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Abstract: Currently, microwave radiation is widely used in various chemical processes in order to
intensify them and carry out processes within the framework of “green” chemistry approaches. In
the last 10 years, there has been a significant increase in the number of scientific publications on the
application of microwaves in catalytic reactions and synthesis of nanomaterials. It is known that
heterogeneous catalysts obtained under microwave activation conditions have many advantages, such
as improved catalytic characteristics and stability, and the synthesis of nanomaterials is accelerated
several times compared to traditional methods used to produce catalysts. The present review article
is to summarize the results of modern research on the use of microwave radiation for the synthesis
of heterogeneous catalytic nanomaterials and discusses the prospects for research in the field of
microwave-induced liquid-phase heterogeneous catalysis in hydrogenation.

Keywords: microwave radiation; synthesis of catalysts; selective hydrogenation

1. Introduction

Microwave chemistry is a step toward the future. Today, microwave heating is an
integral part of industries such as food processing, pharmaceuticals, biochemistry, materials
synthesis, agriculture, and also application in biomedicine or organic electronics [1–5]. The
chemistry of materials has recently combined nanotechnology and chemistry, which has led
to the search for new approaches to the synthesis of nanomaterials. In the field of synthetic
chemistry, the challenge is to improve and optimize methods for obtaining materials.
Replacing classical thermal heating with microwave heating is a good alternative in a wide
range of chemical syntheses, especially in the cases where long-term synthetic experiments
are required [6]. Over the past few years, the use of microwave irradiation has become
one of the latest achievements in the field of green chemistry, as microwave heating is
considered as a more efficient way to control heating in many processes, as it requires
less energy than conventional methods and the microwave technology also allows the
use of environmentally friendly solvents, resulting in clean products that do not require
additional purification steps [7–11]. The use of microwave heating has expanded with the
introduction of a number of environmental techniques through the use of ionic liquids
and aqueous media that do not contain organic solvents and catalysts [12,13]. Modern
developments in the field of microwave chemistry make it possible to selectively obtain
catalytically active materials or nanomaterials as well as organic molecules with almost
100% yield and high reproducibility [14–16].

Currently, most research is focused on the study of microwave radiation, which is
due to a number of advantages, such as uniform heating, high selectivity of processes,
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minimal energy consumption, and the facts that it is more environmentally friendly and
more efficient compared to the processes used [17–22]. Choosing the proper catalyst for a
heterogeneous catalytic process ideally suited for microwave activation is not an easy task
in modern chemistry. The control of the parameters of microwave synthesis (temperature,
microwave power, frequency, and pressure) and the choice of a suitable solvent opens new
opportunities in the development and production of new materials.

Recently, several review articles on the use of microwave radiation in catalysis have
been published, focusing on the mechanism of the effect of microwaves on nanomaterials
and a number of catalytic reactions, but the last major review was published in 2020 [23–28].
The review by Gao [23] focuses on the effect of the specific thermal effect of microwaves
on liquid-phase catalytic reactions carried out on heterogeneous catalysts. It has been
shown that microwave energy is absorbed by materials and converted into thermal energy,
which manifests itself as a total loss of microwave energy in materials and causes local heat
effects inside the catalyst grain, as shown in Figure 1. The authors report that the higher
temperature of the heterogeneous catalyst caused by the microwave field can lead to higher
conversion of reagents and higher reaction rates compared to traditional thermal heating.
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Figure 1. The schematic diagram of the special thermal effect of microwave on the solid catalysts
(Reprinted with permission from Ref. [23]).

An extensive review on microwave radiation was published by Kumar [24], which
provides a comparison of microwave and traditional thermal heating, types of microwave
reaction systems, solvent chemistry, and the role of microwave-assisted strategies for
the synthetic chemistry. The published review exhaustively describes the advantages of
microwave radiation and the possibilities and prospects of its application for various fields
of science, such as solar cells technology, gas sensing, photocatalysis, batteries technology,
fuel cells technology, and solvent chemistry. For this reason, in our review, we will not pay
attention to these aspects from the point of view of the chemistry and physics of microwave
radiation but will instead focus on the practical application of microwave exposure for
the synthesis of catalytic nanomaterials, and we will also consider microwave-induced
liquid-phase catalytic reactions involving hydrogen.

Our review analyzes and summarizes data on the use and influence of microwave
radiation in the production of catalytic nanomaterials as well as on the use of microwave
activation in heterogeneous catalytic hydrogenation reactions of various compounds.

2. Synthesis of Catalysts Using Microwave Radiation

Many methods of synthesis of deposited catalysts have been described in the literature,
ranging from direct use of material after grinding to other methods of modification [29,30],
such as co−precipitation of the carrier, co-sorption of cations, co- and sequential depo-
sition from solutions, deposition of bimetallic colloids, and the method of deposition of
components on the carrier [31]. It should be noted that there are difficulties in determining
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and controlling the structure of obtained bimetallic particles, plus the ratio of one metal
to another one in the particle. The advantage of catalyst preparation methods based on
supporting the active component onto a carrier is the effective use of the active component
due to its high dispersibility. Moreover, it is necessary to carefully select sustainable and
renewable sources from which the catalysts will be obtained in order to avoid harmful
effects on the environment. However, a number of disadvantages should also be pointed
out: restrictions on the concentration of the active component by the pore volume of the
carrier, the possibility of uneven distribution of the active component across the cross
section of the pellet due to the removal of the solution to the periphery of the grain during
drying, etc. Thus, these synthesis methods are replaced by new synthetic approaches and
methods, such as microwave synthesis, which allows the synthesis of nanomaterials in
one stage, thereby reducing the synthesis time several times and accelerating the crys-
tallization process of materials, allowing one to obtain highly dispersed nanomaterials
of given sizes [32]. Research has also focused on the use of resources from waste and
environmentally safe methods of catalyst synthesis [33].

The hydrothermal method [34] applied under microwave radiation is used to regulate
the morphology of materials to obtain excellent physical and chemical properties. Recently,
it has been shown that this method is well suited for the synthesis of molybdates [30].
In this work, six different bismuth molybdate-based catalysts were investigated and syn-
thesized by a fast hydrothermal method using microwave irradiation under different pH
conditions. By adjusting the pH value during preparation, the morphology and structure
of the synthesized catalysts can be modified as well as the transition of Bi2MoO6 crystals
to Bi3.2Mo0.8O7.5, as shown in Figure 2. Crystals can be obtained selectively. The sample
prepared at pH 1 showed excellent activity for the oxidation of sulfur compounds in liq-
uid fuel at 60 ◦C with a hydrogen peroxide to sulfur molar ratio of four, achieving the
removal of dibenzothiophene, 4,6−dimethyldibenzothiophene, and benzothiophene with
an efficiency reaching 99.71%, 99.68%, and 77.95%, respectively [35].
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Figure 2. The schematic illustration of the formation of bismuth molybdate catalysts (Reprinted with
permission from Ref. [35]).

Composite catalysts Cu−CeO2/C with a developed porous structure for selective
hydrogenolysis of ethylene carbonate were prepared by the carbonization−impregnation
method using microwave radiation, and, for comparison, similar catalysts were synthesized
by the impregnation method. This reaction drew attention to the environmentally safe
synthesis of sustainable chemical raw materials and fuels. The morphology of the Cu-
CeO2/C catalyst series was revealed using physicochemical methods of analysis, and it
was shown that Cu−CeO2/C catalysts with corresponding copper−cerium interactions
improve the dispersion of copper particles and provide a higher Cu+/(Cu+ + Cu0) ratio
and a higher concentration of oxygen vacancies at the surface. These interactions result in
enhanced adsorption of ethylene carbonate and high hydrogenation activity. The reaction
was carried out in an autoclave, at 3 MPa H2, 180 ◦C, for 5 h, as shown in Figure 3. The
developed Cu−CeO2/C catalyst showed a higher catalytic activity (the conversion reached
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92%) in hydrogenation of ethylene carbonate compared to the impregnated Cu−CeO2/C
catalyst (the conversion was about 60%), which was explained by the interaction effect
created by CeO2 doping. At the same time, the authors proposed a methodology for the
synthesis of a porous metal−metal oxide catalyst on a carbon carrier for heterogeneous
hydrogenation [36].
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A new microwave synthesis of copper phyllosilicates on a commercial SiO2 carrier was
first developed [37]. This technique allows a significant reduction of the sample synthesis
time from 9 h to 6 h relative to the method of thermal decomposition of urea. The samples
were synthesized in a Multiwave Pro microwave unit under irradiation (2.45 GHz) with
urea in four Teflon autoclave-type vessels for 6 h. The morphology of the obtained catalysts
was studied by XRD, TEM, and N2 adsorption techniques, and the formation of chrysocolla
phases in the samples was confirmed. The catalysts prepared by the microwave method
were highly efficient in the selective hydrogenation of the C≡C bond in 1,4−butynediol
to 1,4−butenediol and 2−phenylacetylene, with the selectivity of 96.5% and 100% at the
complete conversion for 2 and 0.5 h of the reaction, respectively. The resulting method
of microwave synthesis showed enough advantages to be considered the most preferable
alternative to the traditional methods.

Akay et al. [38–40] considered applied heterogeneous Fe, Co, and Ni catalysts as
primary precursors and Ca, Mn, and Cu as precursors for binary SiO2 based catalytic
systems, induced by microwave (as well as solar) radiation from the liquid state, and
represent new catalysts with such properties as high porosity, surface area, chemical
and morphological heterogeneity, oxygen, and cation vacancies. These catalysts have
been successfully used to provide extremely high conversions—for example, in ammonia
synthesis compared to existing catalysts. The performance of the catalyst was inferior when
using thermal methods compared to microwave irradiation. In addition, the use of the
classic incipient wetting impregnation method also resulted in poorer catalyst performance.

Jing et al. [41] produced a copper−based catalyst by thermal hydrolysis of urea using
microwave radiation to produce hydrogen from methanol decomposition, as shown in
Figure 4. The synthesis of the catalysts was performed in such a way that when the
temperature of the solution heated uniformly by microwaves reached 80 ◦C, the hydroxyl
ion could be formed during the decomposition of urea, which could form hydroxides with
Cu2+, Ni2+, and Zn2+ on the surface of the carrier γ-Al2O3. It was found that the content of
Cu gradually decreased with increasing microwave heating temperature, while the content
of Ni and Zn increased with increasing microwave heating temperature, as shown in Table 1.
This result is explained by the difference in solubility of metal hydroxides and solution
pH. The characterization results show that there is a well-defined correlation between the
catalytic characteristics of the catalysts and the microwave heating temperature.
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Table 1. Elemental composition and textural properties of catalysts and γ-Al2 O3 carrier, crystal size
of Cu in reduced catalysts (Adapted with permission from [41]).

Sample Cu (wt%) a Ni
(wt%)

Zn
(wt%)

Cu Crystallite
Size (nm) b

SBET
(m2g−1)

V
(cm3g−1)

DBJH
(nm)

γ-Al2O3 - - - - 164.1 0.3842 9.37
MW-Cu/Ni-80 47.92 0.21 6.23 22 71.9 0.1670 9.29
MW-Cu/Ni-85 35.33 1.61 31.83 16 56.7 0.1689 11.92
MW-Cu/Ni-90 28.03 3.00 35.30 14 57.9 0.1770 12.22
MW-Cu/Ni-95 27.32 3.40 42.60 10 79.8 0.2522 12.64

a Determined by ICP-OES. b Calculated by Cu (111) (43,290)from the Scherrer formula.

The catalysts synthesized on the basis of Pd on γ-Al2O3, which was developed by a
simple and environmentally friendly microwave synthesis, deserve attention. As a model
reaction, this catalyst was tested in the hydrogenation of cinnamic aldehyde to hydrocin-
namic aldehyde using very “mild” reaction conditions (2 MPa, 100 ◦C, 3 h) and short
irradiation times, without the use of any polymeric stabilizer. This reaction is of significant
industrial and pharmacological interest; in fact, hydrocinnamic aldehyde may be an impor-
tant intermediate product for the production of pharmaceuticals used to treat HIV [42]. The
obtained Pd/γ-Al2O3 nanocatalysts showed interesting catalytic characteristics in terms of
both activity and selectivity, achieving the complete substrate conversion and selectivity
up to 97% for hydrocinnamic aldehyde [43].

Nishida et al. [44] reported a method for a simple and rapid production of size-
controlled Rh nanoparticles by microwave chemical reduction using alcohol. The alcohol
acts as a reducing agent and solvent, and it is very efficient for changing the size of Rh
particles. Using ethanol, which exhibits reducing properties, small Rh particles with high
catalytic activity for CO oxidation were obtained. In addition, a Rh catalyst with a Rh parti-
cle size of 2.7 nm showed high activity in the hydrogenation of benzonitrile to a secondary
imine and showed reusability in the hydrogenation of nitriles (30 ◦C, 3 bar H2) [45]. Ru,
Rh, Pd, Ir, and Pt nanoparticles stabilized by poly(N-vinyl-2-pyrrolidone) (PVP) with a
uniform size were prepared by chemical reduction with ethanol in the microwave oven [46].
All metallic nanoparticles had a similar size and the same amount of PVP. The catalytic
efficiency of the prepared metal nanoparticles was evaluated for the hydrogenation of
benzonitrile under ambient conditions (25 ◦C, 1 bar H2). Rh nanoparticles showed the
highest benzonitrile conversion and the highest selectivity for the secondary imine product.

Lingaya et al. [47] synthesized a series of SiO2−based Pd-Fe catalysts by incipient
wetness impregnation of the carrier with Fe and Pd nitrate precursors, the catalysts were
dried at 120 ◦C for 2 h, one part was calcined in an air atmosphere at 450 ◦C for 5 h, and
the remaining part was microwave irradiated (irradiation at 100% power for 5 min). The
catalysts prepared by the microwave irradiation method showed higher hydrodechlori-
nation activity compared to the impregnation method. The addition of Fe to Pd reduced
the activity, by diluting Pd or forming a Pd−Fe alloy. Microwave irradiation increases the
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palladium particle size and reduces alloy formation while maintaining the activity. Silica
gel provides a clear indication of the change in the morphology of the active particles.

The synthesized bimetallic particles of ruthenium−palladium (Ru−Pd) and ruthenium
−nickel (Ru−Ni) nanoalloys with different metal compositions were prepared by solvother-
mal treatment with microwave irradiation using PVP as a capping agent and ethylene
glycol as a solvent and a reducing agent. The synthesized bimetallic nano−alloy particles
were then deposited on γ-Al2O3 to obtain supported nano-alloy catalysts. The hydrogena-
tion of dibenzo−18−crown−6 ester (DB18C6) was carried out at 9 MPa, 120◦C and 3.5 h
using the synthesized bimetallic nanoalloy catalysts. It was observed that the bimetallic
nanocatalyst synthesized by the microwave method at Ru:Pd 3:1% (wt.) exhibited a higher
catalytic activity and resulted in a 98.9% conversion of DB18C6 with a 100% selectivity to-
wards cis−cis dicyclohexano−18−crown−6 ester (CSC DCH18C6), showing better results
compared to 4 wt% Ru/γ-Al2O3 microwave irradiated (MWI) and 5 wt.% Ru/γ-Al2O3
conventionally treated nanocatalysts [48].

