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Abstract: Rhodium (Rh) nanoparticles were embedded in the mesopores of TUD-1 siliceous material
and denoted as Rh-TUD-1. Five samples of Rh-TUD-1 were prepared with different loadings of Rh
that ranged from 0.1 to 2 wt% using the sol-gel technique. The prepared samples were characterized
by means of several chemical and physical techniques. The obtained characterization results show
the formation of highly distributed Rh0 nanoparticles with an average size ranging from 3 to 5 nm
throughout the three-dimensional silica matrix of TUD-1. The catalytic activity of the prepared
catalysts was evaluated in the solvent-free hydrogenation of cyclohexene to cyclohexane at room
temperature using 1atm of hydrogen gas. The obtained catalytic results confirm the high activity of
Rh-TUD-1, in which a turn over frequency (TOF) ranging from 4.94 to 0.54 s−1 was obtained. Moreover,
the change in reaction temperature during the reaction was monitored, and it showed an obvious
increase in the reaction temperature as an indication of the spontaneous and exothermic nature of the
reactions. Other optimization parameters, such as the substrate/catalyst ratio, and performing the
reaction under non-ambient conditions (temperature = 60 ◦C and hydrogen pressure = 5 atm) were
also investigated. Rh-TUD-1 exhibited a high stability in a consecutive reaction of five runs under
either ambient or non-ambient conditions.
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1. Introduction

The catalytic hydrogenation of double bonds in alkenes is an essential process for both fundamental
and applied studies on hydrocarbon conversion chemistry and other chemical industries [1–3].
The hydrogenation reactions of cycloalkenes have been widely used as model reactions for fundamental
investigations of catalysis and examining the catalytic activity of newly developed heterogeneous
catalysts [3,4]. Cyclohexane, the product of cyclohexene hydrogenation, is a critical intermediate in the
nylon industry [5,6]. Therefore, the hydrogenation of cyclohexene is well-studied in the liquid phase at
ambient conditions using homogeneous catalysts such as Wilkinson-type catalysts and other transition
metal complexes [7,8]. However, due to environmental and economic concerns, heterogeneous catalysis
is of great interest in industrial applications. Therefore, the hydrogenation of cycloalkenes has been
widely studied using supported noble metals and metal oxides [9–11].
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Catalytic hydrogenation is a bimolecular reaction in which hydrogen and unsaturated alkenes
are expected to be adsorbed onto the catalytic surface. Therefore, conducting the hydrogenation of
cycloalkenes in a heterogeneous catalytic system makes it susceptible to several variables, some of
which are related to the catalytic materials, such as the metal type and form, the metal loading,
and the type of support. Noble metals have shown a high activity in heterogeneous hydrogenation
reactions. However, for improved activity as well as economic reasons, structurally defined and highly
dispersed metallic nanoparticles on proper support with a high surface is an attractive alternative to
bulk metal catalysts.

The use of supported noble metal nanoparticles in the hydrogenation of cyclohexene attracts
interest, however it has not been deeply investigated. Few bio-based supports were used to
accommodate the noble metal nanoparticles. Oliveira et al. [12] used cellulose acetate membranes to
support palladium and rhodium nanoparticles, and the prepared catalysts exhibited a high activity in
cyclohexene hydrogenation. Moreover, Ghadamgahi et al. [13] reported recently the use of palladium
nanoparticles supported on wool in the hydrogenation of cyclohexene under elevated temperature and
pressure. On the other hand, mesoporous silica materials were applied to support the different noble
metal nanoparticles because of their high stability under high pressure and temperature, in addition to
their high surface area and wide pore volume. Feil et al. [14] reported the deposition of palladium
nanoparticles onto SBA-15 mesoporous material, and the prepared catalyst was used to catalyze the
reduction of cyclohexene at an elevated temperature and pressure—i.e., a 75 ◦C and 4 bar hydrogen
gas pressure. Moreover, in a third study Patel et al. [15] reported the use of MCM-41 mesoporous
siliceous material to support palladium nanoparticles together with monolacunary silicotungstate;
the prepared catalyst exhibited a high activity in the hydrogenation of cyclohexene at 80 ◦C and
10 bar of hydrogen gas pressure. Rhodium-based complexes were applied successfully as very active
homogeneous catalysts for cyclohexene hydrogenation [16]. However, limited research was reported
to design a heterogeneous catalyst based on Rh nanoparticles as active sites because of the instability
of Rh nanoparticles, as reported by Philippot et al. [17]. Several trials were reported to overcome
the instability of Rh nanoparticles in hydrogenation reactions, such as the use of microwave in the
synthesis of Rh nanoparticles [18], and the core-shell design with another noble metal such as gold [19].
Therefore, the synthesis of an Rh-based heterogeneous catalyst with a high activity and high stability
represents one of the challenges in the catalysis world.

