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Abstract: Application of liquid organic hydrogen carriers, such as “methylcyclohexane
(MCH)–toluene” chemical couple, is one of the promising approaches for hydrogen storage and
transportation. In the present study, copper-modified nickel catalysts with high metal loading of
75 wt% were synthesized via heterophase sol–gel technique, and investigated in the dehydrogenation
of MCH. Two approaches towards the copper introduction were applied. The catalyst samples
prepared via wetness impregnation of the nickel sol–gel catalyst are characterized by more effective
Ni-Cu interaction compared to those where two metals were introduced simultaneously by the mixing
of their solid precursors. As a result, the “impregnated” catalysts revealed higher selectivity towards
toluene. The addition of copper up to 30 wt% of total metal content was shown to increase significantly
toluene selectivity and yield without a noticeable decrease in MCH conversion. The catalyst with the
active component including 80 wt% of Ni and 20 wt% of Cu demonstrated 96% and 89% toluene
selectivity at 40% and 80% MCH conversion, respectively. Based on the obtained data, this non-noble
catalytic system appears quite promising for the MCH dehydrogenation.
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1. Introduction

The growing interest in the use of alternative energy sources and energy carriers necessitates the
development of approaches towards hydrogen storage and transportation [1,2]. One of the promising
approaches is based on chemical binding of hydrogen (hydrogenation reaction) in the form of saturated
hydrocarbons—liquid organic hydrogen carriers (LOHCs), e.g., cycloalkanes. Reversely, hydrogen
can be drawn off by dehydrogenation of these species [2–6]. “Methylcyclohexane (MCH)—toluene
(TOL)” cycle has been reported as a promising H2 storage system that can be practically applicable
on an industrial scale [7]. In this direction, catalytic membrane reactors of different geometries and
membrane materials have been suggested to overcome thermodynamic limitations and increase
MCH conversion [8–10]. Moreover, an integrated system that can provide energy for the MCH
dehydrogenation maintaining a highly efficient cycle as the hydrogen-based power generation system
has been proposed [11].

With regard to hydrogen supply and production, one of the most important issues is the choice
of a system, which would effectively and selectively catalyze dehydrogenation reaction. Many
studies have been focused on developing stable and active dehydrogenation catalysts primarily
based on Pt or other precious metals supported on alumina [3,6,12–15]. Nonetheless, the high
cost of noble metals prompted researchers to lower their use (particularly platinum) and/or to find
alternatives. Therefore, numerous efforts have been made to substitute noble metals. In this case,
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the cost-effective and widely available nickel-based catalysts proved to be highly promising [16,17].
However, the monometallic nickel-based catalysts are well-known to exhibit low selectivity and
stability in dehydrogenation due to high hydrogenolysis reaction rates, which in turn results in
decreasing yield of hydrogen [18,19]. The activity of nickel in hydrogenolysis transformations can
be significantly reduced by the introduction of copper [20,21]. For example, when using Ni-Cu
bimetallic catalysts in cyclohexane dehydrogenation, a significant increase in the selectivity of benzene
formation (up to 99%) along with decreasing methanation efficiency was observed in comparison to
the monometallic Ni-based system [18]. In contrast to cyclohexane, methyl-substituted cyclohexane is
dehydrogenated at lower temperatures with the formation of toluene, which is considered to be much
less carcinogenic compared to benzene [22]. This makes methylcyclohexane a more promising LOHC
than cyclohexane [5]. On the other hand, due to the ease of breaking the C-C bond in the C6H12-CH3

