, 285

3of 14

O,N

Intensity (a.u.)

Intensity (a.u.)

20

(a) (b)

Figure 1. Powder X-ray diffraction (XRD patterns of (a) the initial supports Norit (lower) and
graphene (upper), and (b) supported Re NPs in Norit (Re/C—lower) and graphene (Re/G—upper).

According to standard X-ray diffraction patterns (JCPDS no. 05-0702), diffraction
peaks at 20 = 42.9, 40.5 and 37.6° should be observed in these catalysts, which were indexed
as the (101), (002) and (100) planes of metallic Re. However, Figure 1b reveals that no
discernible characteristic diffraction peak due to metallic Re was observed apart from the
diffraction peaks of active carbon. This indicates that the rhenium particles are too small
to be resolved (less than 4 nm, see below microscopic characterization) and/or highly
dispersed on the surface of the carbon material. In addition, the characteristic diffraction
peaks of Re are close to that with higher 20 of active carbon, which would lead to the
covering of the Re peaks. Similar difficulties were reported by Xin Di et al. [11] for their
carbon supported Re NPs formed under MW irradiation.

To further investigate the structure and composition distribution of our C-supported
Re materials, scanning electron microscopy (SEM), transmission electron microscopy (TEM)
images and energy dispersive spectroscopy (EDS) spectrums of Re/C, Re/G and respective
supports were obtained. SEM images of Norit and graphene (Figure 2a,b respectively)
show a remarkable difference in the morphology of the two carbon types. The TEM image
(Figure 2c) confirmed the presence of the Re nanoparticles exhibiting their non-symmetrical
shapes with a particle size ranging from 1 to 4 nm. Thus, the catalysts prepared by MW
irradiation showed better dispersion and smaller particle size than other C-supported Re
catalysts. This behaviour was previously found by Xin Di et al. [11]. However, one should
be careful with the duration of the MW irradiation, as for longer irradiation times, the
agglomeration of particles takes place, likely as a result of the extra energy provided by the
MW irradiation.

2.2. Reduction of 4-Nitrophenol Using Re/C and Re/G Catalysts

The reduction of 4-NP to 4-AP, catalysed by Re/C and Re/G catalysts (Scheme 1), was
monitored by UV-Vis spectroscopy (Figure 3).

OH  NaBH: OH
—

MW,-Re-Cat
HoN

Scheme 1. Reduction of 4-NP to 4-AP.
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Figure 2. SEM, TEM images and EDS. (a) SEM image of Norit; (b) SEM image of graphene; (c) TEM
image of Re NPs on a sheet of graphene (red circles highlight the Re NPs).
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Figure 3. Reduction of 4-NP to 4-AP (a,c) Monitoring UV-Vis absorption spectra (2 min intervals)
for the catalytic reduction of 4-NP using supported Re nanoparticles (Re/C and Re/G, respec-
tively). (b,d) Absorption dependence on time. Conditions: 15 W power, [4-NP] = 7.5 x 1073 M;
[NaBH4] = 0.169 M; n Re/C =n Re/G = 0.2 pumol of Re immobilized at the carbon support; T = 50 °C.
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The 4-NP solution exhibits a clear absorption maximum at A = 380 nm; however, the
peak shifted to A = 400 nm immediately after the addition of NaBH4 solution [41]. The
resulting colour change to bright yellow was due to the formation of a 4-nitrophenolate ion
(4-NP~) [41]. The maximum absorption peak at A = 400 nm did not change over time, even
with an excess of NaBHy, and small bubbles of H, gas were generated from the reduction
of NaBH, with water according to Equation (1) [41]:

NaBHj + 2 H,O — NaBO, + 4 H, )

The reduction of 4-NP (E® = —0.76 V) by NaBHy (E® = —1.33 V) is thermodynamically
feasible, but kinetically restricted in the absence of a catalyst [41,42] in aqueous NaBHy,.
Our results confirm that the reaction does not proceed in a pure aqueous NaBHj4 solution.