The team of the current research has established an extended investigation into the solvent-free
liquid-phase hydrogenation of cycloalkenes using metals nanoparticles supported in the three-dimensional
mesoporous silica TUD-1 at ambient conditions [20–22]. Pd-TUD-1 exhibited a superior activity in
the selective hydrogenation of 1,5-cyclooctadiene under solvent-free conditions [21,22]. TUD-1 is a
siliceous mesoporous material which was patented in 2001 by Shan et al. [23]. TUD-1 features its easy
synthetic procedure where no surfactant is needed, which makes it a cost-effective support. Moreover,
TUD-1 possesses a unique siliceous structure different from the conventional mesoporous materials
such as MCM-41 and SBA-15 due to its open and 3D pore system. TUD-1 was used as a support for
different metal ions or oxide particles, such as Au [24], Mo [25], Cr [26], V [27], etc. All the mentioned
catalysts were prepared with different metal loadings using a one-step synthesis procedure without the
use of any surfactant or co-polymer. The prepared catalysts exhibited a high activity in different catalytic
reactions; for example, Au-TUD-1 exhibited a high activity in the aerobic oxidation of cyclohexene [24],
Mo-TUD-1 exhibited a high activity in the epoxidation of cyclohexene [25], Cr-TUD-1 exhibited a superior
photocatalytic activity in the elimination of short-chain hydrocarbons, and V-TUD-1 was used to investigate
the photocatalytic oxidation of cyclohexene by time-resolved ATR-FTIR spectroscopy [27].

In a recent study [20], the current research team reported the preliminary results of the incorporation
of rhodium nanoparticles (≈3–5 nm) into the 3D mesoporous TUD-1, which exhibited a high activity in
the liquid phase conversion of cyclohexene to cyclohexane at room temperature, 1atm H2 pressure,
and under solvent-free conditions. Rhodium nanoparticles exhibited a high stability and reusability
and negligible leaching. Due to the critical role of Rh nanoparticles in these hydrogenation reactions
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and these promising results of Rh nanoparticles at such conditions, further investigation on the
effect of Rh content on the overall activity of this reaction is encouraged. Therefore, in the present
work, five samples of Rh were prepared with different loadings of Rh from 0.1 to 2 wt% using the
sol-gel technique, as reported previously [26,28]. The reduced Rh nanoparticles incorporating TUD-1
were characterized by means of powder X-ray diffraction (XRD), inductive coupled plasma (ICP)
elemental analysis, N2 physisorption, X-ray photoelectron spectroscopy (XPS), and high-resolution
transmission electron microscopy (HR-TEM). Moreover, the catalytic activity of the prepared catalysts
were evaluated in the solvent-free hydrogenation of cyclohexene to cyclohexane under ambient and
non-ambient conditions.

2. Results

2.1. The Composition of the Prepred Catalysts

The amount of Rh in the prepared Rh-TUD-1 samples was calculated using the ICP technique,
and the obtained results are compared with the amount of Rh in the synthesis mixture in Figure 1a and
in Table 1. The obtained results showed that the Rh content % in the final product is very close to the
amount which was added in the synthesis mixture. In other words, all the Rh which was added during
the synthesis was obtained in the final solid product. Hence, this result indicates the high efficiency
and good predictability of the synthesis procedure. Similar results were reported earlier in [25,28].
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Figure 1. (A) Comparison between the Rh% loading in the synthesis gel and in the obtained final solid
product. (B) N2 sorption isotherms for the prepared Rh-TUD-1 samples.

Table 1. The Rh% in the prepared Rh-TUD-1 samples, as obtained from elemental analysis,
compared with that in the synthesis gel. Moreover, the texture properties of the prepared Rh-TUD-1,
as obtained from the N2 sorption measurement.