The effect of the catalyst carrier, reaction medium, pressure, temperature, and initial
concentration of levulinic acid (LA) was investigated [49] to obtain optimal conditions for
high yields of γ−valerolactone (GVL). For this purpose, Li et al. proposed the synthesis
of a Ru-based catalyst, which was prepared by a one-step microwave thermolytic process
using dodecacarbonyltriruthenium [Ru3(CO)12] as a precursor. Generally, the support
and Ru3(CO)12 were placed in an agate mortar and grinded for 20 min. The precursor
mixture was then placed in a reactor with a quartz tube with an inner diameter of about
10 mm and purged with argon for 2 h at room temperature to remove oxygen in the reactor,
and the reaction was performed in an inert atmosphere. The reactor was then placed
in a household microwave oven operating at 2.45 GHz and 800 W. Finally, the obtained
products were cooled to room temperature under argon. Activated coconut shell carbon,
carbon nanotubes, functionalized carbon nanotubes, and γ-Al2O3 were used as carriers.
For comparison, a sample was synthesized by incipient wet impregnation of γ-Al2O3
with ruthenium chloride solution in a sufficient concentration to obtain a solid containing
5% Ru. The sample was vacuum dried at 100 ◦C for 10 h. GVL was obtained in a high
yield (99%) by aqueous−phase hydrogenation of LA in the presence of supported Ru
catalysts. The catalyst prepared by the microwave thermolytic method shows the best
catalytic performance compared to other systems, at 100 ◦C, 2.0 MPa. This is due to the
high dispersion of Ru particles on the active carbon substrate.

3. Microwave−Assisted Catalytic Hydrogenation
3.1. Hydrogenation of Aldehydes to Alcohols

The vast majority of reactions proceed at elevated temperatures, provided that the
process conditions (temperature, MW radiation power, time, solvent, catalyst, ratios, and
amounts of reagents) are chosen correctly, thereby proceeding faster and with higher yields.
The hydrogenation process is one of the most important and widespread processes in
industry, as it makes it possible to obtain a huge range of valuable organic compounds.
Selective hydrogenation of carbonyl compounds is of great industrial and scientific interest
due to wide application of unsaturated alcohols in pharmaceutical and food industries; in
chemical production as intermediates for synthetic polymers, plasticizers, and solvents;
and in fine organic synthesis [50]. An additional advantage of the process is the possibility
of obtaining aldehydes and ketones from bioavailable materials. Difficulties encountered
by researchers in the hydrogenation of carbonyl substrates include the presence of a
conjugated C=C bond in aldehydes such as cinnamaldehyde and citral, the presence of
an aromatic ring as in benzaldehyde, or steric hindrances in various ketones. One of the
most common methods for hydrogenation of carbonyl compounds involves the use of
stoichiometric reducing agents such as sodium borohydride and hydrazine hydrate. The
obvious disadvantages of this technique are toxicity, explosiveness of the reducing agents,
and the large amount of waste produced during the reaction. The use of homogeneous
catalysts is complicated by the necessity of their separation from the reaction mixture and
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the quite severe conditions that are usually required. The use of heterogeneous catalysts
is becoming increasingly popular, as this approach is consistent with the principles of
“green chemistry”. It also makes it easy to separate the catalyst from the reaction mixture
and to recycle it. However, until now, heterogeneous hydrogenation proceeds at higher
temperature and pressure, which makes the process non-selective, expensive, and requires
additional resources.

In recent years, Iqbal et al. [51] have actively studied the catalytic activity of catalysts
based on palladium/zirconia in the hydrogenation of cinnamyl aldehyde to cinnamyl
alcohol, both in microwave conditions and in an autoclave. The reaction conditions differed
slightly: a CEM unit at 1.034 MPa H2, 120 ◦C, 40 min was used in microwave hydrogena-
tion, and a Parr autoclave applied under the thermal control also included stirring at the
speed of 1000 rpm. Thus, a comparison of thermal and microwave hydrogenation under
optimized reaction conditions was made. The conversion percentage with microwave
irradiation is much higher compared to the conventional heating system. The conversion
for both systems increase linearly with time, and the maximum conversions observed for
the microwave and pressurized reactor were 73.5% and 27%, respectively, as shown in
Figure 5. Thus, the microwave hydrogenation system demonstrates improved performance
compared to the conventional pressurized autoclave system.
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In the model reaction of hydrogenation of octanal to octanol by molecular hydrogen,
microwave irradiation enhances the catalytic activity of tetragonal ZrO2 [52]. The reaction
was carried out under optimal reaction parameters such as microwave power, a temperature
of 110 ◦C, a catalyst (t−ZrO2), PH2 1 atm, and a reaction time of 1 h 20 min in a solvent-free
system. The selectivity to octanol as a target product at a 22% conversion was 99% in the
microwave system, which is 1.5 times higher than the value obtained in the traditional
heating method. Therefore, the microwave heating is more efficient and more reproducible
results are obtained than the conventional heating system due to the safe, environmentally
friendly, less labor-intensive, and economical procedure for catalytic conversion of octanal
to octanol.

One of the interesting platform chemicals derived from biomass, due to its availability,
is furfural. It is used in agrochemistry, perfumery, and plastic production, but it is also
applied as a substrate for transformation into value-added products by hydrogenation,
oxidation, decarboxylation, and condensation reactions to form furfural derivatives, as
shown in Figure 6 [53].
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Traditionally, the hydrogenation reaction of furfural to furfuryl alcohol was carried out
both in the gas and liquid phase, because the evaporation of furfural requires significant
energy and high temperatures (in the gas phase), while in the liquid phase, a high hydrogen
pressure is required, which increases the cost of the product [54]. In most cases, good results
can be achieved with the use of noble metals, which increases material costs, toxicity, and
requires severe reaction conditions.

Ronda-Leal et al. [53] showed that hydroconversion of furfural was first studied using
TiO2−Fe2O3/C as a catalyst. The solvent in all experiments was a mixture of isopropanol
and formic acid, which was the main hydrogen donor in the chemical reaction. The reaction
was carried out in a CEM Discover 2.0 microwave reactor at 200 ◦C for 15 min and with
continuous flow. The selectivity of the formation of the target product at a 70% conversion
was 100%, thus representing significant progress in the development of strategies for
selective biomass conversion given the uncontrollable reactivity of such molecules, which
leads to a number of reaction byproducts.

3.2. Selective Reduction of Nitrobenzene to Aniline

The reduction of aromatic nitro compounds is an important transformation that
has been widely studied because anilines are used in the synthesis of pharmaceuticals
and agrochemicals. Selective and complete reduction of nitrobenzene in the presence of
glycerol used as a hydrogen source has been performed using Raney nickel [55] and in the
presence of a recyclable catalyst based on magnetic ferrite−nickel nanoparticles. Despite
the disadvantage of high viscosity at room temperature, glycerol is an optimal solvent for
catalysis purposes because of its high polarity and ability to remain in the liquid phase
over a large temperature range (from 17.8 to 290 ◦C). It also has a low vapor pressure,
which means that it can be used under microwave irradiation conditions. Thus, copper
nanoparticles (CuNP) were prepared in glycerol [56], and the efficiency of the glycerol layer
interaction with the metal active centers was investigated by HRTEM analysis. Its high
polarity, low vapor pressure, long relaxation time, and high acoustic impedance meant that
excellent results were also obtained when the reaction medium was subjected to ultrasonic
irradiation. Microwave synthesis was shown to play an important role in this process due
to its ability to improve CuNP dispersion, promote mechanical depassivation, and increase
the catalytically active surface, while MW irradiation reduces the reaction time from hours
to minutes. These synergistic combinations contributed to the exhaustive reduction of
nitrobenzene to aniline and facilitated the expansion of the protocol for its optimized use
in industrial MW reactors.

3.3. Selective Hydrogenation of Levulinic Acid

Levulinic acid and its derivatives are promising platform chemicals that can be ob-
tained from biomass. It can be converted into value-added molecules that can be used as
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environmentally friendly solvents and additives to biofuels in the pharmaceutical industry
and in the synthesis of biopolymers [57]. Currently, most of the research is focused on
the hydrogenation of levulinic acid into γ−valerolactone. γ−Valerolactone is a valuable
chemical compound, a platform molecule, considered as an intermediate for the synthesis
of value-added chemical compounds, components of motor fuels, and biopolymers. This
substance is well established as an environmentally friendly solvent, fuel additive, flavoring
agent, and food additive [58]. A study was performed on the hydrogenation of levulinic
acid using microwave synthesis on gold catalysts (commercial 1 wt% Au/TiO2 using AU-
ROlite™ (catalogue number 79-0165, CAS number 7440-57-5, Strem Chemicals INC) and
2.5 wt% Au/ZrO2 prepared by precipitation−sedimentation) to produce 1,4−pentanediol
(1,4−PDO) [59]. Hydrogenation of levulinic acid under microwave conditions was tested in
a SynthWAVE reactor with a closed microwave cavity. The hydrogenation was carried out
both in the absence of a solvent and in the presence of H2O used as a solvent. The mixture
was heated under MW and magnetic stirring for 4 h at 150 ◦C. Interestingly, the selectivity
to 1,4−PDO was close to 100% at 200 ◦C. The extended characterization highlighted the
joint role played by the gold nanoparticles and the support on which the activated hydro-
gen atoms are spilled over to react with LA. This results in remarkable Au/TiO2 activity.
Both catalysts showed structural and morphological stability under reaction conditions.

The catalytic activity of the synthesized Al−SBA−15 mesoporous materials was eval-
uated in the single−reactor conversion of furfuryl alcohol (FAL) using 2−propanol as
an H−donor solvent to yield γ−valerolactone (GVL) under both microwave irradiation
(microwave synthesizer Discover® 2.0, CEM Corporation’s, US) and continuous flow condi-
tions (Phoenix Flow ReactorTM, ThalesNano, Budapest), as shown in Figure 7. All materials
exhibited conversions up to 99% with GVL selectivities of ca. 20−41% after one hour of the
reaction. A study of the recyclability of the materials showed good GVL production over
three reaction cycles using both microwave and flow reaction conditions [60].
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3.4. Selective Catalytic Transfer Hydrogenation

Catalytic transfer hydrogenation (CTH) is a new alternative process for selective hy-
drogenation, and the microwave irradiation is an efficient heating method for the initiation
of the organic reaction.

CTH of Jatropha oil biodiesel was performed [61] by microwave heating using Raney
nickel as a catalyst and water as a solvent, as well as by conventional heating. The effect
of operating parameters on the composition of the upgraded biodiesel was analyzed in
detail and optimal conditions for CTH of Jatropha oil biodiesel were found. Under optimal
conditions, the mass conversion of methyl linoleate reached 91.98 wt.% with the reaction
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time of 50 min. For the improved biodiesel obtained after 50 min, the methyl linoleate
content, methyl oleate content, methyl stearate content and iodine number were 2.45 wt.%,
76.70 wt.%, 8.45 wt.% and 70.21 wt.%, respectively. Thus, the use of microwave heating
in the CTH reaction can shorten the hydrogenation time and speed up the hydrogenation
process, which helps to reduce the energy consumption for the reaction.

The CTH of polyunsaturated fatty acid methyl esters was carried out [62] by using a
Pd/organobentonite catalyst with water as a solvent and ammonium formate as a hydrogen
donor under microwave heating. The effects of CTH reaction conditions, including the
amount of ammonium formate, the amount of the solvent, the dosage of the catalyst,
reaction temperature, reaction time, and agitation rate, on the hydrogenation process was
studied systematically. Meanwhile, the effects of both microwave heating and conventional
heating on the CTH reaction have been studied. Under the optimal CTH conditions (40 g as
the amount of ammonium formate, 60 g as the water amount, 8 wt.% as the catalyst dosage,
80 ◦C as the reaction temperature, 140 min as the reaction time, and 350 rpm as the agitation
speed), methyl linoleate was successfully hydrogenated into methyl oleate with a high
conversion ratio of 78.56%, high methyl oleate yield of 72.22%, and high selectivity for the
cis−isomer of methyl oleate of 70.29%. Compared with conventional heating, microwave
heating used in the CTH process could enhance the conversion from 60.27% to 78.56% and
reduce the hydrogenation time.

4. Conclusions

Considering the great interest of the scientific community over the past 10 years in the
application of microwave radiation in various catalytic processes and for the synthesis of
nanomaterials and nanotechnologies, we can confidently say that catalysis is at the fore-
front of microwave research. A huge number of scientific articles, books, and reviews have
been devoted to the significant advantages of using microwave radiation, but all known
methodologies are used exclusively in lab-scale fundamental research. It is well known that
the interaction between microwave irradiation and a heterogeneous catalyst can lead to a
local thermal effect inside the catalyst grain, which contributes to the intensification of the
catalytic reaction and increases the efficiency of the process. However, the problem of scal-
ing up catalytic processes using microwave radiation to large-scale industrial production
has not yet been solved, since this requires an increase in the size of the catalytic equipment
and the amount of a catalyst, which will lead to a change in the frequency of microwaves
by tens of times and will probably lead to a decrease in the reachable temperature and a
drop in efficiency. We expect that the mechanism of the effect of microwave radiation in
solutions and on heterogeneous nanomaterials will be actively investigated to improve
understanding of the processes that are occurring in heterogeneous catalytic reactions. We
believe that the interconnection of rapidly developing modern science and engineering
developments will allow one to create more environmentally friendly and efficient catalytic
nanomaterials in compliance with the principles of “green” chemistry.
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Abstract: In this study, the high-loaded copper-containing catalysts modified with Fe and Al were
successfully applied for the hydroconversion of furfural to furfuryl alcohol (FA) or 2-methylfuran
(2-MF) in a batch reactor. The synthesized catalysts were studied using a set of characterization
techniques to find the correlation between their activity and physicochemical properties. Fine
Cu-containing particles distributed in an amorphous SiO2 matrix, which has a high surface area,
provide the conversion of furfural to FA or 2-MF under exposure to high pressure of hydrogen. The
modification of the mono-copper catalyst with Fe and Al increases its activity and selectivity in the
target process. The reaction temperature strongly affects the selectivity of the formed products. At a
H2 pressure of 5.0 MPa, the highest selectivity toward FA (98%) and 2-MF (76%) was achieved in the
case of 35Cu13Fe1Al-SiO2 at the temperature of 100 ◦C and 250 ◦C, respectively.

Keywords: hydroconversion; furfural; furfuryl alcohol; 2-methylfuran; Cu-containing catalyst

1. Introduction

Due to a few energy and environmental issues, it is important to find alternative
sources of raw materials to produce biofuels, valuable chemicals, and various fuel ad-
ditives. Such a source can be lignocellulose, which is characterized by a low content of
harmful elements (heavy metals, as well as sulfur and nitrogen, resulting in emissions of
NOx and SOx) and has large volumes of annual production. Hemicellulose is one of the
main components of lignocellulose, which can be converted into furfural by acid hydrolysis.
Furfural is included in the list of the 30 most biomass-derived valuable chemicals [1,2]
and has a wide range of applications. Up to 80 value-added chemicals can be obtained
as a result of furfural conversion in various pathways [3–5]. Thus, furfural can be con-
verted into various valuable C4–C5 chemicals such as furfuryl alcohol (FA), valerolactone,
pentanediols, cyclopentanone, dicarboxylic acids, butanediol, and butyrolactone [6]. Ad-
ditionally, furfural can be selectively hydrogenated into potential high-octane additives,
such as 2-methylfuran (2-MF, sylvan), or can undergo a combination of aldol condensation,
esterification, and hydrodeoxygenation to form liquid alkanes [7–9]. The 2-MF can be used
in existing internal-combustion engines as a fuel additive [10–13] due to its high octane
number (131) and good volatility (boiling point of 65 ◦C). Corma et al. demonstrated the
possibility of obtaining branched alkanes from 2-MF for diesel fraction [14,15]. The 2-MF is
used as a solvent in various processes, as a reagent in the production of pesticides, and as
chloroquine phosphate for antimalarial drugs [16]. However, ca. 65–85% of furfural is used
to produce FA [17–19]. FA is widely used as a solvent in various processes, as a reagent
in the production of foundry resins and furan fiber-reinforced plastics, drugs (e.g., rani-
tidine), flavors, 2-MF, 2-methyltetrahydrofuran, and tetrahydrofurfuryl alcohol [3,20–22].
Additionally, FA is a very important substance for the production of vitamin C, lysine, and
lubricants [23,24]. Therefore, special attention is given to the selectivity of catalysts in the
hydrogenation of furfural because FA is an intermediate compound in the chain of furfural
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transformation. Additionally, furfural is used to produce furan resins and selectively purify
lubricating oils, to synthesize many commercial products (e.g., tetrahydrofurfuryl alcohol
(THFA), furan, tetrahydrofuran (THF)).