The addition of catalyst to the reaction mixture led to the decrease in the peak intensity
of the 4-nitrophenolate ion with the appearance and growth of the absorption peak of
4-aminophenol at 300 nm. The observation of isosbestic points demonstrates that no side
products were produced. Figure 3b shows the absorption dependence at the wavelength of
400 nm over time for the reduction of 4-nitrophenolate ions. In the present catalytic system,
contrary to what was observed by other authors [41], no induction time was noticed. Such
a reported induction period was linked [41] to the level of dissolved oxygen in the reaction
medium, [42-46] and it ended once the level fell below a critical value that was dependent
upon the metal nanoparticles used as the catalyst.

The linear fitting of In(A/Ag) versus time follows pseudo first-order kinetics. The
apparent kinetic rate constant (ksyp) was determined from linear regression using the

Equation (2):
A C

where A is the initial absorbance, and A is the absorbance of the 4-nitrophenolate ion at ev-
ery time point. Cy is the initial concentration, and C is the concentration of 4-nitrophenolate
ion [4NP] in the reaction medium, and t is the reaction time. According to the slope, the
apparent rate constant values are presented in Table 1.

Table 1. Catalytic performance * of Re/C and Re/G as a function of catalyst amount and temperature.

Entry Catalyst Cat. Amount ” T kapp x 10 [4NP] x 10°

(umol of Re) (°C) (s (M)

1 02 25 1.34 3.36

2 0.02 1.47 3.10
Re/C

3 0.2 50 1.37 3.30

4 0.02 1.58 291

5 02 . 1.36 3.32

6 0.02 1.53 2.99
Re/G

7 02 50 1.45 3.14

8 0.02 1.62 2.84

? Conditions: 15 W power, reaction time up to 30 min. [4-NP] =7.5 x 1073 M; [NaBH,] = 0.169 M. ¥ Molar amount
of Re supported at the carbon material (graphene or Norit).

The bare Norit and graphene showed no catalytic activity for the reduction of 4-NP to
4-AP and only trace amounts of 4-AP were detected over a reaction time of 30 min (Table S2,
entries 1 and 2, ESI). In addition, the same reaction was attempted using the rhenium NPs
precursor [Re;(CO)p] as the catalyst, but no conversion of 4-NP was observed. A possible
explanation for the catalytic inactivity of the Re compound is its insolubility in water [41],
which impaired its action in the reduction reaction in the used aqueous efficiency. Attempts
to further increase the amount of catalyst used in the reaction were not successful since the
amount of carbon present prevented the observation of clear UV spectra.
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The different electron transfer kinetics that occurs in the carbon materials could be
possibly ascribed to the synergetic effects of the surface chemistry (e.g., C/O ratio, presence
of functionalized groups, surface charge, or surface cleanness) and conductivity of the
materials. A main difference between Norit and graphene is that graphene (with a single
thin layer 2D film of carbon) has a greater surface area than Norit [47], leading to a better
dispersion of the nanoparticles. This explains the difference in their activity.

Recycling of the catalysts Re/C and Re/G was performed by recovering them by
centrifugation, filtration, washing and drying prior to a new use. After the 6th cycle
(Figure 4 for Re/G catalyst), the conversion decreased, most likely due to leaching of
rhenium from the carbon support.

80.0

70.0
60.0
50.0
40.0
30.0
20.0
10.0
1 2 3 - 5 6 7

Conversion of 4-NP-

0.0

Numberof cycles

Figure 4. Recycling studies for the reduction of 4-NP to 4-AP, using Re/G as catalyst (0.2 pmol
of Re immobilized at the carbon support; T = 50 °C; 15 W power; [4-NP] = 7.5 x 1073 M;
[NaBHy4] = 0.169 M.

A comparison with previous studies shows that our highest value of kg, which is
for Re/G (entry 8, Table 1), is much lower than those for Re/OMC (ordered mesoporous
carbon), ca. 0.15 s~1[7], for similar amounts, and slightly lower than those for other carbon
matrix-supported Ag NPs, ca. 5.3 x 1073 s~! [8]. However, for all our catalysts, it surpasses
those of Re nanoclusters (0.06 min~!) [8].