Samples
Rh Loading (wt %) Texture Properties

Synthesis Gel Final Product Surface Area m2/g Pore Volume cm3/g Pore Size nm

TUD-1 0 0 605.6 0.64 4.2
Rh-0.1 0.1 0.099 614.2 1.33 7.3
Rh-0.5 0.5 0.509 634.3 1.14 6.5
Rh-1 1 0.988 685.9 0.80 5.9

Rh-1.5 1.5 1.44 653.3 0.63 5.3
Rh-2 2 1.94 595.8 0.56 4.8

The mesoporous character of the prepared samples was studied using the N2 sorption technique.
The N2 sorption isotherms are present in Figure 1b. All the prepared samples exhibited type IV isotherm,
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which, according to the IUPAC classification [29], is characteristic of the presence of mesoporous
solid material. Moreover, the histolysis loops in the isotherms changed from type H1 to type H3
with the increasing Rh loading. This can be explained by the partial blocking of the mesopore by Rh
nanoparticles, which increased with increasing the Rh content. Therefore, the pore’s nature changed
from uniform and cylindrical with no intraconnectivity (H1) to non-uniform pores (H3). The pore
volume and pore size were found to be decreased (Table 1) with increasing the Rh content due to the
increase in the Rh nanoparticles inside the pores of TUD-1 (partial blocking). However, there is no
simple trend in the case of surface area; the surface area increased in the Rh-1.5 sample and decreased in
the case of Rh-2, which was most likely due to the total blocking of some mesopores by Rh nanoparticles.
Similar trends were also reported for Fe-TUD-1 [30] and Mo-TUD-1 [25].

The degree of crystallinity of the prepared samples was investigated using the XRD technique
before and after the hydrogenation step of the reduction. The obtained XRD patterns are presented
in Figure 2. All the patterns show a broad band around 23◦–25◦ 2θ, which is characteristic of the
amorphous phase of silica [26]. In Figure 2a, in the patterns before reduction, the peaks of the β-Rh2O3

phase were clearly visible at 24.4◦, 32.9◦, 34.98◦, 44.0◦, 48.77◦, 53.3◦, 57.17◦, 61.57◦, and 67.54◦ 2θ [31],
which match the locations of the rhodium oxide phase in Joint Committee on Powder Diffraction
Standards (JCPDS) card number 76-0148. The presence of these peaks confirms the formation of
rhodium oxide nanoparticles in the as-synthetized Rh-TUD-1 samples. Moreover, after the reduction,
all the patterns (except that of Rh-1) show peaks at 41.16◦, 47.86◦, and 70.17◦ 2θ, which are assigned to
the crystal planes of (111), (220), and (220), respectively. According to the reference of (JCPDS 05-0685),
these peaks are in the exact locations of metallic rhodium (Rh0) particles [32]. Moreover, these peaks
were found to be developed with the Rh content, which is in a good agreement with the elemental
analysis. The change from Rh2O3 to Rh0 can be attributed to the total reduction after the hydrogenation
step and the formation of the desired metallic active sites. Finally, no other crystalline phase could be
observed, as an indication of the high purity of the prepared samples.
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Figure 2. XRD patterns of the prepared Rh-TUD-1 samples: (A) The as-synthetized samples, and (B)
the hydrogenated samples and the formation of the final products.

The morphology of the samples was investigated by SEM. The micrograph of the Rh-1 sample is
presented in Figure 3 (left panel). The obtained micrographs showed that the particles of Rh-TUD-1
have an irregular shape, which is characteristic of the TUD-1 mesoporous material [33]. No other
foreign bulky crystals could be observed, as an indication of the presence of Rh particles inside/outside
the particles in nanosize, and no crystals of Rh are formed outside the framework. Moreover, an EDX
analysis (Figure 3, right panel) showed only the peaks of the Si, O, and Rh elements. No other metals
were determined, as an indication of the high purity of the prepared samples, which is in agreement
with the obtained XRD results.
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1 
 

 

Figure 3. Left panel: The SEM micrograph of the Rh-1 sample. Right panel: the corresponding EDX
analysis, inset: the elemental analysis as obtained from EDX

The distribution of the Rh nanoparticles inside the silica matrix was studied using HR-TEM.
The micrographs of the Rh-1 sample (Figure 4) showed a high distribution of Rh nanoparticles.
Moreover, the size of the nanoparticles was estimated to be 3–5 nm for all the prepared samples.
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Figure 4. HR-TEM micrographs of the Rh-1 sample.