Conventional catalysts in the production of FA from furfural are the CuCr catalysts,
which provide a high yield of FA (up to 98%) on an industrial scale [25–27]. However, the
main disadvantage of the CuCr system is the presence of chromium in its composition,
which can contaminate the target products with chromium species. In addition, the coating
of Cu active sites with chromium-containing particles formed from copper chromite under
process conditions significantly reduces the selectivity of FA formation [28,29]. One of the
ways to improve the stability of copper chromite is the atomic layer deposition of alumina,
which prevents the formation of coke, sintering, and blocking of copper particles [28].
However, this technology is quite expensive and, for this reason, cannot be applied on
an industrial scale. The systems based on noble metals (e.g., Pt, Pd) are also active in the
hydroconversion of furfural, but they commonly have high costs and provide insufficient
selectivity due to the formation of products from the hydrogenation furan ring [30–32].
Therefore, the development of a highly active, selective, and eco-friendly catalyst for
the hydroconversion of furfural is an important task. It is important to note that the
efficient catalyst should provide selective hydrogenation of the aldehyde functional group
in furfural, while the hydrogenation of the aromatic ring should be suppressed.

Cu-containing systems are the most promising catalysts for selective hydrogenation of
furfural to FA or 2-MF. However, a monometallic copper catalyst does not have sufficient
activity in the target process because of the accumulation of carbon on the surface of the
catalyst and the agglomeration of the active component. High values of hydrogen pressure
are commonly used to solve this problem [33]. Another way to increase the activity of
copper catalysts is the addition of modifiers (e.g., Fe, Mo, Al, Ni, Co, Zn) [34–40]. However,
it is not possible in many cases to achieve the required results due to strong adsorption
of reaction products on the catalyst surface (thus providing a decrease in the selectivity
toward FA), changes in the oxidation state of the active component, and polymerization of
furfural with itself and FA molecules [33,41].

The catalysts based on iron oxide have activity in the oxidative processes, for example,
esterification of alcohols and aldehydes [42], decarbonylation of aliphatic aldehydes [43],
ammoxidation of aromatic aldehydes [44], and heavy oil cracking in the presence of
steam [45]. Ma et al. [46] showed the possibility of using magnetic Fe3O4 nanoparticles
in the catalytic hydrogenation of furfural to FA. It was concluded that the smaller Fe3O4
particles had the larger BET surface area and pore diameter, thus providing better catalytic
performance (FA yield of 90% at furfural conversion of 97%, 160 ◦C, 5 h, 0.1 g of catalyst,
0.67 mmol of furfural, 20 mL of alcohol). Alumina is known to have Lewis acid sites and
to promote the activation of C=O bonds in aldehydes or ketones [47]. On the other hand,
the Lewis acid sites can contribute to the formation of carbon deposits on the surface, thus
providing additional stability of the catalyst to the formation of secondary products under
reaction conditions. Thus, the use of copper-containing catalysts modified with iron and
aluminum oxides can increase the catalytic performance and provide high selectivity to the
formation of FA under reaction conditions.

In this work, homophase and heterophase preparation techniques were used for the
synthesis of Cu-containing catalysts to provide selective hydrogenation of furfural [48,49].
Both techniques are based on the sol–gel method using partially hydrolyzed tetraethoxysi-
lane (ethyl silicate, ES), which has a wide range of applications as a binder and hydrophobic
agent. Dispersion of the metal precursor in an alcohol solution containing ES and sub-
sequent drying lead to the condensation of ES with the formation of a polysiloxane film
directly on the surface of the precursor. The next steps of calcination and reduction result
in the formation of a SiO2 matrix with dispersed metal particles enclosed in its pores.
The formed matrix prevents the sintering of metal particles during the reduction and
heat treatments.
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2. Results and Discussion
2.1. Furfural Hydroconversion in the Presence of Monometallic Copper Catalysts

The monometallic copper catalysts with Cu content of 5–50 wt.% were investigated in
the hydroconversion of furfural in a batch reactor. For all samples, only furfuryl alcohol (FA)
was detected as a product of this reaction. Thus, the monometallic copper catalysts showed
100% selectivity to the formation of FA. The 5Cu-SiO2 catalyst was the least active, with a
furfural conversion of 19% (Figure 1). The low activity of the 5Cu-SiO2 catalyst is probably
due to insufficient content of the active component. The samples with a copper content
of 10–30 wt.% showed similar activity in the process, while the yield of the target product
at the end of the reaction was 82–85%. The most active catalysts in the hydrogenation of
furfural were the samples with copper contents of 15 and 40 wt.%. They provided FA yields
of 92 and 93%, respectively.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 3 of 20 
 

2. Results and Discussion 
2.1. Furfural Hydroconversion in the Presence of Monometallic Copper Catalysts 

The monometallic copper catalysts with Cu content of 5–50 wt.% were investigated 
in the hydroconversion of furfural in a batch reactor. For all samples, only furfuryl alcohol 
(FA) was detected as a product of this reaction. Thus, the monometallic copper catalysts 
showed 100% selectivity to the formation of FA. The 5Cu-SiO2 catalyst was the least active, 
with a furfural conversion of 19% (Figure 1). The low activity of the 5Cu-SiO2 catalyst is 
probably due to insufficient content of the active component. The samples with a copper 
content of 10–30 wt.% showed similar activity in the process, while the yield of the target 
product at the end of the reaction was 82–85%. The most active catalysts in the hydrogena-
tion of furfural were the samples with copper contents of 15 and 40 wt.%. They provided 
FA yields of 92 and 93%, respectively. 

 
Figure 1. Dependence of FA yield on the reaction time in the presence of monometallic copper cat-
alysts in a batch reactor. Reaction conditions: P(H2) = 5.0 МPа, 100 °С, 7 vol.% of furfural in isopropyl 
alcohol, 4.5 h, mcat = 1 g. 

Table 1 summarizes the FA yield and the amount of CO chemisorbed by the reduced 
monometallic xCu–SiO2 catalysts at 200 °C. The amount of CO chemisorbed by catalyst 
samples reflects the number of accessible Cu sites. Although the heat of CO adsorption is 
extremely low in the case of copper compared, for example, with nickel [50], the measure-
ment of this parameter allows us to draw some conclusions related to the activity of cop-
per-containing systems [51–53]. 

Table 1. Correlation between the amount of CO chemisorbed by the reduced monometallic xCu–
SiO2 catalyst and the FA yield. Reaction conditions: P(H2) = 5.0 МPа, 100 °С, 7 vol.% of furfural in 
isopropyl alcohol, reaction time is 5 h, mcat = 1 g. 

Catalyst CO Uptake, µmol/gcat. Yield of FA, % 
HomSG series a 

5Cu-SiO2 26 19 
10Cu-SiO2 65 84 
15Cu-SiO2 89 92 
20Cu-SiO2 80 85 
30Cu-SiO2 65 82 

HetSG series b 

40Cu-SiO2 86 93 
50Cu-SiO2 45 77 

a A series of catalysts obtained via the homophase sol–gel method. b A series of catalysts obtained 
via the heterophase sol–gel method. 

Figure 1. Dependence of FA yield on the reaction time in the presence of monometallic copper
catalysts in a batch reactor. Reaction conditions: P(H2) = 5.0 MPa, 100 ◦C, 7 vol.% of furfural in
isopropyl alcohol, 4.5 h, mcat = 1 g.

Table 1 summarizes the FA yield and the amount of CO chemisorbed by the reduced
monometallic xCu–SiO2 catalysts at 200 ◦C. The amount of CO chemisorbed by catalyst
samples reflects the number of accessible Cu sites. Although the heat of CO adsorption
is extremely low in the case of copper compared, for example, with nickel [50], the mea-
surement of this parameter allows us to draw some conclusions related to the activity of
copper-containing systems [51–53].

CO chemisorption data have a good correlation with FA yields for all studied catalysts.
A decrease in the activity, as well as a decrease in the amount of chemisorbed CO for
50Cu-SiO2 compared to 40Cu-SiO2, can be explained by an increase in the particle size of
the active component on the surface, which is confirmed by XRD and BET analyses (see
Table 2).
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Table 1. Correlation between the amount of CO chemisorbed by the reduced monometallic xCu–SiO2

catalyst and the FA yield. Reaction conditions: P(H2) = 5.0 MPa, 100 ◦C, 7 vol.% of furfural in
isopropyl alcohol, reaction time is 5 h, mcat = 1 g.

Catalyst CO Uptake, µmol/gcat. Yield of FA, %

HomSG series a

5Cu-SiO2 26 19

10Cu-SiO2 65 84

15Cu-SiO2 89 92

20Cu-SiO2 80 85

30Cu-SiO2 65 82

HetSG series b

40Cu-SiO2 86 93

50Cu-SiO2 45 77
a A series of catalysts obtained via the homophase sol–gel method. b A series of catalysts obtained via the
heterophase sol–gel method.

Table 2. Textural characteristics and phase composition of Cu-containing catalysts.

Catalyst a,b SSA c, m2/g V∑, cm3/g
Phase

Composition/CSR, Å
d

HomSG series e

5Cu-SiO2 156 0.71 SiO2 (amorph. f)/- g

10Cu-SiO2 210 0.73 SiO2 (amorph.)/-
CuO/40

15Cu-SiO2 290 0.78 SiO2 (amorph.)/-
CuO/40

20Cu-SiO2 320 0.78 SiO2 (amorph.)/-
CuO/50

30Cu-SiO2 329 0.82 SiO2 (amorph.)/-
CuO/90

10Cu10Fe-SiO2 (0.9) h 215 1.05 SiO2 (amorph.)/-

15Cu5Fe-SiO2 (2.4) 257 1.03 SiO2 (amorph.)/-

15Cu3Fe-SiO2 (4.4) 262 1.00 SiO2 (amorph.)/-

15Cu2Fe-SiO2 (5.5) 270 0.99 SiO2 (amorph.)/-

HetSG series i

40Cu-SiO2 83 0.45 SiO2 (amorph.)/-
CuO/130

50Cu-SiO2 40 0.20 CuO/170

40Cu20Fe-SiO2 (1.8) 360 0.72 SiO2 (amorph.)/-
CuO (trace)

35Cu13Fe-SiO2 (2.4) 348 0.73 SiO2 (amorph.)/-
CuO (trace)/-

37Cu7Fe-SiO2 (4.4) 330 0.72 SiO2 (amorph.)/-
CuO (trace)/-
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Table 2. Cont.

Catalyst a,b SSA c, m2/g V∑, cm3/g
Phase

Composition/CSR, Å
d

40Cu7Fe-SiO2 (5.5) 323 0.72 SiO2 (amorph.)/-
CuO (trace)/-

40Cu3Fe-SiO2 (11.6) 310 0.72 SiO2 (amorph.)/-
CuO (trace)/-

35Cu13Fe2.5Al-SiO2
(1) j 235 0.75 CuO/160

35Cu13Fe1Al-SiO2 (2) 240 0.78 CuO/170

35Cu13Fe0.5Al-SiO2
(4.6) 260 0.82 CuO/320

a Numbers in the catalyst notation correspond to the percentage of Cu, Fe, and Al in the metal form (wt.%). b

The catalyst composition was determined by atomic emission spectroscopy with inductively coupled plasma
(ICP–AES). c Specific surface area was determined via the Brunauer–Emmett–Teller method, using nitrogen ad-
sorption isotherms. d Determined by the X-ray diffraction method (conditions are described below in Section 3.9).
e Catalyst series obtained via the homophase sol–gel method. f Amorphous. g Not determined due to X-ray
amorphous. h Cu/Fe molar ratio. i Catalyst series obtained via the heterophase sol–gel method. j Fe/Al
molar ratio.

The most active catalysts in this series are 15Cu-SiO2 (HomSG series) and 40Cu-SiO2
(HetSG series); however, it is clear from the kinetic plots presented in Figure 1 that after
50 min of reaction, there is no increase in the conversion of furfural until the end of the
experiment. One of the approaches to increase the activity of copper catalysts is the
introduction of modifying additives (e.g., Fe, Mo, Al), which make it possible to increase
the catalytic performance of copper systems by preventing carbon accumulation on the
catalyst surface and agglomeration of the active component due to the formation of more
dispersed particles. Thus, two samples, namely, 15Cu-SiO2 and 40Cu-SiO2, were selected
from a series of mono-copper catalysts for further modification and study in the process of
furfural hydro conversion.

2.2. Furfural Hydroconversion in the Presence of Copper-Containing Catalysts Modified with Iron
and Aluminum

Figure 2 shows the dependence of FA yield on the reaction time in the presence of
copper–iron catalysts with different Cu/Fe molar ratios prepared by the homogeneous sol–
gel method (15Cu-SiO2 sample was used as the basis). The modification of the 15Cu-SiO2
sample with iron does not lead to an increase in the activity of the initial Cu-catalyst but also
reduces the FA yield to 70–77%. Apparently, small particles of the active component (CSR
of 40 Å, XRD data, Table 2) are shielded by modifier particles (even in the case of a high
Cu/Fe molar ratio), which leads to a decrease in the activity of the catalysts. Additionally,
according to the XRD analysis (Table 2), the reflections corresponded to CuO disappear in
the 15Cu5Fe-SiO2 catalyst compared to 15Cu-SiO2, which indicates a decrease in the size of
these particles due to the presence of X-ray amorphous iron oxide.

The copper–iron catalysts prepared by the heterophase sol–gel method (40Cu-SiO2
was used as the basis) were also studied in the hydrogenation of furfural to FA. Figure 3
shows the dependence of FA yield on the reaction time in the presence of copper–iron
catalysts with different Cu/Fe molar ratios. The modification of 40Cu-SiO2 with iron, in
some cases, leads to an increase in activity. This is especially noticeable for the 35Cu13Fe-
SiO2, 40Cu7Fe-SiO2, and 40Cu20Fe-SiO2 samples. These catalysts make it possible to obtain
a higher FA yield (97–99%) under equal process conditions. The 35Cu13Fe-SiO2 (Cu/Fe
= 2.4) turned out to be the catalyst, which completely converted furfural into FA, and the
yield of FA was 99%.
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(HeteroSG series) in a batch reactor. Reaction conditions: P(H2) = 5.0 MPa, 100 ◦C, 7 vol.% of furfural
in isopropyl alcohol, 4.5 h, mcat = 1 g.

Thus, the incorporation of iron into a high-percentage copper catalyst prepared by
the heterogeneous sol–gel method makes it possible to increase the FA yield due to the
formation of finer particles of the active component, which are more active in the target
process. This assumption is confirmed by the data of XRD analysis (Table 2), which show
only traces of crystalline copper oxide, while the major part of the oxide is X-ray amorphous.
However, this fact causes an increase in the formation of carbon deposits compared to the
pristine catalyst, as will be discussed in Section 2.3.