position, the contribution of the hydrogenolysis route becomes more significant for MCH [23]. So far,
only a few studies on MCH dehydrogenation using nickel-based catalysts have been reported. Here,
improved performance of Ni-based catalysts was also observed after the addition of a second metal.
Al-ShaikhAli et al. showed that the introduction of the second metal (Ag, Sn, Zn, In) results in reduced
conversion of methylcyclohexane, while selectivity to toluene increases in all cases [23,24]. The most
selective catalyst in the considered series was NiZn/Al2O3, which demonstrated toluene selectivity of
about 96–97% at MCH conversion of 32% in a continuous flow testing. This selectivity value was higher
than that of the monometallic nickel sample (67%). Patil et al. investigated bimetallic NiCu/ACC
(activated carbon cloth) catalysts and showed that a certain amount of copper (Ni/Cu = 8/2) suppresses
the rate of hydrogenolysis, thereby increasing toluene selectivity and hydrogen yield [25]. For the
NiCu/ACC catalyst in the spray pulse reactor, selectivity towards toluene was 75%, whereas MCH
conversion did not exceed 25%. In general, all these catalytic systems with 10 wt% metal content
demonstrated higher selectivity compared to monometallic nickel catalysts. However, these results
were achieved at a moderate conversion of MCH (25–30%). Moreover, such nickel-based catalysts were
noted to be less active compared to Pt [2,26]. Bearing all this in mind, the development of nickel-based
catalysts with high nickel loading and modification by other metals might be an option for effective use
in the dehydrogenation process. To make this approach relevant, it is especially important to provide
high dispersion of the active metal particles. It certainly appears challenging in the case of a high metal
loading and requires the implementation of a suitable catalyst preparation technique.

Such an approach—the so-called heterophase sol–gel synthesis—has been developed recently
towards the preparation of nickel–copper catalysts [27–29]. It is based on the mixing of insoluble
active component precursors and their activation, followed by a sol–gel formation. The catalysts
obtained by this technique can have a high content of the active component (up to 75 wt%) with
simultaneous maintaining its high dispersion, which is impossible to attain in the case of conventional
impregnation methods. High-loaded NiCu-SiO2 catalysts obtained by this technique revealed
excellent performance in the liquid-phase hydrotreatment of bio-oil and its model compounds [29–31].
It is to be noted that an important advantage of the bimetallic Ni-Cu catalytic systems is their
high reducibility under hydrotreatment process conditions and low activity towards undesirable
methanation. Moreover, for dehydrogenation catalysts, in contrast to a well-known and widely used
supporting material—alumina—using SiO2 as an inert stabilizer for the active component is expected
to provide a reduced tendency to coke formation. Since the heterophase sol–gel technique makes it
possible to provide the high dispersion of active component along with the high metal loadings in
the catalyst, using such an approach might open up the prospects to carry out the dehydrogenation
process in a flow mode at high LHSV values. Moreover, it is expected to provide a high conversion of
a selected LOHC at low catalyst loadings in the reactor. The uniqueness of this approach proposed
towards the preparation of dehydrogenation catalysts became the key difference of the present study
from all previous reports.

Thus, in the present work, a new type of nickel-based catalyst, prepared by the heterophase sol–gel
technique, was studied in the dehydrogenation of methylcyclohexane. Moreover, the effect of copper
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on the selectivity of thus prepared high-loaded (75 wt%) nickel catalysts was specifically addressed,
with a special focus on the formation of toluene and side hydrogenolysis reactions. In particular,
two approaches were used to synthesize the catalysts, and their main difference was associated with
the method of copper introduction. One of the approaches included mixing the solid precursors of the
active component—water-insoluble copper and nickel salts. The metal precursors subsequently reacted
with a silicon-containing agent in the sol-preparation step. The second approach not applied previously
was based on the introduction of copper by impregnating the as prepared nickel sol–gel catalyst.