The chemical state of the surface elements in addition to the chemical composition of the catalysts
were investigated using the XPS technique. The obtained results are presented in Figure 5. For all the
samples, the two peaks, which were located at values of about 103.85 and 533.01 eV, were attributed to
Si2p and O1s, respectively, according to previous reports [34,35]. The XPS profile of Rh-TUD-1 shows
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the binding energies of Rh 3d5/2 and Rh 3d3/2 around 307.6 eV and 311.8 eV, respectively, which can be
assigned to the presence of Rh0 as a metallic nanoparticle on the mesoporous surface of Rh-TUD-1
catalyst [36,37]. Besides, the XPS analysis showed also the presence of some surface carbon at 283.6 eV,
which can be related to the incomplete removal of the template during the calcination step.
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Figure 5. XPS analysis for the Rh-1 sample.

2.2. The Catalytic Activity of the Prepred Catalysts

The catalytic performance of the Rh-TUD-1 sample was investigated in the hydrogenation of
cyclohexene to produce cyclohexane as a solo product. The reaction was performed under solvent-free
ambient conditions, room temperature, and 1atm H2 pressure. The obtained conversion as a function
of the reaction time is plotted in Figure 6a. After 120 min, the Rh-2 sample catalyzed the conversion
of almost the entire amount of cyclohexene; the Rh-1.5 sample catalyzed the conversion of 91.3%;
while Rh-1, Rh-0.5, and Rh-0.1 catalyzed the conversion of 78.9%, 47.9%, and 32.3%, respectively.
The obtained results showed a clear trend that cyclohexene conversion is increased by increasing the
Rh content without limitation up to 2 wt%.

The calculated TOF after one hour is presented with the corresponding conversion % in Figure 6b.
The results showed that the Rh-0.1 sample exhibited the highest TOF, in which 4.94 micromoles of
cyclohexene were converted over one micromole of Rh active phase per second. Moreover, Rh-0.5 and
-1 showed a TOF of 1.43 and 0.91 s−1, respectively. Finally, a small difference was obtained between the
Rh-1.5 and Rh-2 samples, where TOF values of 0.69 and 0.54 s−1 were obtained, respectively. This result
can be attributed to the high distribution of Rh nanoparticles inside the TUD-1 sample for the low
loading samples, which gives a high surface area of the Rh nanoparticles in addition to easy access
to/from the Rh0 active sites.
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Figure 6. (A) The conversion profiles of cyclohexene reduction over different Rh-TUD-1 samples within
4 h of reaction. (B) The obtained conversion of cyclohexene and the corresponding TOF (s−1) after 1 h
of reaction.

The change in the reactor’s temperature during the hydrogenation of cyclohexene over different
Rh-TUD-1 samples was monitored. The obtained results are introduced in Figure 7, and show an
obvious increase in the reactor’s temperature as a function of the reaction time. The reported increase
in the reactor’s temperature is increased with the Rh content in the prepared samples. This result
clearly indicates that the hydrogenation of cyclohexene over Rh-TUD-1 is a spontaneous reaction with
an exothermic nature.
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Figure 7. The change in the reactor’s temperature during the hydrogenation of cyclohexene over
Rh-TUD-1 samples as a function of the reaction time.

In order to optimize the ratio of substrate/catalyst, the reactions were performed with different
amount of the Rh-TUD-1 samples, 0.1, 0.25, and 0.4 g for each 25 mL of cyclohexene. The reactions were
performed for one hour and the obtained results are plotted in Figure 8. The obtained data showed
that the conversion of cyclohexene was increased as the amount of catalyst increased, which is valid for
the investigated samples. The increase in the cyclohexene conversion % was not linearly proportional
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to the catalyst amount; this can be attributed to the mass transfer limitation which occurred due to the
increase in the catalyst amount.Catalysts 2020, 10, x FOR PEER REVIEW 8 of 15 
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Figure 8. The cyclohexene conversion % as a function of the catalyst amount for 1 s reaction.