2.3. Mechanistic Considerations

The kinetic investigation of this reaction suggests that both reactants (BH;~ and
4-NP) adsorb on the surface of Re NPs, and the reaction can be modelled through the
Langmuir-Hinshelwood mechanism [26]. For the first step of this proposed mechanism,
4-NP molecules are converted to 4-nitrophenolate ions (4-NP ™) in the presence of NaBHy4
with the formation of Hy (Equation (1) and Scheme 2). The interaction of borohydride
with the catalyst would also provide the necessary hydrogen for the reduction of 4-
NP [24]. Active hydrogen atoms can also be formed on the surface of the nanocomposite,
due to reduction of water [25]. 4-Nitrophenolate ions are adsorbed on the surface of the
catalyst and reduced to 4-nitrosophenol as an intermediate, which is further reduced
to 4-(hydroxylamino)phenol as stable intermediate. Further reduction and product
removal from the surface of the nanocomposite provides the free NP surface for the
catalytic cycle.
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Scheme 2. Proposed 4-NP reduction mechanism using NaBH} as the reducing agent—Reproduced
from [25], John Wiley & Sons Ltd.: 2017.

Assuming that the borohydride group desorbs irreversibly and does not impact the
reaction rate, and that the reactants sorption and desorption steps are not rate determining,
the kinetic expression can be simplified to a pseudo-first order reaction rate [25].

2.4. Phenylethanol Oxidation Using Re/C and Re/G Catalysts

To evaluate the performance of the above rhenium species in homogeneous and
heterogenous oxidative catalysis, we tested and compared the catalytic properties of the
parent rhenium complex [Re;(CO)qg] with those of the newly synthesized Re/C and
Re/G NPs for the MW-assisted oxidation of 1-phenylethanol to acetophenone (Scheme 3,
Tables 2 and 3).

(0]
t-BuOOH
.
MW, Re Cat
OH

Scheme 3. 1-Phenylethanol oxidation, under MW radiation, catalysed by supported Re NPs (Re/C
and Re/G).

The reactions were performed using TBHP as the oxidizing agent and MW heating
which had been successfully employed in previous studies [42-46]. The heterogeneous
catalysis was performed under the best conditions (50 °C and 60 min, entry 9 of Table 2)
obtained in the homogeneous studies, for comparative purposes. In addition, reactions
conducted with the supports (only) as possible catalysts did not lead to any significant
amount of product (see Table S2, ESI).
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Table 2. MW-assisted oxidation of 1-phenylethanol catalysed by [Re;(CO);9] (homogeneous
conditions) 7.

Entry Cat. Amount Temp. Time Yield b TON ¢ TOF 4
(umol of Re) °C) (min) (%) (h=1

1 0 50 60 0.9 - -
2 2 50 60 44.8 112 x 10° 1.12 x 103
3 10 50 5 9.8 49 588
4 10 50 10 11.3 57 339
5 10 50 15 12.9 65 258
6 10 50 30 72.5 363 725
7 20 35 30 10.7 27 54
8 20 50 30 65.0 163 325
9 20 50 60 98.8 247 247
10 20 80 30 15.2 38 76
11 20 80 60 57.2 143 143

? General reaction conditions: 15 W power, TBHP (10 mmol), 1-phenylethanol (5 mmol). b Yield (%) = moles of
product(s) per 100 moles of substrate. © Turnover number (TON) = moles of product(s) per mole of Re. 4 Turnover
frequency (TOF) = TON/reaction time.

Table 3. MW-assisted oxidation of 1-phenylethanol in heterogeneous conditions (catalysed by Re/C
or Re/G)“.