2. Results and Discussion

2.1. Catalyst Characterization

Two series of catalysts denoted as SG- and pCu-series were prepared in this study following the
method of copper introduction. For the SG-series, copper was introduced directly at the heterophase
sol–gel stage, while for the pCu-series it was implemented by the impregnation of oxidized nickel
sample. Additionally, a monometallic nickel catalyst SG_Ni-SiO2 was prepared for comparison reasons.
The catalysts for both the physicochemical characterization and catalytic tests were treated at the
same temperature of 400 ◦C, based on the temperature-programmed reduction (TPR) of oxidized
catalysts (vide infra). In the former case, the samples were reduced ex situ followed by passivating
with ethanol. In the latter case, the reduction was performed in situ in the reactor prior to MCH
dehydrogenation. Table 1 presents nickel and copper loadings in each catalyst series (for oxidized
state), as well as Brunauer–Emmett–Teller specific surface area (ABET) and CO pulsed chemisorption
data onto the reduced catalysts. Despite the high content of the active component—Ni—all catalysts
possess a high specific surface area, which slightly changes after the reductive treatment. Moreover,
lower ABET values for the pCu-series, if compared with the SG ones, at the same Ni/Cu ratio, are very
likely due to an additional calcination step after the sequential deposition of copper. The data of
CO pulsed chemisorption onto the reduced catalyst samples are expressed in µmols of CO per g of
catalyst. Since CO can be adsorbed onto the metallic nickel species in various modes (linear, bridged,
and carbonyl type) [32], the data obtained cannot allow a proper assessment of the active surface area.
However, these data still open the prospects for a comparative analysis of the samples. In both series,
with the copper content increase, a decrease in the amount of adsorbed CO is noted. It may be related
to a higher surface concentration of copper, while the CO adsorption capacity of this metal is known to
be lower than that of nickel [32,33].

High-resolution transmission electron microscopic (HRTEM) images of the reduced and passivated
catalysts are presented in Figure 1 (for better quality images see Figure S1 in Supplementary Materials).
The microphotographs revealed the presence of silicate-alike lamellar structures typical of sol–gel
Ni-based catalytic systems [34]. The presence of uniformly distributed particles of 2–5 nm in size was
shown, with the lattice parameters of these species corresponding to metallic nickel and nickel oxide.
A small amount of single copper particles with a size of ~100 nm were found in the micrographs.
At the same time, in most of the HRTEM images, no large particles were observed, while the EDX
data for corresponding areas revealed the presence of nickel and copper (Figure S1 in Supplementary
Materials). These data might be an indication of the high dispersion of copper in the samples. Moreover,
the possibility of the formation of bimetallic solid solutions cannot be excluded. To provide evidence
of the formation of such bimetallic solid solutions, the temperature-programmed reduction (TPR) and
X-ray diffraction (XRD) investigations of SG and pCu series were performed. In general, it is to be
noted that no significant differences in morphology between the two considered catalyst series were
found by the HRTEM study.
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Table 1. Catalyst composition in the oxidized state, Brunauer–Emmett–Teller specific surface area
of the catalysts in oxidized (ABET

1) and reduced form (ABET
2), and CO chemisorption onto the

reduced catalysts.

Sample
Metal Loading, wt% ABET

1,
m2/g

ABET
2,

m2/g
µmol CO/g

Ni Cu

SG_Ni-SiO2 62.3 - 315 294 555
SG_Ni95Cu5-SiO2 59.3 3.0 312 163 449

SG_Ni90Cu10-SiO2 56.1 6.3 296 293 421
SG_Ni80Cu20-SiO2 49.9 12.5 264 259 385
pCu_Ni95Cu5-SiO2 59.9 3.3 301 234 384

pCu_Ni90Cu10-SiO2 57.4 6.4 287 262 358
pCu_Ni80Cu20-SiO2 52.2 13.0 225 235 266
pCu_Ni70Cu30-SiO2 46.7 19.9 161 157 213
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Figure 1. HRTEM images of SG_Ni95Cu5-SiO2, pCu_Ni95Cu5-SiO2, SG_Ni80Cu20-SiO2,
and pCu_Ni80Cu20-SiO2 catalysts after reduction at 400 ◦C and passivation. Images of better
quality are presented in Supplementary Materials.