As stated in Introduction, the Lewis acid sites of alumina can promote the formation
of carbon deposits on their own surface, thus providing additional stability of the catalyst
to the formation of secondary products under reaction conditions. In this case, an attempt
was made to modify the copper–iron catalyst with aluminum with different Fe/Al molar
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ratios. The dependence of FA yield on the reaction time in the presence of CuFeAl-SiO2
catalysts with different Fe/Al ratios is shown in Figure 4.
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Figure 4. Dependence of FA yield on the reaction time in the presence of CuFeAl-containing catalysts
(HeteroSG series) in a batch reactor. Reaction conditions: P(H2) 5.0 MPa, 100 ◦C, 7 vol.% of furfural
in isopropyl alcohol, 4.5 h, mcat = 1 g.

The modification with aluminum (i.e., 35Cu13Fe1Al-SiO2 sample) made it possible to
completely convert furfural into FA in a shorter time compared to the copper–iron catalyst.
Additionally, the heterophase sol–gel method, used for the synthesis of this catalyst, and
modification with iron and aluminum contribute to easier shaping compared pristine
sample. This fact is an important advantage for the processes in fixed-bed reactors.

Next, the reaction temperature of furfural hydrogenation was varied in the presence
of the 35Cu13Fe1Al-SiO2 catalyst at a hydrogen pressure of 5.0 MPa. The distribution of
formed products is shown in Figure 5.
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For the 35Cu13Fe1Al-SiO2 catalyst, a temperature of 100–140 ◦C is optimal to produce
FA from furfural because FA selectivity achieves 97–98% at 99% conversion of furfural. At
a temperature of 160 ◦C, FA selectivity is 96% due to the formation of 2-MF. The selectivity
toward 2-MF at this temperature is 4%. The hydrogenation of the FA hydroxyl group leads
to a more significant formation of 2-MF up to 5–25% at 180–200 ◦C (at 5 h). The distribution
of products changes significantly at 250 ◦C, when the main product becomes 2-MF with a
selectivity up to 76% at 100% conversion of furfural, while 2-MTHF (12% of selectivity) is
also formed (Figure 6).

1 

 

 

Figure 6. Schema of furfural hydroconversion in the presence of 35Cu13Fe1Al-SiO2 catalyst in a
batch reactor (FA is furfuryl alcohol, 2-MF is 2-methylfuran, 2-MTHF is 2-methyltetrahydrofuran).

Thus, the 35Cu13Fe1Al-SiO2 catalyst is highly active and selective in the formation of
FA from furfural in a batch reactor at 100–140 ◦C, a hydrogen pressure of 5.0 MPa, catalyst
loading of 0.3–1.0 g, and a reaction time of 2.5–5.0 h. At 200–250 ◦C, the main product is
2-MF with a selectivity of 76%.

2.3. Catalyst Characterization

The phase composition and textural characteristics were determined for all catalysts
in oxide form (see Table 2). All samples are characterized by hysteresis of the H3 type with
slit-like pores between particles; the samples are predominantly meso-macroporous. The
introduction of iron increases the surface area of the catalysts (HetSG series) and prevents
the crystallization of copper oxide, which is confirmed by XRD data (it is not possible
to determine the CSR of copper oxide due to its X-ray amorphism) (Table 2). Further
addition of aluminum slightly reduces the surface area of the catalysts, but the XPS method
determines the Cu state attributed to copper(II) oxide, which allows us to propose that the
presence of aluminum promotes the crystallization of CuO.

X-ray diffraction patterns obtained by XRD for the most active 35Cu13Fe-SiO2,
35Cu13Fe1Al-SiO2, and 40Cu-SiO2 catalysts are shown in Supplementary Figure S1. Af-
ter the reaction, broad peaks appear at 2θ = 36.7◦, 42.4◦, and 61.8◦, attributed to Cu2O
[PDF 5–667], and at 2θ = 43.4◦ and 50.4◦, attributed to the metallic Cu [PDF 4–836]. No
Fe-containing phases were found, as in the case of the fresh catalysts (Table 2).

Thus, the phase composition of the catalysts after the reaction is represented by the
metallic copper and prereduced Cu2O (Table 3). When iron is introduced into the 40Cu-SiO2
catalyst, the size of the metallic copper CSR does not change. However, it increases when
aluminum is additionally introduced. The introduction of Al also increases the degree
of copper oxide reduction: 50% and 75% of Cu are observed in the 35Cu13Fe-SiO2 and
35Cu13Fe1Al-SiO2 samples after the reaction, respectively.

The study of some catalysts after the reaction was carried out using X-ray photoelectron
spectroscopy (XPS). We studied the most active samples: 35Cu13Fe1Al-SiO2 (fresh) and
after the reaction, 15Cu-SiO2, 40Cu-SiO2, 50Cu-SiO2, 15Cu5Fe-SiO2, 35Cu13Fe-SiO2, and
35Cu13Fe1Al-SiO2. Relative concentrations of elements (i.e., atomic ratios) in the near-
surface layer are shown in Table 4. The binding energies of Si2p, C1s, Cu2p3/2, Fe2p3/2, and
O1s are given in Supplementary Table S1. Due to the low concentration of aluminum and
the overlap of the Al2p spectrum with the copper Cu3p spectrum, the surface concentration
of aluminum cannot be determined by XPS.
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Table 3. Phase composition and corresponding CSR sizes for the catalysts after reaction.

Catalyst after Reaction Phase Composition, % CSR, Å

40Cu-SiO2
30% Cu2O

70% Cu
30

140

35Cu13Fe-SiO2
50% Cu2O

50% Cu
50

140

35Cu13Fe1Al-SiO2
25% Cu2O

75% Cu
55

240

Table 4. Atomic ratios of elements in the surface layer of the catalysts.

Catalyst [Cu]/[Si] [Fe]/[Si] [O]/[Si] [C]/[Si] %, Cu2+ %, Cu1+ %, Cu0

15Cu-SiO2 0.082 0.000 2.27 0.51 55 45 0

40Cu-SiO2 0.378 0.000 2.33 1.75 47 53 0

50Cu-SiO2 0.519 0.000 2.40 2.32 36 64 0

15Cu5Fe-SiO2 0.074 0.025 2.32 0.77 47 53 0

35Cu13Fe-SiO2 0.224 0.068 2.44 0.87 43 57 0

35Cu13Fe1Al-SiO2 (fresh) 0.336 0.053 2.27 0 100 0 0

35Cu13Fe1Al-SiO2 0.195 0.073 2.42 0.85 42 58 0

With an increase in Cu content in the monometallic catalysts, the [Cu]/[Si] surface
ratio increases; with the introduction of iron, this ratio slightly decreases due to the release
of iron to the surface. After the reaction, the [Cu]/[Si] ratio decreases for the 35Cu13Fe1Al-
SiO2 catalyst due to an increase in [Fe]/[Si] and carbon formation. At the same time, the
metallic copper is not identified by XPS in the 35Cu13Fe1Al-SiO2 catalyst after the reaction,
apparently due to its coating with oxides (HRTEM data are given below to confirm this
fact). In the fresh 35Cu13Fe1Al-SiO2 catalyst, metallic copper is not detected because this
sample is in the oxide form.

In the series of 15Cu-SiO2—40Cu-SiO2—50Cu-SiO2, the content of surface carbon
increases (Table 4), which is in good agreement with the results of the CHNS analysis of
these samples after the reaction (Table 5). The addition of aluminum to the 35Cu13Fe-SiO2
catalyst slightly reduces the carbon content on the surface, which also agrees with the
results of the CHNS analysis (Table 5).

The Si2p spectra of the studied catalysts show a broad symmetrical peak corresponding
to silicon in the Si4+ state (Supplementary Figure S2). This peak was used as an internal
standard (Eb = 103.3 eV) to consider the effect of sample charging. For silicon in the SiO2
structure, the Si2p binding energies are in the range of 103.3–103.8 eV [54–56].

Figure 7 shows the Cu2p spectra of the catalysts. Due to the spin-orbit splitting, the
Cu2p spectra exhibit two groups of peaks related to the Cu2p3/2 and Cu2p1/2 levels, the
integrated intensities of which are related as 2:1. The spectrum of the studied catalysts
exhibits peaks with Cu2p3/2 binding energies in the region of 932.5 and 935.1 eV, as well
as peaks in the region of 941.1–943.4 eV—X-ray satellites corresponding to a peak in the
region of 935.1 eV.

The shape of the spectra allows us to state that part of the copper is in the Cu2+ state
in the near-surface layer of the catalysts. Indeed, a characteristic difference between the
Cu2p spectra of Cu(II) compounds is the high binding energies of Cu2p3/2 in the range
of 933.6–935.3 eV and the presence of intense core-level satellites in the region of high
binding energies [57]. For example, the integrated intensity of the core-level satellite in
the CuO spectrum reaches 55% of the intensity of the main Cu2p3/2 line [58]. For copper
in the metallic state and Cu(I) compounds, the Cu2p3/2 binding energy is in the range of
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932.4–932.9 eV, while in the spectrum of metallic copper, there are no core-level satellite
peaks. The intensity of the core-level peaks in the spectrum of Cu1+ does not exceed 15%
of the intensity of the main Cu2p3/2 line. The peak at 932.5 eV can be attributed to both
metallic copper and copper in the Cu1+ state. In the literature, for metallic copper, the
Cu2p3/2 binding energies are given in the range of 932.5–932.6 eV; for Cu2O, the binding
energy is in the same range as for the metallic state of copper. Since the Cu2p3/2 binding
energies for Cu0 and Cu1+ are similar, the identification of copper states is a difficult task.
The so-called Auger parameter α is usually used to determine the state of copper in such
cases. This parameter is equal to the sum of the Cu2p3/2 binding energy and the position
of the maximum of the CuLMM Auger spectrum on the electron kinetic energy scale [59].
In accordance with the literature data, the Auger parameters for bulk samples of metallic
copper, Cu2O, and CuO are 1851.0–1851.4, 1848.7–1849.3, and 1851.4–1851.7 eV, respectively.
For the 15Cu-SiO2 and 15Cu5Fe-SiO2 catalysts, it is not possible to measure the value of the
Auger parameter due to the low surface concentration of copper in the analysis zone. The
Auger parameter for other catalysts for the peak in the region of 932.5 eV is 1849–1849.3 eV,
which corresponds to copper in the Cu1+ state (Table 4). For a fresh 35Cu13Fe1Al-SiO2
catalyst, the Auger parameter indicates that the copper is in the Cu2+ state (Supplementary
Table S1). It is likely that in 15Cu-SiO2 and 15Cu5Fe-SiO2 copper is also in the Cu1+ state.

Table 5. Carbon content in the catalysts after reaction determined by CHNS analysis.

Catalyst Carbon Content, wt.%

5Cu-SiO2 7.6 ± 0.5

10Cu-SiO2 4.5 ± 0.4

15Cu-SiO2 2.80 ± 0.05

20Cu-SiO2 5.68 ± 0.08

30Cu-SiO2 3.16 ± 0.02

40Cu-SiO2 3.0 ± 0.1

50Cu-SiO2 6.3 ± 0.6

10Cu10Fe-SiO2 8.8 ± 0.3

15Cu5Fe-SiO2 (2.4) 5.8 ± 0.1

15Cu3Fe-SiO2 (4.4) 6.82 ± 0.10

15Cu2Fe-SiO2 (5.5) 6.2 ± 0.8

35Cu13Fe-SiO2 4.0 ± 0.2

40Cu20Fe-SiO2 4.33 ± 0.03

37Cu7Fe-SiO2 4.72 ± 0.03

40Cu7Fe-SiO2 3.9 ± 0.1

40Cu3Fe-SiO2 4.8 ± 0.5

35Cu13Fe0,5Al-SiO2 4.2 ± 0.6

35Cu13Fe1Al-SiO2 3.5 ± 0.2

35Cu13Fe2.5Al-SiO2 4.3 ± 0.5

The Fe2p spectra of the studied catalysts are shown in Figure 8. As seen, the Fe2p
spectra are a Fe2p3/2–Fe2p1/2 doublet, the integral intensities of which are in the ratio of
2:1. To determine the state of iron, both the position of the main Fe2p3/2 line and the shape
of the Fe2p spectrum (intensity and relative position of the lines of core-level satellites
due to the manifestation of many-electron processes) are also used. The position and
intensity of the line of core-level satellites depend on the chemical state of iron. In the case
of the studied catalysts, the spectra of Fe2p3/2 represent a peak with binding energy in the
region of 711.6–712.3 eV, while core-level satellites are observed. In accordance with the
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literature data, iron in FeO, Fe3O4, and Fe2O3 is characterized by Fe2p3/2 binding energies
in the ranges of 709.5–710.2, 710.1–710.6, and 710.7–711.2 eV, respectively [60,61], while the
core-level satellites are separated from the main peak Fe2p3/2 at 5.7, 8.5, and 8.8 eV. The
high value of the binding energy and the presence of core-level satellites allow us to state
that iron in the oxidized catalysts is in the Fe3+ state.
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It is known that one of the reasons for catalyst deactivation is the formation of poly-
merized products on the catalyst surface. These products are formed due to both the
self-condensation of furfural molecules and the interaction of furfural with FA [18]. The
formation of these products is an undesirable process because they reduce the activity of
the catalyst and are coke precursors, carburizing the surface and blocking the access of the
substrate to the catalyst’s active sites. To determine the carbon amount in the catalysts after
the reaction, an elemental CHNS analysis was used. The results of this analysis are shown
in Table 5. The carbon content in monometallic catalysts is approximately 3–8 wt.%, while
in the case of the most active catalysts (15Cu-SiO2 and 40Cu-SiO2), the carbon content
does not exceed 3.5 wt.%. The introduction of iron into the 15Cu-SiO2 catalyst increases
the formation of carbon deposits, which block the active centers of the catalysts, thus
causing their lower activity compared to the pristine sample. The introduction of iron and
aluminum into the 40Cu-SiO2 catalyst has no substantial effect on the carbon content in
the samples after the reaction. It can be assumed that iron and aluminum oxides can be
covered with carbon deposits while Cu-containing particles remain free, thus providing
the high activity of those catalysts.

To confirm this assumption, the structural features and morphology of the most ac-
tive 35Cu13Fe1Al-SiO2 catalyst (fresh and after reaction) were studied by high-resolution
transmission electron microscopy (HRTEM). The fresh 35Cu13Fe1Al-SiO2 catalyst reduced
in a tubular reactor at 200 ◦C and passivated by ethanol was studied by HRTEM map-
ping. Analysis using this method shows that the catalyst has a matrix of amorphous SiO2
(Supplementary Figure S2), in which Fe2O3 clusters (presumably), less than 1 nm in size,
are distributed (Supplementary Figure S3 and Figure 9a). Aluminum oxide is also a finely
dispersed phase; it is not possible to determine more accurately due to the small particle
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size and low concentration. In the “cavities” of matrix space is copper. Copper is rep-
resented by several sizes and phases (Figure 9b): small particles (10–50 nm) of metallic
copper, covered with an oxide film due to passivation with ethanol after reduction, and
large particles up to 100 nm.
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The morphology of the catalyst after the reaction does not significantly change; there is
no change in the size of Cu-containing particles, which indicates a stabilization effect due to
the modification with iron and aluminum (Figure 10a). However, the size of iron-containing
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particles increases to 2 nm after the reaction, and it is possible to determine that iron is a
phase of hematite Fe2O3 (Figure 10b). The amount of formed carbon is 3–4 wt.%, which
correlates with the data of the CHNS analysis (Table 5). On the HRTEM images, carbon
is identified on the surface of the copper-containing particles, and the coating thickness
corresponds to 1–2 monolayers of carbon (Figure 10c).
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Figure 10. HRTEM images of 35Cu13Fe1Al-SiO2 catalyst after reaction: perspective view (a), Fe2O3

particles (b), carbon on the surface of copper-containing particles (c). The numbers indicate the
interplanar distances of the indicated phases (nm).