The above-mentioned results were entirely obtained under ambient conditions and without the use
of any solvent. In order to investigate the catalytic behavior of Rh-TUD-1 samples under non-ambient
conditions, the hydrogenation of cyclohexene reactions were performed at 60 ◦C and 5 atm of H2 gas
pressure. The reactions were performed for only one hour, and the obtained results are compared with
those of the reactions which were performed under ambient conditions in Figure 9a. The obtained results
showed that the Rh-0.1 sample was able to convert 82.3% under the non-ambient conditions, which is
almost four times higher than its activity under the ambient conditions. The rest of the Rh-TUD-1 samples
exhibited a 100% cyclohexene conversion with a high TOF (s−1), as shown in Figure 9b.
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Figure 9. (A) A comparison between the catalytic acidity of the Rh-TUD-1 under ambient and
non-ambient conditions. (B) The corresponding TOF (s−1).

The stability of the Rh-2 sample was investigated under ambient and non-ambient conditions in
which the same sample of the catalyst was allowed to catalyze five consecutive reactions of cyclohexene
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hydrogenation. The obtained results are plotted in Figure 10, and showed that the Rh-2 sample was
stable and only a negligible amount of deactivation (<3.5%) could be observed after the fifth run.
Moreover, a leaching study was performed by investigating the amount of Rh either in the dried solid
used catalyst or in the reaction medium using an ICP elemental analysis. Rh nanoparticles were stable
inside the pores of TUD-1, and less than 4% of the total Rh content was lost after the fifth run.
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Figure 10. The activity of the Rh-2 sample in five consecutive runs of cyclohexene hydrogenation under
ambient and non-ambient conditions.

3. Discussion

As shown from the obtained characterization results, the use of TUD-1 to accommodate Rh
nanoparticles has several advantages, which will be presented in this section. The synthesis of
Rh-TUD-1 was performed in a one-step sol-gel procedure using the small-molecule triethanol amine
as a template; copolymer(s) and/or long-chain surfactant(s) were not needed to achieve the desired
structure. TUD-1 accommodated Rh nanoparticles at up to 2 wt% without an aggregation in the Rh
nanoparticles, which reflects the catalytic behavior of the prepared Rh-TUD-1 sample. Moreover,
the three-dimensional open structure of TUD-1 offered high accessibility to the substrates in order
to reach/leave the active sites, and no mass-transfer limitation was observed. Similar results of
the importance of TUD-1 as compared to other mesoporous materials were discussed in [38–40].
Moreover, it is believed that the majority of Rh nanoparticles are located inside the mesopores of
TUD-1, and therefore Rh-TUD-1 exhibited a high stability even under 1000 rpm of mechanical stirring
with a pressure of 5 atm of hydrogen gas.

From the obtained results, it is clearly seen that Rh-TUD-1 exhibited a high activity in the
liquid-phase hydrogenation of cyclohexene under ambient conditions and without the use of any
solvent. For comparison purposes, four other noble metals (with 1 wt% loading, each) incorporating
TUD-1 mesoporous material were tested under the same reaction conditions; the obtained results are
plotted in Figure 11. Gold and silver nanoparticles incorporating TUD-1 did not show any catalytic
activity in cyclohexene hydrogenation. On the other hand, platinum nanoparticles exhibited a 3.2%
conversion, while palladium was able to convert 16.2% of the cyclohexene under ambient conditions.
Rh-TUD-1 exhibited the highest activity, and it was able to catalyze the conversion of 32.3% of the
cyclohexene. These results showed clearly that the combination of Rh nanoparticles as active sites and
TUD-1 as a support for these nanoparticles produced an active, stable, and promising catalyst for the
hydrogenation of cyclohexene.
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Figure 11. Comparison between the activity of different noble metals incorporating TUD-1 in the
hydrogenation of cyclohexene under solvent-less and ambient conditions.

In order to evaluate the obtained catalytic activity during the current study with the other
homogeneous and heterogeneous catalysts, a comparison with the published Rh-based catalysts
was performed. Table 2 lists a comparison of the TOFs (s−1) obtained by different catalytic systems.
The results of the Rh-0.1 sample were chosen for this comparison because it contained the smallest Rh
loading amongst all the Rh-TUD-1 samples. It is obviously clear that the Rh-0.1 sample exhibited the
pest performance either under ambient conditions or under elevated temperature and/or pressure.

Table 2. A comparison between the catalytic activity expressed in the turnover frequency (TOF, s−1) of
the Rh-TUD-1 catalyst and other reported Rh-based homogeneous or heterogeneous catalysts.

Catalyst Type Reaction Conditions TOF (s−1) Ref.