The temperature-programmed reduction allows the indirect assessment of the effectiveness of
interaction between the catalyst components, which is an important factor determining catalytic
properties. Several hydrogen absorption maxima can be distinguished in the TPR curves of considered
samples (Figure 2). For all catalysts, a low-temperature absorption peak is observed at 150–170 ◦C,
associated with the reduction of Ni (III) species [35]. The formation of Ni (III) in turn is due to
the chemisorption of oxygen onto a highly dispersed NiO. A wide absorption peak in the range of
350–700 ◦C points out at the effective interaction between nickel and silicon in these catalysts with
the formation of hardly reducible silicate-alike structures [36–38]. All catalysts demonstrate this
high-temperature wide absorption peak, as well as the peak at 300–320 ◦C assigned to the reduction
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of NiO weakly bound to silicon [35,39]. In contrast to the monometallic catalyst, the TPR curves of
copper-modified samples exhibit maxima at 220–230 ◦C and 240–280 ◦C. It is known that the reduction
of nickel oxide in the presence of copper is shifted to lower temperatures [40,41]. For example, Naghash
et al. showed that nickel oxide is reduced at temperatures up to 300 ◦C [41]. This induced reduction
was clearly associated with the formation of solid oxide solutions [42]. Naghash et al. assumed that
the introduction of copper leads to a decreasing strength of the Ni–O bond. This factor was suggested
to determine the observed decrease in the reduction temperature. As for the reduction of oxidized
copper species, it was shown to proceed at temperatures of 190–280 ◦C [40]. Thus, the peaks in the
range of 200–300 ◦C in the recorded TPR curves were assigned to the reduction of copper oxide as well
as the low-temperature reduction of nickel induced by copper.
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Figure 2. Temperature-programmed reduction (TPR) profiles of the SG (a) and pCu (b) series of
catalysts with different Ni:Cu ratios. Conditions: mcat = 50 mg, 10 vol.% H2 in Ar, VT = 6◦/min.

The differences in the pCu-series reduction in the temperature range of 200–320 ◦C are of separate
notice. The absorption peak ascribed to the low-temperature reduction of Ni (II) induced by copper
is much more pronounced for the pCu-series compared to the SG-series. At the same time, the peak
at 300–320 ◦C, attributed to the reduction of NiO weakly bound to silica becomes a shoulder and
almost does not stand out. In addition, increasing copper content in the pCu-series results in increasing
reduction ability in the region of 240–280 ◦C. Herewith, the relative intensity of the broad peak at
350–700 ◦C, assigned to the reduction of nickel effectively bonded to silica, simultaneously decreases.
This observation clearly indicates a more efficient interaction of copper with nickel in pCu catalysts
compared to SG samples.

The XRD patterns of oxidized catalysts (Figure 3) revealed wide NiO [JCPDS no. 471049] and
sharp CuO [JCPDS no. 05-661] reflections. Moreover, no significant differences between the SG- and
pCu-series for the shape of NiO reflections were observed. The coherent-scattering domain (CSD)
size of nickel oxide does not change substantially when passing from one series to another (Table S1).
This observation very likely indicates that the preparation method does not cause any significant effects
in the considered range of Ni:Cu atomic ratios, even in the case of an additional calcination stage
applied to the pCu-series. In the case of the pCu_Ni70Cu30-SiO2 sample, the shape of NiO reflections
was not typical most likely due to the bimodal distribution of NiO particle sizes.

For the pCu-series, the relative intensity of CuO reflections was lower compared to SG catalysts
at close Ni:Cu ratios (Figure 2). This is especially noticeable for the SG_Ni95Cu5-SiO2 catalyst:
CuO reflections in the XRD pattern of this sample are much more pronounced than those observed for
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the pCu-series at the same copper content. Moreover, the CSD sizes of CuO phase for the pCu catalysts
were larger than those for the corresponding SG catalysts. For the pCu_Ni95Cu5-SiO2 catalyst, the CSD
size of CuO could not be estimated due to a relatively low reflection intensity.

A similar trend was observed for the catalysts reduced at 400 ◦C followed by passivation (Figure 3).
It is obvious that the intensity of Cu reflections in relation to Ni ones in the pCu_Ni95Cu5-SiO2