It is important to note that the distribution of Fe, Al, and C elements in the patterns of
35Cu13Fe1Al-SiO2 are similar (Figure 11). It confirms that carbon deposits are formed on
iron- and aluminum-containing particles.
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Based on the data of physicochemical methods, the proposed 35Cu13Fe1Al-SiO2
catalyst represents an amorphous SiO2 matrix with a high surface area in which nanosized
hematite particles are uniformly distributed. The active component of the catalyst is
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presented in the form of metallic copper of various sizes (small particles of 10–50 nm and
large particles up to 100 nm), which is covered with copper oxides. After the reaction,
carbon covers copper particles with a thickness of 1–2 monolayers. It can also be argued that
iron and aluminum oxides are strongly covered with carbon deposits, while Cu-containing
particles remain relatively free, which can provide the high activity of that catalyst.

3. Materials and Methods
3.1. Chemicals

All chemical reagents used in this study were commercially available, with no addi-
tional purification applied. Nickel(II) nitrate hexahydrate Ni(NO3)2·6H2O (≥98%, Reakhim
JSC, Moscow, Russia), cupric (II) carbonate basic CuCO3·Cu(OH)2 (≥96%, Reakhim JSC,
Moscow, Russia), ammonia solution NH4OH (25%, LenReaktiv JSC, Sankt-Peterburg, Rus-
sia), iron nitrate nonahydrate Fe(NO3)3·9H2O (≥98%, Soyuzkhimprom JSC, Novosibirsk,
Russia), aluminum nitrate nonahydrate Al(NO3)3·9H2O (≥98%, Reakhim JSC, Moscow,
Russia), and ethyl silicate (≥99%, Reakhim JSC, Moscow, Russia) were used for the catalyst
preparation. Isopropyl alcohol (≥99.8%, Reakhim JSC, Moscow, Russia), furfural (≥99.5%,
Component-Reactiv LLC, Moscow, Russia), argon (≥99.99%, Pure Gases Ltd., Novosi-
birsk, Russia), and hydrogen (≥99.99%, Pure Gases Ltd., Novosibirsk, Russia) were used
in the catalytic tests. Furfuryl alcohol (≥98%, Component Reactiv JSC, Moscow, Russia),
2-methylfuran (99%, Acros Organics, NJ, USA), and 2-methyltetrahydrofuran (≥99%, Acros
Organics, NJ, USA) were used to determine the relative response factors.

3.2. Catalyst Preparation

Two approaches based on the sol–gel method (i.e., homophase and heterophase sol–gel
methods) were used for the catalyst preparation [48,49]. The homophase sol–gel method
was used for the synthesis of samples with copper content up to 30 wt.%. In the case of
CuFe-containing catalysts, the required amounts of copper nitrate and iron nitrate were
dissolved in 150 mL of distilled water in a glass beaker for the preparation of samples
by the homophase sol–gel method (HomSG series). The beaker was mounted on a stand
with a tripod, on which a top-drive stirrer with a glass/PTFE propeller stirrer was fixed.
Stirring was carried out until the complete dissolution of salts. Then, a pH-meter electrode
was immersed in the prepared solution of the precursors, and 75 mL of ethyl silicate (ES)
was added under continuous stirring at 700 rpm. Nitric acid was added dropwise until
pH ≈ 1.3–1.5 and stirring was continued for 40 min to hydrolyze ES (step of sol formation).
Then, a solution of ammonia was added dropwise until pH = 7. Upon reaching pH ≈ 5–6,
the stirring speed was increased up to 14,000–17,000 rpm due to the formation of a viscous
pasty mixture (step of gel formation). The resulting precursor was placed in an evaporating
bowl and left in a muffle furnace at a temperature of 160 ◦C overnight. The dried samples
were calcined in the following mode: 200 ◦C for 30 min→ 250 ◦C for 30 min→ 300 ◦C
for 30 min→ 350 ◦C for 30 min→ 400 ◦C for 2 h. The prepared catalysts in an oxide form
are referred to as xCuyFe-SiO2, where x and y are the mass contents of Cu and Fe in metal
form, respectively (see Table 2).

To obtain the catalysts with a high Cu loading (40 and 50 wt.%), the heterophase
sol–gel method (HetSG series) was used. The required amounts of copper carbonate,
iron nitrate (in the case of CuFe-containing catalysts), and aluminum nitrate (in the case
of CuFeAl-containing catalyst) were dissolved in 95 mL of distilled water, placed into a
250 mL low beaker, and intensively mixed at 14,000–17,000 rpm using a top-drive stirrer.
Ammonia solution was added dropwise to the resulting suspension until pH = 10. Then,
the required amount of ES was added and stirred at 14,000–17,000 rpm for 15 min. The
obtained precursor was placed in an evaporating bowl and left in a muffle furnace at a
temperature of 160 ◦C overnight. The calcination was carried out in the following mode:
200 ◦C for 30 min→ 250 ◦C for 30 min→ 300 ◦C for 30 min→ 350 ◦C for 30 min→ 400 ◦C
for 2 h. The prepared catalysts in oxide form are referred to as xCuyFezAl-SiO2, where x, y,
and z are the mass contents of Cu, Fe, and Al in metal form, respectively (see Table 2).
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3.3. Catalyst Activity Tests

Activity and selectivity of the prepared catalysts were studied in the process of furfural
hydro conversion. The experiments were carried out in a 300 mL batch reactor (autoclave)
equipped with a mechanical stirrer, an electric furnace, and an operating system for control-
ling external and internal temperatures, pressure, and stirring rate of the reaction mixture.
Before the reaction, 0.3 or 1 g of powdered catalyst was placed in the autoclave and acti-
vated in a hydrogen flow (300 mL/min) at a temperature of 200 ◦C for 1 h. After cooling
to room temperature, 60 mL of a solution of 7 vol.% furfural in isopropanol was added,
which corresponds to the furfural/catalyst mass ratio of 16.2 or 4.9%, depending on the
initial mass of the catalyst. Next, the reactor was sealed, and the mixture was heated to
the required temperature (100–250 ◦C) with a heat rate of 10 ◦C/min. After reaching the
target temperature, hydrogen was supplied to the reactor until a pressure of 5.0 MPa, and
the mixture was intensively stirred at 1800 rpm. The start and end times of the reaction
corresponded to the moment when the stirring was turned on and off, respectively.

3.4. Product Analysis

Qualitative analysis of liquid reaction products was carried out on an Agilent 7000B
GC/MS (Agilent Technologies Inc., Santa Clara, CA, USA) with a triple quadrupole ana-
lyzer and an HP-5 MS quartz capillary column ((5%-phenyl)-methylpolysiloxane, length of
30 m, inner diameter of 0.25 mm, phase thickness of 0.25 µm) from Agilent Technologies
Inc (Santa Clara, CA, USA). The temperature program was as follows: 50 ◦C/min for 3 min,
then 10 ◦C/min to 260 ◦C/min. Mass spectra recording conditions: electron ionization
(70 eV), scanning mode in the m/z range of 40–500. Helium was used as a carrier gas. The
NIST.11. database was used to identify the components of the analyzed sample.

Quantitative analysis of liquid reaction products was carried out using an Agilent
GC-7820A gas chromatograph (Agilent Technologies Inc., Santa Clara, CA, USA) equipped
with a flame ionization detector and CM-Wax column (stationary phase polyethylene
glycol, 30 m×0,25 mm, phase thickness 0.25 µm) from JSC CXM (Moscow, Russia) and
HP-5 capillary column (stationary phase ((5%-phenyl)-methylpolysiloxane, length of 30 m,
inner diameter of 0.32 mm, phase thickness of 0.25 µm) from Agilent Technologies Inc.
(Santa Clara, CA, USA). Argon was used as a carrier gas with a flow rate of 25 mL/min.
The temperature program was as follows: 4 min—constant temperature for 50 ◦C, then
heat at 8 ◦C/min to 62 ◦C, 12 ◦C/min to 146 ◦C, 20 ◦C/min to 190 ◦C and 10 ◦C/min to
230 ◦C. The analysis time was 19.2 min. The samples were injected in an amount of 0.1 µL
using a chromatographic syringe. The product quantification was determined using the
normalization method with the relative response factors of 1.03, 1.00, 1.25, and 1.44 for
furfural, furfuryl alcohol, 2-methylfuran, and 2-methyltetrahydrofuran, respectively. The
relative yield of the reaction products (%) was estimated as the molar ratio of the amount of
formed product to the initial amount of furfural multiplied by 100%. The components of the
reaction mixture were identified by retention times. The accuracy of the chromatographic
analysis was 5%.

3.5. Elemental Composition of Catalysts

Elemental analysis of the fresh catalysts in oxide form was carried out using atomic
emission spectroscopy with inductively coupled plasma (ICP–AES) on an Optima 4300 DV
(Perkin Elmer Inc., Waltham, MA, USA).

3.6. Texture Characteristics

The texture properties of catalysts were analyzed by low-temperature nitrogen
porosimetry using an automated volumetric adsorption station ASAP-2400 (Micromeritics
Instrument Corp., Norcross, GA, USA). The Brunauer–Emmett–Teller method was used for
data processing. Before nitrogen adsorption, the samples were degassed for 4 h at 150 ◦C
and a pressure of 0.13 Pa.
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3.7. CO Chemosorption

CO pulse chemisorption measurements using a Chemosorb analyzer (JSC SLO,
Moscow, Russia) were used to estimate the number of active sites in the synthesized
catalysts according to the previously published technique [62]. Before analysis, the catalysts
were reduced at 200 ◦C in a H2 flow. The samples were cooled to 25 ◦C in an Ar atmosphere,
and CO was pulsed into the reactor until complete sample saturation was observed. The
total CO uptake was used to calculate the number of active sites.

3.8. High-Resolution Transmission Electron Microscopy

The structure and microstructure of the catalysts were studied by high-resolution
transmission electron microscopy (HRTEM) using a ThemisZ electron microscope (Thermo
Fisher Scientific, Waltham, MA, USA) with an accelerating voltage of 200 kV and a lim-
iting resolution of 0.07 nm. Images were recorded using a Ceta 16 CCD array (Thermo
Fisher Scientific, Waltham, MA, USA). The instrument is equipped with a SuperX (Thermo
Fisher Scientific, Waltham, MA, USA) energy-dispersive characteristic X-ray spectrometer
(EDX) with a semiconductor Si detector with an energy resolution of 128 eV. For electron
microscopy studies, sample particles were deposited on perforated carbon substrates fixed
on copper or molybdenum grids using a UZD-1UCH2 ultrasonic disperser. The sample
was suspended in an alcohol solution and placed on an ultrasonic disperser. Ultrasonic
treatment resulted in the evaporation of liquid and deposition of sample particles on a
copper mesh.

3.9. X-ray Diffraction

The phase composition of the catalysts in the initial oxide state and after the reaction
was studied by X-ray diffraction (XRD). An investigation was performed on a Thermo
X’tra diffractometer (Bruker, Billerica, MA, USA) in the angle range of 10–72◦ with a step
of 2θ = 0.02◦ and a speed of 2◦/min with a Mythen2R 1D linear detector (Decstris, Baden,
Switzerland) and using monochromatized CuKα radiation (λ = 1.5418 Å). The average
sizes of the coherent scattering regions were calculated using the Scherrer formula for the
most intense reflections. The refinement of the lattice parameters and phase ratios was
carried out by the Rietveld method.

3.10. X-ray Photoelectron Spectroscopy (XPS)

The chemical composition of the catalyst surface was studied by X-ray photoelectron
spectrometry (SPECS Surface Nano Analysis GmbH, Berlin, Germany). The spectrometer
was equipped with a hemispherical analyzer PHOIBOS-150-MCD-9 and an XR-50 source
of X-ray characteristic radiation with a double Al/Mg anode. The spectra were recorded
using nonmonochromatized AlKα radiation (1486.61 eV). The binding energy scale (Eb)
was calibrated by the internal standard method using the Si2p line of silicon included
in the support (Eb = 103.3 eV). The relative concentrations of elements were determined
by integral intensities of XPS lines, considering the photoionization cross-section of the
corresponding terms [63]. The spectra were decomposed into individual components for a
detailed analysis. After subtracting the background by the Shirley method, the experimental
curve was decomposed into a series of lines corresponding to the photoemission of electrons
from atoms in various chemical surroundings. The XPS data were processed using the
CasaXPS 2.3.25 software package [64]. The shape of the peaks was approximated by a
symmetric function obtained by convolution of the Gauss and Lorentzian functions.

3.11. Determination of Carbon Content

The carbon content in the catalysts after the reaction was determined using a Vario El
Cube elemental (CHNS/O) analyzer (Elementar Analysensysteme GmbH, Langenselbold,
Germany) equipped with a high-temperature combustion unit and a thermal conductivity
detector. The details on CHNS analysis in solid samples can be found elsewhere [65].
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4. Conclusions

A new type of Cu-containing catalysts prepared by homo- and heterophase sol–gel
methods using iron and aluminum modifiers has been proposed. The used preparation
techniques make it possible to obtain the catalyst with a highly dispersed active component,
even at a high Cu content. The synthesized catalysts have a high surface area and exhibit
high activity in the hydroconversion of furfural selectively to FA or 2-MF, depending on
the reaction temperature.

The active component in these catalysts is copper-containing particles of different sizes,
namely, small particles of 10–50 nm and larger particles in size up to 100 nm, which are
distributed in the SiO2 matrix. The incorporation of iron and aluminum in Cu-containing
particles leads to a decrease in the particle size of the active component and, consequently,
an increase in the activity compared to the activity of the corresponding monometallic
catalyst. Modification with iron also increases the surface area of the catalyst by four times
and prevents the agglomeration of copper particles during the reaction. In the synthesized
catalysts, iron presents in the form of hematite nanoparticles (1–2 nm), while aluminum
forms nanoparticles of aluminum oxide.

Considering all studied catalysts, the 35Cu13Fe1Al-SiO2 sample exhibits the highest
activity and selectivity in the formation of FA from furfural in a batch reactor. The 100%
conversion of furfural with 97–99% yield of FA is achieved for this catalyst at 100–140 ◦C,
H2 pressure of 5.0 MPa, catalyst loading of 0.3–1.0 g, and the reaction time of 2.5–5.0 h. At
250 ◦C, the main product is 2-MF with selectivity up to 76% at 100% conversion of furfural.
It is shown that hematite and aluminum oxide activate the C=O bonds of furfural. Addi-
tionally, iron and aluminum oxides are covered with carbon deposits during the reaction,
while the surface of Cu-containing particles remains relatively free, thus providing the high
activity of the 35Cu13Fe1Al-SiO2 catalyst.
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Abstract: The paper introduces spatially stable Ni-supported bimetallic catalysts for CO2 methanation.
The catalysts are a combination of sintered nickel mesh or wool fibers and nanometal particles, such
as Au, Pd, Re, or Ru. The preparation involves the nickel wool or mesh forming and sintering into
a stable shape and then impregnating them with metal nanoparticles generated by a silica matrix
digestion method. This procedure can be scaled up for commercial use. The catalyst candidates were
analyzed using SEM, XRD, and EDXRF and tested in a fixed-bed flow reactor. The best results were
obtained with the Ru/Ni-wool combination, which yields nearly 100% conversion at 248 ◦C, with
the onset of reaction at 186 ◦C. When we tested this catalyst under inductive heating, the highest
conversion was observed already at 194 ◦C.