Entry Catalyst Cat. Amount Yield TON ¢
(umol of Re) (%) or TOF (h—1)¢
1 0.02 54.3 1.36 x 10°
2 Re/G 2 30.6 765
3 20 20.8 52
4 0.02 43.7 1.09 x 10°
5 Re/C 2 22.4 560
6 20 18.1 45

* General reaction conditions: 15 W power, 50 °C, 60 min of irradiation, TBHP (10 mmol), 1-phenylethanol
(5 mmol). ? Yield (%) = moles of product(s) per 100 moles of substrate. © Turnover number (TON) = moles of
product(s) per mole of supported Re catalyst. ¢ Turnover frequency (TOF) = TON/reaction time.

For the same metal catalyst loading, the homogeneous conditions led to better results
than the heterogeneous ones, in terms of yields. TONSs, on the other hand, when applied to
0.02 pumol of Re, were proven to be significantly higher on the heterogeneous case. This
is possibly due to the higher activity of the loaded rhenium present at the surface of the
catalyst. Therefore, the surface can have an important role, since the 2D surface of graphene
can have a stabilising effect on the nanoparticles, making them more accessible and reactive.
Increasing the amount of catalyst, in the heterogeneous case, leads to a decrease in yield,
in contrast to what occurs in the homogeneous catalytic system. Increasing the amount
of metal catalyst in the heterogeneous case requires the use of a larger amount of support
which can affect the catalytic activity of the system.

Recycling experiments for Re/G were carried out, but the best results, reported in
Table 4, are not as good as in the homogeneous system. This could be due to the following
reasons: (i) the formation of rhenium oxide at the surface of the supported catalysts, that
would decrease their activity; or (ii) the occurrence of lixiviation of Re NPs from the support
surface, leaving less or no metal available for the catalytic cycle.

The ICP-AES analysis of the recovered catalysts after the second consecutive run has
shown that no rthenium remained in the sample, which indicates that the type of interaction
between Re NPs and both carbon supports is weak.
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Table 4. Recycling studies ? of Re/C or Re/G as heterogeneous catalysts for the MW-assisted
oxidation of 1-phenylethanol to acetophenone.

Entry Catalyst Yield © (%) TON € or TOF (h-1) 4
1 30.6 765
2 Re/G 6.3 158
3 0.5 13
4 224 560
5 Re/C 2.6 65
6 0.6 15

? General reaction conditions: 15 W power, 50 °C, 60 min of irradiation, catalyst (2 umol of Re immobilized at the
carbon support), TBHP (10 mmol), 1-phenylethanol (5 mmol); b Yield (%) = moles of product per 100 moles of
substrate. ¢ Turnover number (TON) = moles of product per mole of supported Re catalyst. ¢ Turnover frequency
(TOF) = TON /reaction time.

In addition, only traces of acetophenone were found in a run performed with the
filtered solution from the first cycle performed in conditions of entry 1 of Table 3, taken to
dryness, to which new standard portions of all other reagents were added. This suggests
the formation of Re inactive species upon the release from graphene.

Oxidation of 1-phenylethanol by rhenium complexes is a virtually unexplored area,
to the best of our knowledge. Although oxidation of alcohols catalysed by rhenium has
been reported previously, no direct comparison can be made with our values, in view of
the different types of catalysts and conditions that were used. In fact, some oxo-rhenium (V
and VII) complexes using bis(4-chlorophenyl) sulfoxide as oxidant, in refluxing toluene,
catalysed the oxidation of primary and secondary alcohols in high yields (up to 94%)
using 10% molar load of Re, for a reaction time interval of 17-24 h, attaining a maximum
TON value of 10 for 17 h of reaction time [41], which indicates a less active catalyst that
ours. Among the secondary alcohols, derivatives of 1-phenylethanol (bearing strong
electron-withdrawing substituents) were used as substrates, but not the unsubstituted
1-phenylethanol itself [46].