catalyst is significantly lower than in the case of SG_Ni95Cu5-SiO2. For the higher copper content,
this trend continues. At the same copper content in the catalyst pairs, the large well-crystallized
CuO particles are present in pCu samples in lesser amounts if compared to the SG-series. However,
it is these large particles, which are mainly contributing to high CSD values. Most likely, in the
case of pCu catalysts, finely dispersed and hence X-ray amorphous particles of CuO and Cu are
preferentially formed. Moreover, the presence of unreduced NiO was noted in the diffraction patterns
of the reduced samples, in addition to metallic Ni and Cu phases. This is in good agreement with
the TPR data, which revealed that the reduction of oxidized metal species can proceed up to 700 ◦C.
The absence of peaks corresponding to copper oxide confirms that CuO is completely reduced under
the selected conditions.
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Based on 111 reflections, the lattice parameters of Ni were estimated as 3.526 Å and 3.540 Å for
the SG_Ni80Cu20-SiO2 and pCu_Ni80Cu20-SiO2 samples, respectively. The obtained values appeared
to be higher than the published data for the lattice of metallic nickel a = 3.523 Å [JCPDS no. 040850],
which points to the formation of solid nickel–copper solutions [20,43]. Moreover, these data provide
additional evidence of the formation of solid solutions previously noted for the nickel–copper catalysts
obtained by the heterophase sol–gel technique [29,30,39]. It is to be additionally emphasized that in
the case of the pCu_Ni80Cu20-SiO2 catalyst, the lattice parameter of Ni is significantly increased with
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respect to the literature data. It points out the formation of a solid solution with a high copper content
(Ni0.8Cu0.2 according to the Vegard’s law and the data of Sinfelt et al. [20]).

Thus, the data obtained indicate an effective interaction between nickel and copper in the catalysts
concerned, which can significantly affect their catalytic properties. In addition, the data of XRD and
TPR studies point out a more even distribution of copper in the pCu catalysts, in contrast to the SG
approach. Apparently, in the former type of catalyst, more efficient interaction between the two metals
is provided as a result of the formation of a solid nickel–copper solution.

2.2. Catalyst Activity in MCH Dehydrogenation

Figure 4 shows the comparative performance of the catalysts in MCH dehydrogenation versus
reaction temperature. It is evident that with increasing reaction temperature, MCH conversion increases
as well in the presence of the monometallic nickel-based catalyst. At that, an extremely low selectivity to
toluene formation is observed, in agreement with previously reported results for the dehydrogenation
of cycloalkanes over a monometallic nickel catalyst [18,24]. The main by-products are methane and
benzene, which is indicative of the competing dealkylation of MCH with increasing temperature.
When passing to the copper-modified catalysts, a marked increase in toluene selectivity is evidenced,
compared to the monometallic system. The relative increase in selectivity and yield of toluene for
copper-modified catalysts becomes even more pronounced at temperatures above 275 ◦C, intrinsically
related to higher conversion.

As is evident from Figure 4a, a slight decrease in MCH conversion occurs with the increase in
copper content. For the pCu_Ni95Cu5-SiO2, pCu_Ni90Cu10-SiO2, and monometallic SG_Ni-SiO2

catalysts, the yield of toluene increases for the temperatures up to 300 ◦C, with a sharp decrease
thereafter. At the same time, for the samples with higher copper content, the toluene yield continues to
increase at 325 ◦C. Moreover, an increase in the yield of dealkylation products (benzene, methane)
was noted for all catalysts at high conversion. However, the yield of by-products in the case of
pCu_Ni80Cu20-SiO2 was 3–5 times lower than for the samples with lower copper contents. In general,
it should be emphasized that the introduction of copper into the nickel-based catalyst helps to
reduce the contribution of the MCH dealkylation reaction at elevated temperatures. Additionally,
while considering the dependence of toluene yield on copper content (See Figure S2 in Supplementary
Materials) at specific reaction temperatures, the yield of toluene is observed to constantly increase at
325 and 350 ◦C (in accordance with increasing MCH conversion). Herewith, the maximum yield of
toluene was achieved over the pCu_Ni80Cu20-SiO2 and pCu_Ni70Cu30-SiO2 catalysts at 325 ◦C.