Keywords: CO2 methanation; bimetallic catalyst; Ni-wool support; Ni-mesh support; Au; Pd; Re;
Ru nanoparticles; spatial and tenacious form; induction heating

1. Introduction

Excess anthropogenic CO2 emission gave rise to novel sustainable chemistry and
engineering ideas. Power-to-gas is an example of such a concept that targets CO2 mitigation
by using surplus energy, particularly renewable energy, to generate hydrogen, for example,
from the hydrolysis of water and a further reaction of this hydrogen with carbon dioxide [1].
The main product is methane, which we can use as a synthetic natural gas (SNG). The
rising prices of natural gas additionally make the concept highly attractive. The crucial
reaction of the process is CO2 methanation (CO2 + 4H2 � CH4 + 2H2O). This reaction is
discussed in detail in [2,3]. However, the practical course of CO2 hydrogenation to CH4 is
impeded by many side processes, which depend on the reaction conditions. Therefore, to
improve the selectivity and yield of this reaction and reduce the costs of the process, it is
necessary to search for new high-performance and low-temperature catalysts.

Nickel-based catalysts are an essential class for CO2 methanation [3–6]. The nickel
catalyst was already used in the pioneering research on the hydrogenation of carbon
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oxides to methane by Paul Sabatier and Jean B. Senderens in 1902 [7]. It is characterized
by a high selectivity to methane and is often a good compromise between high catalytic
activity and low price. The methanation mechanism on the surface of Ni catalyst [8–10], the
influence of support [11], and the synergies between Ni and other metals or promoters [3–6]
were broadly investigated. It was also noted that the Ni catalyst in CO2 methanation
may be deactivated as a result of the formation of mobile nickel subcarbonyls due to the
interaction of metal particles with the formed or temporarily present CO [9]. Therefore,
one of the critical treatments to improve catalytic activity is surface modifications that
allow for rapid removal of the surface nickel carbonyl species by surface-dissociated
hydrogen. This process is promoted by defecting the Ni surface, which can act as the trap
for hydrogen surface transport, reducing the activation energy of hydrogen dissociation [10].
For example, such a mechanism was proved by the high-activity CO2 methanation with the
sponge Ni-catalyst, which has many fcc-Ni crystal defects [12]. Due to their excellent mass
and heat transfer efficiency, nickel foams are attractive as a substrate for microstructural
catalysts, especially for highly exothermic reactions such as methanation. The desirable
mechanical strength, high surface area to volume, and low flow pressure drop in the fixed
bed reactor are also advantages. This fact was used by the authors of the composite catalyst
Ni-Al2O3/Ni-foam [13] and Ru/CeO2/Ni-foam [14]. tenacious catalyst produced by the
wash-coating method with the Ni/CeO2 component on an aluminum honeycomb bed was
also presented in [15]. Another example of the Ni-based formed catalysts is a quaternary
disc-shaped system (made of Ni, Ti, Ce, and yttria-stabilized zirconia (YSZ)) [16]. For the
above examples, the conversion to methane at 250 ◦C varies between 15% and 65%. The
preparation method is often multi-stage, energy- and time-consuming, and requires several
constituent materials. There are already high-efficiency and low-temperature catalysts
for CO2 methanation, but in the form of grains or nickel nanowires. For example, we
presented such materials in [17,18]. However, there have been no reported attempts to
prepare tenacious and compact nickel-based spatial catalysts with satisfactory results for
potential commercialization, maintaining high-performance and low-temperature catalysis
in CO2 methanation.

This article presents a novel approach to preparing bimetallic catalysts with spatially
formed tenacious Ni-support based on mesh or wool. The supports were combined with
nano -Au, -Pd, -Re, or -Ru. Nanometals for impregnation were generated using our
recently developed method for powder catalysts [17–21]. This method minimizes the
use of an expensive catalyst component in bimetallic conjugation. In addition, our new
catalyst support formation procedure could be easily scaled to a commercial product. The
Ru/Ni-wool combination achieved the best result, which provides almost 100% conversion
in CO2 methanation at 248 ◦C with the onset of reaction at 186 ◦C. The best sample was
also tested in a methanation reactor with induction heating. For such a system, the highest
conversion was noted already at 194 ◦C.

2. Results and Discussion
2.1. The Catalysts Design, Preparation, and Structure

Multi-component materials are commonly used in engineering to improve catalyst
performance [22,23]. A typical representative of a heterogeneous catalyst consists of a
metal and a support in the form of oxides (e.g., SiO2, Al2O3, TiO2), zeolites, carbon, or
metaloorganic compounds [6,11,24,25]. Maximizing the metal surface area for a specific
metal weight is essential in optimizing the catalyst [26]. Therefore, the small metal particles
(typically less than 1–10 nm) are synthesized, and anchored to a thermally stable, high-
surface-area support. However, the final catalytic material is often in powder or non-solid
form. This form is not particularly commercially valuable. Scaling up is also a typical
problem for such a catalyst form. Relatedly, we formulated a tenacious spatial catalyst
consisting of commercially available nickel wool or mesh and enriched with selected
metal nanoparticles: Au, Pd, Re, Ru. A scheme of the preparation procedure is shown in
Figure 1. The obtained materials were tested as candidates for CO2 methanation catalysts.
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The morphology and composition of the resulting bimetallic system were studied using
scanning electron microscopy (SEM) (Figures 2–4), specific surface area (SSA) (Table 1),
X-ray diffraction spectroscopy (XRD) (Table 2 and Figure 5), and energy-dispersive X-ray
fluorescence spectrometry (EDXRF) (Table 3). Additional materials from the analyses are
included in the Supplementary Materials.
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Figure 2. Scanning electron microscopy (SEM) images for nanometal/Ni-wool catalysts;(A) Ni-
wool support fibers with Ru nanoparticles, (B) Ru nanoparticles on the support surface, (C) Ru
nanoparticles (red spots) after EDS mapping, (D) Re nanoparticles on the fiber surface, (E) Pd
nanoparticles on the fiber edge surface, (F) support fibers covered with Au nanoparticles.
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Figure 3. Scanning electron microscopy (SEM) images for nanometal/Ni-mesh catalysts, (A) Ni-mesh
support fibers with Ru nanoparticles, (B) Re nanoparticles on the fibers surface, (C) Pd nanoparticles
on the fiber surface, (D) Au nanoparticles on the surface of the fibers in contact.
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Figure 4. Scanning electron microscopy (SEM) images for nanoRu/Ni-ground_wool and nanoRu/Ni-
blasted_mesh catalysts, (A) support fibers of ground nickel wool ornamented with naonRu, (B) Ru
nanoparticles on the surface of ground fibers, (C) support fibers of sandblasted nickel mesh ornamented
with naonRu, (D) Ru nanoparticles on the surface and in the pits of Ni-blasted_mesh fibers.
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Table 1. Specific surface area (SSA) for the tested supports.

No Support S Bet
[m2/g]

1 Ni-wool 0.104
2 Ni-ground_wool 0.338
3 Ni-mesh 0.280
4 Ni-blasted_mesh 0.097

Table 2. The average crystallite size and lattice parameters of the investigated catalysts as determined
by the X-ray diffraction technique (XRD) method.

No. Catalyst Lattice Parameters
[Å]

D
[nm]

Ni Pd Au Ru Re

1 1%Ru/Ni-wool a = 3.516 (±0.005) for Ni 40 - - 6 -
2 1.5%Ru/Ni-wool a = 3.528 (±0.003) for Ni 50 - - 10 -
3 1%Ru/Ni-ground_wool a = 3.516 (±0.004) for Ni 20 - - 7 -
4 1%Ru/Ni-mesh a = 3.519 (±0.006) for Ni 40 - - 8 -
5 1%Ru/Ni-blasted_mesh a = 3.530 (±0.004) for Ni 40 - - 9 -
6 1%Re/Ni-wool a = 3.520 (±0.003) for Ni 25 - - - 6
7 1%Re/Ni-mesh a = 3.528 (±0.004) for Ni 95 - - - 7

8 1%Pd/Ni-wool a = 3.524 (±0.003) for Ni
a = 3.886 (±0.006) for Pd 60 12 - - -

9 1%Pd/Ni-mesh a = 3.516 (±0.004) for Ni
a = 3.880 (±0.005) for Pd 70 8 - - -

10 1%Au/Ni-wool a = 3.523 (±0.004) for Ni
a = 4.071 (±0.006) for Au 55 - 6 - -

11 1%Au/Ni-mesh a = 3.533 (±0.004) for Ni
a = 4.079 (±0.005) for Au 60 - 6 - -
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Figure 5. X-ray diffraction patterns at 2θ: 30◦–80◦ for 1.0% Au/Ni-wool (A), 1.0% Pd/Ni-wool (B),
1.0% Re/Ni-wool (C), 1.5% Ru/Ni-wool (D) samples. Miller indices for experimental peaks of Ni
(green) wool fibers and Au (blue), Pd (orange), Re (purple), Ru (red) metals are marked.
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Table 3. Mass of support and nanometals, and EDXRF analysis of Ru, Re, Pd, Au, and Ni for the
tested catalytic materials.

No. Catalyst

1 Support
Mass
[mg]

2 Nanometal
Mass
[mg]

Weight Percentage of a
Chemical Element [wt%]

Ru Re Pd Au Ni

1 1%Ru/Ni-wool 733.42 0.211 0.94 - - - 97.03
2 1.5%Ru/Ni-wool 726.10 0.428 1.50 - - - 96.50
3 1%Ru/Ni-ground_wool 726.38 0.209 0.91 - - - 91.70
4 1%Ru/Ni-mesh 1034.12 0.318 0.95 - - - 96.50
5 1%Ru/Ni-blasted_mesh 991.11 0.132 0.69 - - - 96.34
6 1%Re/Ni-wool 731.78 1.727 - 0.60 - - 97.80
7 1%Re/Ni-mesh 842.10 2.502 - 0.51 - - 98.20
8 1%Pd/Ni-wool 716.37 0.231 - - 0.76 - 97.00
9 1%Pd/Ni-mesh 968.40 0.214 - - 0.76 - 96.60

10 1%Au/Ni-wool 702.60 0.202 0.88 96.09
11 1%Au/Ni-mesh 836.00 0.239 - - - 0.78 96.29

1 Mass after degreasing and drying of the support material. 2 Mass of individual nanometals deposited on the
silica carrier and used after digesting for support impregnation.

Two types of nickel support were made. The first was made of rolled up nickel mesh
and impulse sintered. The second was formed from nickel wool, which was compressed
and impulse sintered. Pictures of these materials are shown in Figures 1–3, and in the
Supplementary Materials (Figures S1–S3). In our previous study of a CO2 methanation
catalyst supported by nickel nanowires, we emphasized the significant effect of the ex-
tended surface area of the catalytic material [18]. Here, we also tried to improve the specific
surface area of the presented supports. Modifications were made by ball milling wool and
in the case of mesh by sandblasting. The specific surface area (SSA) of support materials
is given in Table 1. The specific surface area of the Ni-mesh support is larger than that of
Ni-wool. The difference in the diameter of the nickel wire in both cases decides this result.
For the mesh wire, the lateral surface of the cylinder (with the same height compared) is
almost 50,000 nm2 larger. The milling process increased the SSA of the wool-type threefold.
In the second modification, sandblasting did not improve the SSA of Ni-mesh and even
lowered it according to the S bet analysis. Although SEM images (Figure 4) show furrows,
pits, and roughness, we hypothesize that the walls of the grooves and irregularities have
been smoothed out, hence, the failing of increased SSA. Nevertheless, SSA improvement
research still needs to continue.

As we have already mentioned, in the preparation of a heterogeneous multi-component
catalyst, in this case a bimetallic one, it is important to obtain a narrow size distribution of
metallic nanoparticles and their large dispersion on the support. This feature was achieved
using our proprietary method of synthesis of metal nanoparticles on a silica matrix, then
digestion of the matrix with sodium hydroxide and uniform suspension of nanoparticles
in the impregnation solution for support coverage. We described this method in [17].
Nanoparticles on silica with an average size of 4.1 nm for Ru, 4.4 nm for Pd, 5.1 nm for
Au, and 1.8 nm for Re were used. Transmission electron microscope (TEM) images of
the nanoparticles and their size distribution are given in the Supplementary Materials
(Figures S4–S8). The structure of the catalyst material after ornamentation with nanopar-
ticles of selected metals is shown in Figures 2–4, and in the Supplementary Materials
(Figures S1–S3). The material forms a conglomerate of mesh or wool fibers with metal
particles Au, Pd, Re, Ru, respectively. The nanometal coating on the substrate fibers is
distributed over the entire surface in a non-uniform manner. Metal aggregation on the
fibers is visible, in particular at the crossing of the support wires. The concentration of
metal nanoparticles can also be seen in any imperfections or scratches on the surface of the
nickel fibers. Microscopic examinations proved that the distribution of particles strongly
depends on the surface roughness of the nickel support. Different shape and size of the
nanoparticles are observed depending on the selected metal. The size and lattice parameters
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of the nanometal particles were determined using the XRD technique. We used the Scherrer
equation to estimate the average crystalline particle size from the highest intensity diffraction
peaks. The measured values of metal nanoparticles range from about 6 nm to 12 nm. Lattice
parameters and average crystallite dimensions (D) are listed in Table 2. For compositions with
the best-performing support (Ni-wool), the XRD spectra are shown in Figure 5.

The X-ray diffraction patterns of the 1%Au/Ni-wool, 1%Pd/Ni-wool, 1%Re/Ni-wool,
and 1.5%Ru/Ni-wool are given in the range of the 2θ angle from 30 to 80 degrees. They
clearly show the diffraction lines that correspond to the face-centered cubic (Fm3m) phase
of Ni (JCPDS 01-077-8341), whereas only the most intense peaks of the cubic (Fm3m) phases
of Au (2θ111~38◦) and Pd (2θ111~40◦) are identified. The overlapping diffraction lines were
observed. The strongest diffraction lines of the hexagonal (P63/mmc) phases of Ru and
Re (2θ101~43◦−44◦) overlap Ni (111) diffraction line, whereas the less intensive peaks of
Ru and Re were not detected. The qualitative and quantitative elemental analysis was
performed by EDXRF spectrometry. The results of the quantitative analysis calculated by
the fundamental parameter method are presented in Table 3. The content of nanometal in
the sample was up to 1%. This percentage is the optimal support load as studied in [27] and
is consistent with our experience and testing Above this concentration, we observed either
a complete coverage of the support fibers or an agglomeration, which increased the size
of the nanoparticles. These effects reduced the number of nanometal-support connections
(synergy centers between materials), decreasing catalyst activity.