Bipyridine iron complexes were reported [48] to catalyse the oxidation of 1-phenylethanol
with hydrogen peroxide in water, using either microwave or conventional heating. For
the reaction time of 30 min and at 100 °C, the maximum yield (82%) was obtained by
adding an acidic buffer to the acetonitrile solvent, and values of TON of 82 and TOF of
164 h~! were achieved, which are lower than ours (although for 1 h but at a lower temper-
ature). The oxidation under microwave irradiation of 1-phenylethanol using an iron(II)
tris(pyrazolyl)methane catalyst supported at different carbon materials (functionalized
multiwalled carbon nanotubes or nanodiamonds) has been studied [49-51], and the cata-
lyst was shown to undergo recycling without losing its high catalytic activity. The carbon
supports and the catalyst were quite different from those of the current work. For 5 umol
of supported catalyst on multiwalled carbon nanotubes, a maximum TON of 1182 was
achieved for 0.5 h of reaction time [49], thus indicating a high catalytic activity. For the
same Fe catalyst supported on nanodiamonds, a 97% yield of acetophenone and a TOF of
9.7 x 102 h~! were obtained after 1 h of MW irradiation (25 W) at 80 °C [51], i.e., at higher
power and temperature than those in the current work.

3. Materials and Methods

All reagents were purchased from Sigma-Aldrich (Munich, Germany) and used as
received. Solvents were purified, when necessary, by standard methods and freshly distilled
under dinitrogen immediately prior to use. The graphene was prepared and characterized
according to a published method [12].

The synthesized graphene and the rhenium NPs supported on the carbon materials
(Norit and graphene) were characterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM), energy dispersive spectroscopy (EDS) and transmission electron mi-
croscopy (TEM). Morphology and distribution of the support and the catalysts were char-
acterized using a SEM (JEOL 7001F with Oxford light elements EDS detector and EBSD
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detector, JEOL, Tokyo, Japan). X-ray diffraction spectra were obtained at a Bruker D8
ADVANCE Powder Diffractometer (Bruker Corporation, Billerica, MA, USA), with Cu
radiation in a Bragg Brentano geometry. The rhenium content of supported catalysts was
analysed by inductively coupled plasma atomic emission spectroscopy (ICP-AES) carried
out by Laboratério de Analises of IST using an ICP-AES model Ultima (Horiba Jobin-Yvon,
Kyoto, Japan) apparatus, before and after the catalytic reactions.

Catalytic reactions under microwave (MW) irradiation were performed in a focused
Anton Paar Monowave 300 reactor (Anton Paar GmbH, Graz, Austria) fitted with an IR
temperature detector, and a rotational system, in a Pyrex cylindrical tube (10 mL capacity,
13 mm internal diameter). UV measurements were performed in a Lambda 35, Perkin
Elmer (Waltham, MA, USA). Gas chromatographic (GC) experiments were run at a FISONS
Instruments GC 8000 series gas chromatograph equipped with a flame ionization (FID)
detector and a capillary column (DB-WAX, column length of 30 m; column internal diameter
of 0.32 mm) and run by the software Jasco-Borwin v.1.50 (Jasco, Tokyo, Japan). He was
the carrier gas. The temperature of injection was 240 °C. After injection, the reaction
temperature was maintained at 140 °C for 1 min, then raised, by 10 °C/min, to 220 °C
and held for 1 min at this temperature. All products were identified by comparing their
retention times with known reference compounds.

3.1. Catalyst Preparation

Supported rhenium catalysts were prepared according to the microwave-assisted ther-
molytic method described by Di et al. [11], by using decacarbonyldirhenium [Re;(CO)1]
as a precursor. In a brief description, the [Re;(CO)qp] and the carbon material (Norit or
graphene) were simultaneously added into an agate mortar and then mechanically mixed
for 30 min. The homogeneous mixture was transferred into a borosilicate tube reactor,
which was then placed in a microwave reactor. The homogeneous mixture was set at 800 W
power for 1 min and then kept at 100 W for 4 min. Finally, the reaction mixture was cooled
to room temperature.