Figure 4b shows the results obtained over the SG-series. Here, one of the most interesting
samples in the pCu-series—pCu_Ni80Cu20-SiO2 sample—is given as well for the ease of comparison
between the two series. It can be observed that a slightly higher MCH conversion is observed
over SG_Ni80Cu20-SiO2 compared to pCu_Ni80Cu20-SiO2 at temperatures up to 300 ◦C (Figure 3).
Most likely, this could be due to the larger specific surface area of the active component in the former
case (Table 1). Nonetheless, the pCu_Ni80Cu20-SiO2 sample seems to be more promising in comparison
with the corresponding SG catalyst, based on the MCH conversion, as well as toluene selectivity and
yield. When the temperature is higher than 300 ◦C, the MCH conversion over SG catalysts reaches
80–90%, giving a noticeable decrease in the toluene yield in accordance with a significantly decreasing
selectivity. In contrast, it is likely that the effective interaction of copper with nickel in the pCu catalysts
leading to the formation of nickel–copper solid solution provides higher selectivity of these catalysts
towards toluene.
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Thus, for the pCu_Ni80Cu20-SiO2 catalyst, a significant decrease in the concentration of
hydrogenolysis products was demonstrated at considerably high MCH conversions (X above 70%),
compared to the catalysts with lower copper loadings (pCu_Ni90Cu10-SiO2 and pCu_Ni95Cu5-SiO2).
For this catalyst, to verify whether the high selectivity to toluene can be achieved at moderate
temperatures ensuring high conversion levels, the experiments at higher contact time (WHSV was
decreased from 18.5 to 4.6 h−1) were performed at 250 and 275 ◦C, respectively. Moreover, in these runs,
the catalysts were tested within 20 h on stream at a constant reaction temperature (Figure 5). The data
obtained reveal that the catalyst retains a sufficiently high activity for the 20 h testing. An important
observation is made about the catalyst selectivity towards toluene reaching 96% at MCH conversion of
40% at 250 ◦C. Moreover, the toluene selectivity is maintained sufficiently high (89%) even at higher
MCH conversions of 75–80% at 275 ◦C. It was also found that such high activity and selectivity results
have not been reported for MCH dehydrogenation so far. For example, Patil et al. [25] managed
to achieve a toluene selectivity of about 75% at MCH conversion of 25% using NiCu/ACC catalyst.
The process was carried out in a spray pulse reactor in the absence of a carrier gas. Al-ShaikhAli
et al. [23,24] demonstrated that the most promising zinc-modified catalyst NiZn/Al2O3 showed a
quite high selectivity of 96–97%, however, the MCH conversion did not exceed 32%. These data
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were obtained in a flow reactor, while the process was carried out in the presence of hydrogen and
argon. However, it is to be taken into account that, in view of the different conditions used, it is
impossible to make a proper comparison of quantitative data between those studies and the present
work. Nevertheless, the results obtained allow us to conclude that pCu_Ni80Cu20-SiO2 catalytic
system is not inferior to the most promising Ni-based catalysts of MCH dehydrogenation obtained
so far.Catalysts 2020, 10, x FOR PEER REVIEW 9 of 14 
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1.00 g, H2/Ar molar ratio equal to 1, gas feed rate of 400 mL/min, liquid feed rate of 6 mL/h.

3. Materials and Methods

3.1. Catalyst Preparation

Bimetallic nickel–copper catalysts were prepared using the heterophase sol–gel technique similar to
that reported previously [27,44], with SiO2 acting as a stabilizer of the active component. Two approaches
were used to synthesize the catalysts. One of them was based on the joint introduction of heterogeneous
metal precursors at the sol–gel stage. For the catalysts with different atomic ratios of Ni/Cu, solid active
component precursors NiCO3·mNi(OH)2·nH2O and CuCO3·mCu(OH)2 were mixed with bi-distilled
water and aqueous ammonia. In the case of a monometallic nickel catalyst, a copper-containing agent
was not added to the reaction mixture. Then, ethyl silicate was added to the suspension under constant
stirring. The mixture was aged for 30 min, then dried at 100 ◦C for 12 h and calcined at 400 ◦C for
4 h in air (8 ◦C/min). The second approach was based on the impregnation of a monometallic nickel
catalyst with a solution of copper nitrate followed by the same drying and calcination procedure.
This “impregnation” approach was applied to high-loading nickel–copper catalysts for the first time.
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For the physicochemical investigation, the catalysts were reduced by H2 (500 mL/min) in a quartz tube
reactor at 400 ◦C for 1 h. Hereafter, the reactor was cooled down to room temperature, purged with
argon, and the catalyst was passivated with ethanol.