2.2. The Catalysts in CO2 Methanation

Kinetic limitations affecting the hydrogenation of carbon dioxide to methane with
an acceptable rate and selectivity necessitate the use of a catalyst [3]. The set of catalytic
materials presented above was tested in relation to methane conversion during a tempera-
ture increase, as shown in Figure 6. The best Ru/Ni-wool composition was determined.
It achieves almost 100% conversion at 248 ◦C, with the onset of reaction at 186 ◦C. This
composition is consistent with our previous research [17–19] and confirms the privilege of
the Ru/Ni connection in CO2 methanation catalysis, which we wrote about in [28]. Approx-
imately 100% conversion of the best composition in relation to the reference sample-pure
nickel wool support is possible at a temperature lower by as much as 289 ◦C. Compared
to the previously studied CO2 methanation catalysts, such as Ru/Ni-nanowires, Ru/Ni-
grains, almost complete conversion of a mixture of 20% CO2 and 80% H2 to methane at a
flow rate 3 dm3/h is for temperatures as follows: Ru/Ni-nanowires 179 ◦C, Ru/Ni-grains
204 ◦C, Ru/Ni-wool 248 ◦C. For powder catalysts, weight hourly space velocity (WHSV)
was equal to 6.5 h−1, and for the present sample it was 1.8 h−1. In turn, for example, for
the most similar, tenacious, and spatial materials, the conversion at 250 ◦C is Ni-sponge
83% [12] and Ru/CeO2/Ni-foam disc ca. 15% [14]. The gas hourly space velocity (GHSV)
values, calculated with inlet flow rate of CO2, were Ni-sponge 4200 h−1, Ru/CeO2/Ni-foam
disc approx. 714 h−1, and Ru/Ni-wool 3612 h−1. The difference in performance in the case
of the first comparison can be explained by the specific surface area, the number of active
centers or diffusion, which advantage grains and nanowires. However, in the second case,
we see a significant superiority of the obtained material over previous commensurable
materials, probably thanks to the Ru-Ni synergy and differences in the adsorption of surface
forms of reactants. The presented material does not use typical oxides (CeO2, ZrO2, Al2O3,
SiO2, TiO2) as the support construction, and the reaction path runs only through the area of
Ru and Ni atoms.

In this research, we also attempted to modify the support surface. Results in CO2
methanation for the best compositions in comparison with ground or sandblasted nano-Ru
support samples are shown in Figure 7. Supports crafted of Ni-wool fare much better
than those of Ni-mesh. The difference in the morphology of the material can explain
the observed phenomenon. The Ni-wool support is a highly irregular arrangement of
fibers, which may impact a more turbulent flow of gases and a longer contact time of the
reactants with the catalyst. There can be a difference in diffusion effects for both types
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of supports [29,30]. No significant catalytic improvement was observed for the ground
nickel wool support. However, the earlier sandblasting of the mesh and the formation an
irregularly layered support from its pieces increases the activity of Ru/Ni-blasted_mesh
relative to Ru/Ni-mesh at about 280 ◦C by as much as 90%. The difference in favor of the
Ru/Ni-wool at around 250 ◦C is 65%. The improvement of the catalyst mesh benchmark
can be explained by the hydrogen traps in pits after sandblasting and structural changes
in the support (see Figure 4c). These changes probably translate into increased hydrogen
uptake, improved hydrogen spillover, and transport of the species adsorbed or formed on
the surface of the catalytic material.
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The best Ru/Ni-wool composition was tested in CO2 methanation for 24 h at the
highest conversion temperature (248 ◦C). No significant decrease in catalyst efficiency was
observed during this time. XRD analysis of the sample also showed no destabilization.
A slight difference in the values of the lattice constants Ni (0.002 Å) was noted; however,
it is within the limits of the measurement error. We performed XPS (X-ray photoelectron
spectroscopy) to profile the sample before and after the reaction. Analysis of chemical
states indicated the presence of oxidized forms of composition metals. Carbon species have
also been detected on the surface. After methanation, a significant share of carbon bonding
to oxygen was observed, mainly corresponding to the C=O bond. Spectra, measurement
details, and additional descriptions are given in the Supplementary Materials (Figure S9).
Long-term catalyst deactivation tests (over 24 h) have not yet been performed (subject to
further research). However, we assume that the behavior of this catalytic material will
be analogous to the ones we studied earlier [17–19], and reactivation will be feasible by
hydrogen treatment. For comparative purposes, we additionally tested the best sample
in a reactor with direct bed induction heating. Induced heating eliminates limitations in
heat transfer in the catalyst bed and improves energy efficiency, which we wrote about
in [19], and it was broadly described in [31,32]. In such a system, it was possible to
decrease the initial reaction temperature to Ti = 172 ◦C. The conversion degree of 99.9%
was reached at 194 ◦C as opposed to 248 ◦C for the conventional heating system. The exact
explanation of the reason for the improvement may be a topic for a separate publication,
but our hypothesis assumes the generation of eddy currents in the support filaments, which
can affect the electron modification of atoms and thus the potential differences and the
energy barrier to overcome by intermediates and surface moiety in the mechanism of CO2
methanation. The theory of hot electrons may also play a role here [33,34]. Research into
scaling up and potential commercialization of the presented material is still in progress.

3. Materials and Methods
3.1. Catalysts Preparation

The catalysts were made in two steps: (1) preparation of the nickel support, (2) generation
of Au, Pd, Re, or Ru nanoparticles and their subsequent ornamentation on the support surface.

3.1.1. Ni Support Preparation

Two types of nickel support were made from commercially available materials. The
first one uses the nickel wool brand “Elemental Microanalysis”. The thickness of the nickel
wool wire was 0.065 mm. The second one was “Speorl KG” mesh with a wire thickness
of 0.08 mm and a mesh size of 125 × 224 µm. The rolled mesh or wool was placed in a
cylindrical graphite matrix and closed on both sides with copper stamps, which act as
electrodes in the impulse resistance welding process. For sample formation, a thermo-
mechanical simulator Gleeble-3800 from Dynamic System Inc. was used. A particular set of
tools has been developed for impulse sintering of porous nickel skeletons, whose scheme is
shown in Figure 8.
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The die filled with nickel wool or mesh sample was placed into the Gleeble-3800
simulator. In the first step, the nickel mesh or wool were compressed to a distance of
6 mm between the copper stamps. During the initial pressing, compressive stresses of
about 10–15 MPa were generated in the sample. When a vacuum of about 3 × 10−1 mBar
was created in the Gleeble chamber, a program was started which consisted of heating
the sample to a temperature of 700 ◦C at 10 s with further compression of the sample
to a thickness value of, respectively, 3.3 mm for mesh or 3 mm for wool and with a disc
diameter of 8.5 mm. During the experiment, a high electric current passes through the
sample, simultaneously heating it to the pre-set temperature with at a predetermined
heating rate 70 ◦C/s. The mass of the tested supports for each catalytic material is given
in Table 3. Modified supports were prepared similarly, but the wool had been ground
previously for 15 min in a planetary ball mill with 20 mm size zirconia balls. In turn, the mesh
was sandblasted, cut into fragments, irregularly layered, and formed into the target disc.

3.1.2. Impregnation of Ni Support with Nanometal

Metal nanoparticles were prepared according to our method described in [17]. Metal
nanoparticles digested from the silica precursor with 40% NaOH solution were washed to
neutral pH and centrifuged. Then the nanoparticles were suspended in 0.7 mL of isopropyl
alcohol in a sonic bath. The solution was taken into a 1 mL syringe fitted with a needle. A
nanometal solution was spotted onto the previously degreased and dried nickel support.
The soaked material was dried at 110 ◦C in an oven. The application and drying procedure
were repeated until the solution was exhausted. Each time the application side of the nickel
support was changed. The mass of individual nanometals deposited on the silica carrier
and used after digesting for impregnation is given in Table 3.

3.2. Method of Catalysts Characterization

Images of the surface morphology of the studied materials were obtained with a
scanning electron microscope SUPRA 35 Zeiss with EDS detector for microanalysis of
chemical composition.

The quantitative and qualitative chemical composition was confirmed by energy dis-
persive X-ray fluorescence spectrometry (EDXRF), performed on an Epsilon 3 spectrometer
(Panalytical, Almelo, The Netherlands) with an Rh target X-ray tube with 50 µm Be window
and max. power of 9 W. The spectrometer was equipped with a thermoelectrically cooled
silicon drift detector (SDD) with an 8 µm Be window and a resolution of 135 eV at 5.9 keV.
The quantitative analysis was performed using Omnian software and was based on the
fundamental parameter method and following measurement conditions: 12 kV, 50 µm Al
primary beam filter, 300 s counting time, helium atmosphere for Pd and Ru determination;
30 kV, 100 µm Ag primary beam filter, 120 s counting time, air atmosphere for Ni, Re, and
Au determination. The current of the X-ray tube was fixed so that it would not exceed a
dead-time loss of ca. 50%.

The X-ray diffraction experiments were performed on a PANalytical Empyrean diffrac-
tometer with Cu Kα radiation (40 kV, 30 mA) equipped with a PIXcel detector. Data were
collected in the 20◦–100◦ 2θ range with 0.0131◦ step. A qualitative phase analysis employed
the “X’Pert High Score Plus” computer program and the data from ICDD PDF-4 database.
Crystal lattice parameters were calculated using the Chekcell V4 program.

The specific surface area (SSA) was determined using a Gemini VII 2390 a analyzer
(Micromeritics Instruments Corp., Norcross, GA, USA) at the boiling point of nitrogen
(−196 ◦C) using the Brunauer–Emmet–Teller (BET) method. Samples before the measur-
ments were thermal-treated at 300 ◦C for 1 h to remove gases and vapors that may have
adsorbed on the surface during the synthesis. This was performed with a VacPrep 061
degassing system (Micromeritics Instruments Corp., Norcross, GA, USA). Samples not
analyzed immediately after the degassing procedure were kept at 60 ◦C. Correctness of the
instrument was verified by analyzing a Carbon Black reference material of known surface
area (P/N 004-16833-00 from Micromeritics, Norcross, GA, USA).
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3.3. Methanation

The catalysts were tested in an 8 mm diameter fixed bed quartz flow reactor under
atmospheric pressure. The feed mix was 20% CO2 + 80% H2 and was fed continuously
at a flow rate of 3 dm3/h. The conversion of CO2 to CH4 was investigated by exhaust
gas analysis using an on-site gas analyzer GX-6000 RIKEN and a gas chromatograph SRI
310 C equipped with a thermal conductivity detector (1/8 inch diameter, 3 m long column;
micropacked with active carbon 80–100 mesh; 80 ◦C temperature of column with argon as
the carrier gas with flow rate of 10 dm3/h−1). The methane detection limit was 1 ppm for
the GX-6000 and 10 ppm for the gas chromatography SRI 310 C.

For a selected catalytic system with high activity, comparative tests were carried out
by replacing thermal heating with induction heating (according to the methodology used
in [19]). A 100 W induction heater was used for this purpose, keeping the other parameters
unchanged (size and dimensions of the catalyst bed, substrate flows). Temperature of the
gases flowing out of the catalytic bed was measured.

4. Conclusions

The search for new methods of carbon dioxide management increases the interest in
catalytic methanation of CO2. In search of novel bimetallic catalyst candidates for this
reaction, we developed a spatially formed tenacious Ni-support based on mesh or wool. Au,
Pd, Re, Ru nanometals were selected to ornamentation the support of the tested catalysts.
We developed a new method for the catalyst support formation and its impregnation
with nanometals. The catalyst preparation could be easily scaled up to a commercial
procedure. The obtained catalyst candidates were analyzed by SEM, XRD, and EDXRF.
The best combination appeared to be the Ru/Ni-wool achieving almost 100% conversion
at 248 ◦C, with the reaction onset at 186 ◦C. We also tried to modify the support surface
by milling wool or sandblasting and irregular layering of the mesh. There was a 90%
improvement in conversion at 280 ◦C for Ru/Ni-blasted_mesh compared to Ru/Ni-mesh.
However, this combination had a 65% lower conversion than the best Ru/Ni-wool at
250 ◦C. Comparatively, we tested the activity of Ru/Ni-wool in a reactor with induction
heating, which significantly improves the efficiency. For such a system, the initial reaction
temperature was Ti = 172 ◦C and a conversion degree of 99.9% was reached at 194 ◦C.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24054729/s1.
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Abstract: The photocatalytic hydrogen evolution reaction (HER) by water splitting has been studied,
using catalysts based on crystalline TiO2 nanowires (TiO2NWs), which were synthesized by a
hydrothermal procedure. This nanomaterial was subsequently modified by incorporating different
loadings (1%, 3% and 5%) of gold nanoparticles (AuNPs) on the surface, previously exfoliated
MoS2 nanosheets, and CeO2 nanoparticles (CeO2NPs). These nanomaterials, as well as the different
synthesized catalysts, were characterized by electron microscopy (HR-SEM and HR-TEM), XPS, XRD,
Raman, Reflectance and BET surface area. HER studies were performed in aqueous solution, under
irradiation at different wavelengths (UV-visible), which were selected through the appropriate use
of optical filters. The results obtained show that there is a synergistic effect between the different
nanomaterials of the catalysts. The specific area of the catalyst, and especially the increased loading
of MoS2 and CeO2NPs in the catalyst substantially improved the H2 production, with values of ca.
1114 µm/hg for the catalyst that had the best efficiency. Recyclability studies showed only a decrease
in activity of approx. 7% after 15 cycles of use, possibly due to partial leaching of gold nanoparticles
during catalyst use cycles. The results obtained in this research are certainly relevant and open many
possibilities regarding the potential use and scaling of these heterostructures in the photocatalytic
production of H2 from water.

Keywords: hydrogen production; TiO2; gold nanoparticles; MoS2; CeO2; water splitting

1. Introduction

There is a global concern about the present and future consequences of climate change.
One of the main focuses in the last decade has been cutting or reducing the dependence of
fossil fuels to meet our energy requirements [1,2]. Hydrogen, as an energy vector [3], is
a promising candidate because it can be obtained from renewable sources like water, its
combustion products are mainly water or water vapor, is less toxic than gasoline or any
other usual fuel, among others [4,5].

Photosynthesis is considered the best and most efficient model that allows the con-
version of solar energy for the generation of clean fuel. In nature, photosynthesis operates
by supplying electrons to the active center of photosystem-II. This process is carried out
through four consecutive steps of proton-coupled electron transfer, generating, as a final
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result of the process, products derived from reduced carbon that are the basis of life and
biological activity. Considering the inspiration of this natural process, continuous efforts
have been made for decades to implement and assemble some of these photosynthetic
mechanisms in order to use solar energy to generate oxygen and hydrogen by splitting
water [6–8].

One of the methods to produce hydrogen via water splitting is by photocatalysis [9–11].
Usually semiconductors including titanium oxide (TiO2), zinc oxide (ZnO), iron (III) oxide
(Fe2O3), zinc sulfide (ZnS), zirconium oxide (ZrO2), cadmium sulfide (CdS), among others,
are selected as photocatalysts due to their narrow bandgap and electronic structure [12–15].
TiO2 is one of the most studied and used catalysts in photocatalysis for the reduction of
water and degradation of organic pollutants [16], although it presents some disadvantages:
(1) Recombination of photo-generated electron hole pairs [17]; (2) Fast backward reac-
tion [18]; and (3) Inability to use visible light. The band gap of TiO2 is 3.2 eV for anatase,
3.0 eV for rutile, and 3.4 eV for brookite, and with this band gap energy, only ultraviolet
light (UV) can be used for hydrogen production [19]. To work with these limitations,
multiple chemical modifications have been developed and implemented over the years.