3.2. Catalytic Reduction of 4-Nitrophenol

The catalytic reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) in the presence
of Re/G or Re/C and sodium borohydride as a reductant was previously described [52-54].
Briefly, the UV absorption measurements were performed in a 3 mL quartz cell. The
solutions of 4-NP and NaBH,4 were freshly prepared before each measurement, without
purging with N [55]. In a typical experiment, 30 uL of 4-NP (7.5 x 10~3 M) solution
were added to the reaction medium (2.8 mL of water) with 200 uL of sodium borohydride
solution (0.169 M); the ratio of sodium borohydride to 4-NP concentration in the medium
was equal to 150. Under these conditions, all 4-NP was transformed into 4-nitrophenolate
(4-NP~) which was detected at A = 400 nm. Then, 0.02 or 0.2 umol of Re/C or Re/G (the
molar amount refers to Re) were added to the solution. Immediately after the addition of
the catalyst, time-dependent absorption spectra were recorded at 2 min intervals for two
temperatures (35 and 50 °C). The reaction was stopped when the absorbance of 4-NP~ did
not change with time.

3.3. Microwave-Assisted Oxidation of 1-Phenylethanol

In general, the reaction mixtures were prepared as follows: 2-20 umol of rhenium
catalyst (molar amount refers to rhenium for both the homogeneous and the heterogeneous
catalysts) were added to 605 pL (5 mmol) of 1-phenylethanol (substrate) and 1380 pL
(10 mmol) of tert-butyl hydroperoxide (TBHP, 70% aqueous solution, oxidant). All reactions
were run in an added solvent-free system. The focused MW irradiation of the reactional
mixture was performed with stirring for 5-60 min at the desired temperature (from 35 to
80 °C). After the reaction, the mixture was cooled to room temperature.

The Re NP-supported catalysts were easily separated from the liquid by centrifugation
and filtration, to prepare the samples for GC analysis. The remaining steps are identical
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for both types of catalysis (supported and homogeneous). Acetonitrile (1 mL) and the
internal standard (nitromethane, 50 pL) were added. The obtained mixture was stirred
for 5 min and then a sample (1 puL) was taken from the organic phase and analysed by
GC. Reactions without catalyst and without oxidant were performed for comparison.
Recyclability of the carbon-based catalysts was investigated through their recovery and
reuse in consecutive catalytic cycles. A new cycle was initiated after the previous one by
addition of new portions of substrate and oxidant. Catalyst recovery was achieved by
centrifugation followed by filtration (as above). The products were analysed as above
after completion of each run. Rhenium leaching from the carbon support was evaluated
throughout the determination of the rhenium content of the recovered solid by ICP-AES
before and after reactions.

4. Conclusions

Herein the catalytic activity of synthesized Re NPs immobilized at carbon-based
supports (Norit and graphene) was assessed for (i) the formation of 4-aminophenol by
reduction 4-nitrophenol, and (ii) the production of acetophenone by oxidative conversion
of 1-phenylethanol. For both supported Re catalysts, a small size of Re NPs was achieved,
using a simple and fast (5 min) MW-assisted method.

The reduction of 4-nitrophenol to 4-aminophenol was achieved in 30 min, with con-
versions higher than 80%, and the Re/G catalyst was recycled and reused up to six times
with no evident loss of activity. For the 1-phenylethanol oxidation, TONs up to 1.3 x 10°
were achieved for Re/G, but its recycling was not possible, due to the occurrence of severe
leaching from the carbon support in the oxidative medium. The higher activity of the Re/G
catalyst, in both reactions, was attributed to the higher dispersion and smaller particle size
of Re NPs when graphene was used as support.

The study shows that Re NPs can act as catalysts for both reduction and oxidation
reactions, an unusual type of dual catalytic behaviour.

Moreover, to our knowledge, this is the first time that this type of comparative study
between the catalytic activity of Re NPs in different carbon supports, for the same model
reactions, is reported. Further oxidation reactions and substrates are planned to be tested.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal12030285/s1, Figure S1. EDS spectrum of Re/G; Table S1—Catalytic performances
of Re/C and Re/G as a function of catalyst load and temperature; Table S2—Oxidation of 1-
phenylethanol in heterogeneous conditions. Ref. [56] is cited in Supplementary Materials.
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