T20-RhCOD Homogeneous Solvent (toluene), 60 ◦C, 10 bar H2 0.094 [16]
RhPVP Homogeneous Solvent-free, 75 ◦C, 6 bar of H2 0.972 [17]
RhPPh3 Homogeneous Solvent-free, 75 ◦C, 6 bar of H2 1.05 [17]

Rh-Au core shell heterogeneous Gas phase, room T ≈7 [19]
Rh/SiO2 heterogeneous Gas phase, room T, 14 KPa H2 1.7 [41]
Rh-0.1 heterogeneous Solvent-free, room T, 1 atm H2 4.94 current
Rh-0.1 heterogeneous Solvent-free, 60 ◦C, 5 atm H2 22.8 current

The obtained results and the comparison with other catalysts clearly show that the Rh-TUD-1
catalyst benchmarked not only the noble metals incorporating TUD-1 but also other reported
homogeneous or heterogeneous catalysts. It is also important that such a high activity was obtained at
room temperature and at 1atm of H2 gas; moreover, no solvent is needed for cyclohexene, and this
adds another advantage to the use of Rh-TUD-1 in hydrogenation reactions.

Over the nanoparticles of Rh0, the hydrogenation reaction can proceed in three main steps:
1—Adsorption: The hydrogen molecules are adsorbed on the Rh nanoparticles, followed by fast
dissociation to form an H-Rh bond. Moreover, the cyclohexene molecules are adsorbed also on the
Rh surface and the double bond cleaves. 2—Reaction: One H will attach to one side of the ex-double
bonded carbon. Then, the second hydrogen atom is added to the second carbon of the ex-double bond
to form the cyclohexane product. 3—Desorption: the formed cyclohexane is desorbed from the Rh
surface and then the surface is clean to start a new reaction. Figure 12 shows a schematic diagram for
the steps of the reaction mechanism.
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4. Materials and Methods

Five samples consist of Rh nanoparticles incorporating TUD-1 mesoporous material with different
Rh loadings. The Rh content in the samples was 0.1, 0.5, 1.0, 1.5, and 2 wt%. The applied synthesis
procedure was based on the sol-gel technique using triethanol amine as a small-size template. The exact
synthesis procedure was adapted by the method developed by Hamdy et al. in [12,16]. In the exact
synthesis procedure, a solution of rhodium (III) nitrate hydrate (Rh(NO3)3·xH2O, Sigma-Aldrich) was
mixed with a dilute solution of triethanol amine (TEA, 97%, ACROS). The resultant solution was added
dropwise to tetraethyl orthosilicate (TEOS, +98%, ACROS) under vigorous stirring at room temperature.
The resulting homogeneous solution/gel was aged at room temperature for 24 h, and then dried at
98 ◦C for another 24 h. The obtained solid was grinded and thermally treated in a 50 mL Teflon-lined
stainless-steel autoclave at 178 ◦C under autogenous pressure for 4 h. The obtained solid was carefully
ground, and then calcined in static air at 600 ◦C for 10 h by applying a heating ramp rate of 1 degree/min.
The synthesis was applied by using the composition ratio of 10SiO2:xRh:5TEAOH:10TEA:200H2O
(where 0.01 < x > 0.2). Finally, the prepared RH-TUD-1 samples were hydrogenated in a tube furnace
at 300 ◦C for 3 h to ensure the reduction of the as-synthetized RhO to Rh0 nanoparticles in the final
products. The obtained materials were stored in clean glass vials and coded as Rh-x, where x is the Rh
content as calculated before the synthesis.

The Rh content in the prepared samples before and after the reactions was performed using the
inductive coupled plasma (ICP) technique over Thermo scientific (Waltham, MA, USA), ICAP 7000
series, part No: 1340910, Qtegra Software (1.3.882.20) (Waltham, MA, USA). Calibration curves
were performed first using standard solutions of rhodium nitrate. The texture properties of the
prepared samples were calculated from the nitrogen adsorption/desorption measurements. The N2