The catalysts obtained according to the first method were designated as SG_NiXCuY-SiO2,
while those obtained via the second approach—pCu_NiXCuY-SiO2. In this notation, X and Y
correspond to a nominal percentage of nickel and copper relative to the total amount of metals.

3.2. Catalyst Characterization

3.2.1. Nitrogen Physisorption

Texture characteristics of catalysts were measured at the liquid nitrogen temperature using an
ASAP-2400 automated volumetric adsorption analyzer (Micromeritics Instrument Corp., Norcross,
GA, USA). Before the analysis, the samples were pretreated at 150 ◦C and pressure 0.13 Pa for 4 h.
The analysis time was varied depending on the particular sample. The resulting adsorption isotherms
were used to calculate the Brunauer–Emmett–Teller specific surface area (ABET).

3.2.2. CO Pulse Chemisorption Measurements

CO pulse chemisorption measurements were carried out using a Chemosorb analyzer (Modern
Laboratory Equipment, Novosibirsk, Russia). An amount of 50 mg of each catalyst was placed inside a
U-shape quartz reactor and treated in an H2 flow (100 mL/min) upon heating up to 400 ◦C. The reactor
was kept at the final temperature for 20 min and then purged by inert gas (Ar) followed by cooling
down to room temperature. After that, pulses of CO were fed to the reactor (100 µL) until the amount
of CO in the outlet stopped changing according to the thermal conductivity detector. Thereafter the
amount of chemisorbed CO was estimated.

3.2.3. Temperature-Programmed Reduction

Catalyst sample in the oxidized state (0.1 g) was placed in a U-tube quartz reactor and treated in
a reducing atmosphere (10 vol.% of H2 balanced in Ar at a flow rate of 20 mL/min) with a constant
heating rate of 6◦/min up to 800 ◦C. The hydrogen concentration in the outlet stream during the
reduction was measured with a thermal conductivity detector.

3.2.4. High-Resolution Transmission Electron Microscopy

The microstructure of catalysts was examined by high-resolution transmission electron microscopy
(HRTEM) on a JEM-2010 electron microscope (JEOL, Tokyo, Japan) at an accelerating voltage of
200 kV and point-to-point resolution of 0.14 nm. The microscope was equipped with an XFlash
energy-dispersive X-ray (EDX) spectrometer (Bruker, Ettlingen, Germany) with energy resolution
200 eV. Before electron-microscopic examination, the particles were immersed in ethanol and prepared
on a holey carbon film mounted on an aluminium grid. The particles were prepared using a UZD-1UCh2
ultrasonic processor, which allowed us to achieve a uniform distribution of the particles over the
film surface.

3.2.5. X-ray Diffraction (XRD)

The phase composition of samples was studied on a D8 Advance X-ray diffractometer (Bruker,
Ettlingen, Germany) using a monochromatic CuKα radiation λ = 1.5418 Å with a step 2θ = 0.05◦

and accumulation time 3 s at each point. The diffractometer was equipped with a linear LynxEye
(1D) detector. The mean size of the coherent-scattering domain (CSD) was calculated using the
Selyakov-Scherrer equation, based on the half-width of the diffraction lines. The lattice parameters
and the phase ratios were defined by the Rietveld method [45].
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3.2.6. X-ray Fluorescence Analysis (XRF)

The elemental composition of oxide samples was determined using X-ray fluorescence spectrometer
ARL Advant’X 2247 (Thermo Fisher Scientific, Waltham, MA, USA) equipped with Rh anode as an
X-ray source. The mass percentage of elements was estimated using QuantAS software. All samples
were analyzed by XRF in triplicate and the average values were reported.

3.3. Testing in MCH Dehydrogenation

Catalyst testing was carried out in a fixed bed flow reactor in a temperature range of 250–350 ◦C
under atmospheric pressure. The reactor was loaded by 0.5 g of catalyst (fraction 0.25–0.5 mm) diluted
with quartz of the same fraction to a volume of 3 mL. The catalyst was reduced in situ before the
experiment at 400 ◦C for 1 h (H2 flow of 500 mL/min), after which it was cooled down to 150 ◦C in
a hydrogen stream. Methylcyclohexane, MCH, dehydrogenation was performed at a molar ratio of
H2/Ar = 1/1 and a total gas feed rate of 400 mL/min. MCH was supplied using a liquid pump at a
rate of 12 mL/h. Liquid products and unreacted MCH were collected in the condensation system
and analyzed with an Agilent Technologies 7820A chromatograph equipped with a flame ionization
detector and a capillary column (Polyethylene Glycol, 30 m length, 0.25 mm inner diameter, 0.25 mm
film thickness). The gas-phase was analyzed on-line using a Chromos-GC chromatograph equipped
with a silochrome column (3 m × 2 mm i.d.) and flame ionization detector.

At higher contact time, continuous MCH dehydrogenation experiments (up to 20 h) were carried
out using pCu_Ni80Cu20-SiO2 at a preset reaction temperature (250 or 275 ◦C). A preliminary reduction
of the catalyst (1 g) was performed under the same conditions as described above. The total volume of
the catalyst together with quartz inert material was 6 mL, the gas flow rate was maintained 400 mL/min
at H2/Ar molar ratio of 1/1; MCH feeding rate of 6 mL/h.

Methylcyclohexane conversion (XMCH), toluene selectivity (STOL), and toluene yield (WTOL) were
calculated according to the expressions:

XMCH(%) =
C0

MCH −CMCH

C0
MCH

× 100%,

STOL(%) =
CTOL

C0
MCH −CMCH

× 100%,

WTOL(%) =
CTOL

C0
MCH

× 100%,

where C0
MCH and CMCH are the respective molar concentrations of MCH at the inlet and outlet of the

reactor (in moles), CTOL being the molar concentration of toluene at the outlet of the reactor.

4. Conclusions

In this study, the proposed high-loaded nickel–copper catalysts proved to be promising for
MCH dehydrogenation. Herewith, despite high metal content, the heterophase sol–gel preparation
approach allows one to obtain the nickel-based catalyst with a quite high specific surface area, which
ensures the high activity of the catalysts in MCH dehydrogenation. The introduction of copper in
the amount of up to 30% of the total metal content only slightly reduces the conversion of MCH.
However, it significantly inhibits the efficiency of hydrogenolysis and increases the selectivity to the
formation of dehydrogenation products. Additionally, the sequential introduction of copper into the
nickel-based catalyst by impregnation (pCu) makes it possible to achieve a more even distribution
of the second metal than in the case of Ni and Cu combined introduction from the solid precursors
(SG). This, in turn, leads to a more efficient interaction between two metals due to the formation
of a solid nickel–copper solution and provides high selectivity of pCu bimetallic catalysts in MCH
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dehydrogenation. The catalyst with a Ni/Cu ratio of 80/20 revealed 96% and 89% selectivity towards
toluene formation at high MCH conversions of 40% and 75–80%, respectively. Interestingly, such high
selectivity values at high MCH conversions were not achieved over nickel-based catalysts previously.
Moreover, the selectivity values for MCH dehydrogenation were demonstrated to be not changing
within 20 h. The results obtained point out the prospectiveness of the heterophase sol–gel approach
(combined with the second metal deposition by impregnation) to the synthesis of dehydrogenation
catalysts. These data also open the prospects for further modification of the synthesis procedure,
including the studies using other second metals and their introduction method, to ensure more uniform
distribution and effective interaction with Ni. This is expected to allow the development of an active
and selective non-noble metal catalyst for MCH dehydrogenation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/10/1198/s1,
Figure S1: HRTEM images and corresponding EDX data (nickel and copper atomic percentages) for the catalysts
after reduction at 400 ◦C and passivation, Figure S2: Dependence of toluene yield on copper fraction (wt%) in
the pCu catalysts and SG_Ni-SiO2 at different temperatures in the methylcyclohexane dehydrogenation. Copper
fraction is a percentage of copper relative to the total amount of both metals (nickel and copper), Table S1: Phase
composition and average size of coherent scattering region (CSD size, Å) for the catalysts in oxidized state.
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