sorption isotherms were collected using a QuantaChrome NOVA 2000e instrument (Quantachrome
Instruments, Boynton Beach, FL, USA). The investigated samples were degassed at 300 ◦C for four
hours to ensure the removal of any volatile residuals from the internal or external surfaces of the
catalysts. The Brunauer–Emmett–Teller (BET) model was used to calculate the total surface area
of the samples. Meanwhile, the pore size distribution was calculated from the adsorption branch
using the Barret–Joyner–Halenda (BJH) model, and the t-plot method was applied to calculate the
mesopore volume. The degree of crystallinity and phase identification was investigated by powder
X-ray diffraction (XRD) using a Schimadzu 6000 DX instrument diffractometer (Shimadzu Corporation,
Kyoto, Japan) equipped with a graphite monochromator using CuK radiation (λ = 0.1541 nm).
The samples were carefully ground, held in an aluminum holder, and screened from 10◦ to 80◦ 2θ.
The morphology of the samples was investigated by scanning electron microscopy (SEM), which was
carried out using Jeol Model 6360LVSEM (JEOL Inc., Peabody, MA, USA). The investigated samples were
coated first with gold, and then micrographs with different magnifications were obtained. Using the
X-ray spectroscopy (EDX) unit which was equipped in the SEM instrument, a semi-quantitative
elemental analysis was performed. The size and distribution of the Rh nanoparticles were observed
using high-resolution transmission electron microscopy (HR-TEM). The study was carried out using a
Philips CM30UT electron microscope (Philips Electronics, Eindhoven, The Netherlands) with a field
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emission gun as the source of electrons, and was operated at 300 kV. The investigated materials were
mounted on a copper-supported carbon polymer grid by placing a few droplets of a suspension of
the ground sample in ethanol on the grid, followed by drying in ambient conditions. The oxidation
state of the different species was investigated by X-ray photoelectron spectroscopy (XPS). The applied
instrument was PHI 5400 ESCA (ULVAC-PHI, Inc., Kanagawa, Japan), equipped with a dual Mg/Al
anode X-ray source, a hemispherical capacitor analyzer, and a 5 keV ion gun. A survey spectrum was
recorded between a 0 and 1350 eV binding energy, using a pass energy of 71.95 eV and a step size of
0.3 eV. The spectra of the separate photoelectron or Auger electron lines were recorded with a pass
energy of 35.75 eV and a step size of 0.2 eV. All the measurements were carried out at room temperature.

The catalytic activity of the prepared samples was investigated in the reduction of cyclohexene
using hydrogen gas as a reducing agent. The reduction of cyclohexene was performed under
solvent-free conditions in ambient conditions—i.e., room temperature and 1 atm of H2 gas—in a stirred
batch Parr reactor with a 300 mL capacity. In an exact experiment, 0.25 g of the carefully ground
catalyst was placed inside the reactor with 25 mL of cyclohexene (≥99%, Sigma-Aldrich). The autoclave
was closed and flushed twice with nitrogen (15 mg/L for 15 min each) and finally pressurized to the
necessary pressure with hydrogen gas. Then, the reaction was vigorously stirred (up to 1000 rpm)
to minimize the external mass transfer limitations. After the reaction time elapsed, the reactor was
flushed with nitrogen and then a liquid sample was withdrawn and filtrated. The concentrations of
cyclohexene and cyclohexane (the product) were analyzed using a SHIMADZU GC-17 instrument
equipped with an RTX-5 capillary column (30 m × 0.25 mm × 0.25 µm) and a flame ionization detector
(FID). All the experiments were performed at least three times, the experimental error did not exceed
±4%, and the reported data is the average of the three experiments. The conversion of cyclohexene
(CXE) was calculated according to the following equation:

Conversion% =
[CXE]0 − [CXE]t

[CXE]0
× 100,

where [CXE]0 is the initial concentration of cyclohexene, [CXE]t is the concentration of cyclohexene at
time (t). On the other hand, the turnover frequency (TOF) was calculated according to the equation:

TOF
(
s−1
)
=

Reacted moles o f CXE
Moles o f Rh× time(s)

.

5. Conclusions

Rh nanoparticles with an average size between 3 and 5 nm were incorporated successfully in
TUD-1 mesoporous silica material in a one-step synthesis. The prepared samples exhibited high activity
in the hydrogenation of cyclohexene to cyclohexane under ambient conditions and without any solvent.
The catalytic activity was found to be increased with the Rh loading, and 100% conversion was obtained
within one hour of reaction. Moreover, controlling the temperature of the reactor gave an indication of
the nature of the reaction, which is a spontaneous and exothermic reaction. Rh-TUD-1 exhibited a
good activity, and the catalysts were stable for five consecutive runs, even under elevated temperature
and pressure. The activity of Rh-TUD-1 benchmarked that of other noble metals incorporating TUD-1
mesoporous material such as gold, silver, platinum, and palladium.
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