One of them is the incorporation of noble metals, such as silver (Ag), gold (Au)
and platinum (Pt), on the surface of titanium oxide due to the ability of the noble metal
nanoparticles in reducing the fast recombination of the photogenerated charge carriers,
enabling the use of visible light [20]. By reducing the photogenerated charge carriers, the
UV activity is increased due to the electron transfer from the CB of TiO2 to the noble metal
nanoparticles [21]. The photoactivity in the visible range of the electromagnetic spectrum
can be explained due to the surface plasmon resonance effect and charge separation by
the transfer of photoexcited electrons from the metal nanoparticles to the CB of TiO2 [22].
Obtaining heterostructures by coupling two or more materials with different properties
makes it possible to improve the photocatalytic activity of the system [23,24]. Among
these heterostructures, it is worth highlighting TiO2-ZnO, TiO2-WO3, TiO2-CdS, TiO2-SO2,
among others, which have shown considerable improvements compared to the materials
used separately [23,24]. A semiconductor that has gained popularity in recent years has
been cerium (IV) oxide, CeO2. As with TiO2, CeO2 has a high bandgap energy (from 2.6 eV
to 3.4 eV, depending on the synthesis process and the material obtained), and high thermal
stability. CeO2 can be synthesized with different morphologies, it can be doped with
metal or non-metal ions, it can be combined with other materials to form more efficient
heterostructures, and it can be used for a wide variety of catalytic processes [25]. The
incorporation of metal dichalcogenides, such as molybdenum disulfide (MoS2), has also
been explored to replace the use of noble metal co-catalysts due to its high abundance, low
cost, good stability, and high catalytic activity [26]. However, the use of MoS2 could also
reduce the charge transfer rate and, therefore, the efficiency in some catalytic hydrogen
production processes [27].

As shown above, there is no perfect catalyst to produce hydrogen by water splitting.
Therefore, the objective of this research has been to explore the capabilities of different
materials to produce hydrogen under visible and ultraviolet light and to combine these
to obtain catalytically active heterostructures. To achieve this, different cocatalysts were
incorporated onto TiO2. The fifteen photocatalysts synthesized are made up of gold
nanoparticles (Au NPs; 1%, 3%, 5% by weight), cerium (IV) oxide nanoparticles (CeO2 NPs;
1%, 3%, 5% by weight), and molybdenum disulfide (MoS2; 1%, 3%, 5% by weight), and
have been fully characterized and evaluated in the photocatalytic reaction of hydrogen
production by water splitting.

2. Results and Discussion
2.1. Characterization of Catalysts

Fifteen catalysts were synthesized, based on Au nanoparticles deposited on TiO2
nanowires (TiO2NWs), MoS2, and CeO2 nanoparticles (CeO2NPs). The proportion of
Au nanoparticles, as well as MoS2 and CeO2NPs, were conveniently varied, consider-
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ing TiO2NWs as the base component. These catalysts were used for the hydrogen evo-
lution reaction (HER) from the photocatalytic decomposition of water, and the most
efficient catalyst (3%Au@TiO2NWs-5%MoS2-5%CeO2NPs) was fully characterized by
different techniques.

Table S1 shows the BET surface area of the different components and of the synthe-
sized catalysts. As can be seen, TiO2NWs shows a high surface area of 236 m2/g that
increases with the incorporation of Au nanoparticles on the surface, going from 242 m2/g
(1%Au@TiO2NWs) to 263 m2/g (3%Au@TiO2NWs), and to 275 m2/g (5%Au@TiO2NWs).
This effect of increasing the area by incorporating nanoparticles has been previously de-
scribed [28]. The other two components of the synthesized catalysts (MoS2 and CeO2NPs)
also show high areas that justify the high area values observed in the catalysts, which range
between 248 and 396 m2/g. As can be seen in Table S1, in general, the surface area increases
with the addition of Au, although this trend is not so clear with the increase of the other
two components.

The catalyst precursors were characterized by electron microscopy. Figure 1a shows
the HR-SEM image of TiO2NWs, characterized by being formed by square-section wires,
with diameters ranging from ca. 200 to 300 nm and lengths of up to 10 µm. MoS2, previously
delaminated by prolonged ultrasound treatment, shows a layered structure with variable
lengths from 1 to 2 µm (see Figure 1b). The effect of exfoliation of MoS2, by high power
ultrasound, can be seen in the HR-SEM micrograph of Figure S1, taken at low magnification.
Figure S1 shows a MoS2 particle in an intermediate stage of delamination, and before the
layers have dispersed. CeO2NPs are characterized by presenting spherical aggregates of
more than 400 nm which, in turn, are formed by very homogeneous nanoparticles with
sizes ranging from 4 to 6 nm (Figure 1c). Figure 1d shows the HR-SEM image of the catalyst
that showed the highest efficiency (3%Au@TiO2NWs-5%MoS2-5%CeO2NPs). As can be
seen in Figure 1d, the different components of the catalyst show a good dispersion. The
components of the studied catalysts were characterized by HR-TEM. Figure 2a shows
the atomic resolution image of TiO2NWs. The material is highly crystalline, showing the
distinct lattice fringes with an interplanar spacing of 0.33 nm, indexed to (110) crystal plane
which corresponds to the rutile phase [29]. On the other hand, the growth of TiO2NWs
takes place along (001) direction determined by HR-TEM image, which is consistent with
XRD results that will be discussed later. MoS2 shows a high level of exfoliation (Figure 2b),
which allows us to observe the detail of the atomic structure of a monolayer. As can be seen
in the inset of Figure 2b, corresponding to the selected area electron diffraction (SAED),
the material is highly crystalline. Apparently, and although it is still to be confirmed, the
HR-TEM analyses seem to indicate the presence of structural defects generated by the
appearance of vacancies in the two-dimensional structure of the material. These defects
could be due to the intense exfoliation process produced by high intensity ultrasound,
and could be related to the high activity of the catalysts. Figure 2c shows the HR-TEM
image of CeO2NPs. As seen in the SAED, the material is crystalline. Part of the image has
been further magnified to show detail of the lattice fringes, with an interplanar spacing of
0.31 nm, indexed to (111) crystal plane corresponding to the characteristic face-centered
cubic fluorite-type structure [30].

Figure 3 shows the results obtained by X-ray diffraction (XRD) for the most efficient
catalyst (3%Au@TiO2NWs-5%MoS2-5%CeO2NPs), along with that of MoS2, CeO2NPs
and TiO2NWs for comparison purposes. As shown in Figure 3a, well-defined diffraction
peaks are observed at ca. 14◦, 32◦, 39◦, 49◦, and 59◦ that have been ascribed to (002),
(100), (103), (105), and (110) planes of 2H-type MoS2 hexagonal phase (JCPDS # 75–1539),
respectively [31–33]. Figure 3b shows the diffraction pattern of CeO2NPs. The most intense
peaks are observed at ca. 28◦, 33◦, 47◦ and 56◦, and correspond to (111), (200), (220) and
(311) crystal planes, respectively [34–36]. These peaks are characteristic of CeO2 with face-
centered cubic fluorite-type structure. Figure 3c shows the XRD pattern of TiO2NWs. The
diffraction peaks at ca. 27◦, 36◦, 41◦, y 54◦ were ascribed to (110), (101), (111), y (211) TiO2
crystalline planes in rutile phase (JCPDS 75-1750) [37,38]. The XRD of the most efficient
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catalyst is shown in Figure 3d. As can be seen there, the main peaks of all three components
are present. However, the presence of Au, which should be shown as a very low intensity
peak at ca. 38◦ [39], corresponding to Au (111), is not observed in the catalyst, possibly due
to the high dispersion of the metal.

Figure 1. HR-SEM micrographs of TiO2NWs (a), MoS2 nanosheets (b), CeO2NPs (c) and the
3%Au@TiO2NWs-5%MoS2-5%CeO2NPs catalyst (d). The arrows in (d) indicate the different compo-
nents of the catalyst: TiO2NWs (white), MoS2 (blue), and CeO2NPs (red).

Figure 2. HR-TEM micrographs of the different components of the catalysts: TiO2NWs and inset
at atomic resolution showing the direction of growth and the lattice fringes (a); MoS2 single layer
and inset corresponding to the selected area electron diffraction, SAED (b); and CeO2NPs and insets
corresponding to SAED and micrograph at higher magnification showing the lattice fringes (c).

The different materials, as well as the most efficient catalyst, were characterized by
Raman spectroscopy (Figure 4). MoS2 shows two very characteristic bands at 383 cm−1 and
407 cm−1 (Figure 4a), which have been assigned to the E1

2g and A1g modes, respectively [40].
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The position of these bands has been correlated with the number of layers of the material,
so the results suggest that the exfoliation process was very efficient, generating MoS2 flakes
with few layers [41,42]. CeO2NPs (Figure 4b) shows an intense band at ca. 457 cm−1, and a
much less pronounced one at 607 cm−1 that have been assigned to a cubic fluorite structure,
as already evidenced from the XRD results. The main band at 457 cm−1 corresponds to a
triply degenerate F2g mode of symmetric stretching vibrations of oxygen ions around Ce4+

ions in octahedral CeO8 [43]. The asymmetry of the band at 457 cm−1 has been associated
with structural defects due to the presence of oxygen vacancies in the oxide [44,45], which
could also be correlated with the reactivity of the material. Figure 4c shows the Raman
spectrum of TiO2NWs, whose bands at ca. 448 cm−1 and 610 cm−1 have been assigned
to the vibration modes Eg and A1g of TiO2 in the rutile phase, as already evidenced by
XRD. The Raman spectrum of the most efficient catalyst (Figure 4d) shows two pronounced
bands at 448 cm−1 and 610 cm−1, and a shoulder at ca. 687 cm−1. These three bands
come from rutile, which is the major component of the catalyst. Additionally, two small
peaks are observed at ca. 384 cm−1 and 407 cm−1 assigned to MoS2. Due to the position of
the CeO2NPs bands, the signal of this material is masked under the strong contribution
of rutile.

Figure 3. XRD patterns of MoS2 (a); CeO2NPs (b); TiO2NWs (c); and 3%Au@TiO2NWs-5%MoS2-
5%CeO2NPs (d). The most intense peaks in the catalyst have been associated with the different
components (black triangles: MoS2, red circles: CeO2NPs, blue squares: TiO2NWs).

The most efficient catalyst (3%Au@TiO2NWs-5%MoS2-5%CeO2NPs) was also charac-
terized by X-ray photoelectron spectroscopy (XPS). Ti2p (Figure 5a) shows two components
at 464.3 eV and 458.7 eV that were ascribed to the Ti2p1/2 and Ti2p3/2 transitions, respec-
tively [3,9]. These transitions are quite symmetrical, so any additional contribution was
ruled out. Figure 5b shows the transition corresponding to O1s. As can be seen, the transi-
tion is clearly asymmetric and has been deconvoluted into two components at ca. 530.3 eV
and 532.3 eV. The most intense peak (530.3 eV) has been assigned to oxygen in the TiO2 lat-
tice [3,46], which also masks the possible contribution of oxygen in the CeO2 lattice, while

51



Int. J. Mol. Sci. 2023, 24, 363

the component observed at 532.3 eV has been assigned to oxygen vacancies in CeO2 [47]
(as suggested by the asymmetry of the main peak of CeO2NPs in Raman spectroscopy),
or to non-lattice oxygen [46]. Figure 5c shows the Au4f transition, with peaks at 84.1 eV
and 87.7 eV and a characteristic spin-orbit splitting of ca. 3.6 eV, which have been clearly
assigned to the presence of metallic Au [48]. The transition corresponding to Ce3d is shown
in Figure 5d. This transition, which is very complex due to a state hybridization process,
evidences two distinguishable series of peaks corresponding to the Ce4+ and Ce3+ species.
The different peaks were labeled u, u′, u”, v, v′ and v” to represent the different electronic
states of Ce4+ and Ce3+ [47,49]. The presence of Ce3+ ions gives rise to a charge imbalance,
responsible for oxygen vacancies and the presence of defects and unsaturated chemical
bonds in the nanomaterial. These defects in CeO2NPs support the results previously shown
by Raman and XPS.

Figure 4. Raman spectra of MoS2 (a); CeO2NPs (b); TiO2NWs (c); and 3%Au@TiO2NWs-5%MoS2-
5%CeO2NPs (d).

Figure 5d shows the Mo3d and S2s transitions. The Mo3d shows two peaks at 232.4 eV
and 229.2 eV, which have been attributed to the Mo3d3/2 and Mo3d5/2 doublet, respectively,
characteristic of the Mo4+ state in MoS2 [48,50]. The observed peak at ca. 226.4 eV was
assigned to S2s [48], typical of MoS2. The slight asymmetry of the Mo3d peaks could point
to a possible mixture of oxidation states, which could also be correlated with the potential
presence of defects in the material lattice and reactivity.

The efficiency of radiation absorption by the catalysts is a critical factor for their activity,
so the different catalysts and nanomaterials used were analyzed using Tauc diagrams [51].
As shown in Figure 6, TiO2NWs showed a bandgap in the border region between UV
and visible (2.95 eV), slightly different from the expected value for TiO2 in rutile phase
(3.05 eV) [52]. CeO2NPs and MoS2 show bandgaps at 2.61 eV and 2.46 eV, respectively,
clearly in the visible region. The most efficient catalyst, formed as a heterostructure of these
components in addition to the presence of Au nanoparticles, shows a bandgap at 2.23 eV (ca.
555 nm), which clearly justifies the activity of the 3%Au@TiO2NWs-5%MoS2-5%CeO2NPs
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heterostructure under irradiation with visible light, as will be described in the section
corresponding to catalytic results.

Figure 5. XPS core level spectra for Ti2p (a); O1s (b); Au4f (c); Ce3d (d); and Mo3d/S2s (e).

Figure 6. Tauc plots of (αhn)2 versus energy (eV), and determination of the bandgap energy of
TiO2NWs (a); CeO2NPs (b); MoS2 (c); and 3%Au@TiO2NWs-5%MoS2-5%CeO2NPs (d).

2.2. Photocatalytic Hydrogen Production

Before proceeding to evaluate the activity of the synthesized catalysts, several prelimi-
nary studies were carried out to establish the optimal reaction conditions. To do this, we
started from the heterostructure with the highest proportion of each of the components
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(5%Au@TiO2NWs-5%MoS2-5%CeO2NPs). Initially, a study of the optimum pH was carried
out (see Figure S2a), and it was established that the most suitable was pH = 7. Another of
the preliminary studies that was carried out allowed establishing the optimum amount of
catalyst in the reaction medium. As can be seen in Figure S2b, there is a clear correlation
between the amount of catalyst and the HER efficiency, so a loading of 50 mg of catalyst
(for a total reaction volume of 100 mL) was established as the optimal amount.

The photocatalytic efficiency of the catalysts for the evolution of H2 was evaluated
in the presence of Na2SO3 (0.02 M) and Na2S (0.4 M) as sacrificial reagents. In all cases, it
was found that there is no evolution of H2 without either photocatalyst or irradiation (see
Figure S2c). Figure 7 shows the results of the photocatalytic hydrogen production from
the fifteen synthesized catalysts. In all cases, the activity under irradiation with different
wavelengths (220, 280, 320, 400, 500, 600 and 700 nm) was evaluated. As can be seen, the
maximum hydrogen production is observed under irradiation at 400 nm, this wavelength
being the one corresponding to the bandgap of TiO2NWs (see Table S2). At more energetic
wavelengths the behavior varies from one system to another. Figure 7a,d, corresponding
to the heterostructures Au@TiO2NWs-5%MoS2-3%CeO2NPs and Au@TiO2NWs-5%MoS2-
1%CeO2NPs, respectively, show a similar trend under irradiation at 220, 280 and 320 nm,
with stable values of hydrogen production in catalysts with 3% and 5% Au. Catalysts with
lower Au loading (1%) show much lower activities. In all the catalysts a decrease in activity
is observed under irradiation in the visible range (λ > 400 nm), although surprisingly hydro-
gen production is observed even at very low energy wavelengths (i.e., 700 nm). This behav-
ior clearly points to a synergy between the different nanomaterials, and specifically to the
gold load, which, as observed, has a significant effect on the levels of hydrogen production.
The highest catalytic activity is observed with 3%Au@TiO2NWs-5%MoS2-5%CeO2NPs,
showing a hydrogen production of 1114 µm/hg under irradiation at 400 nm. In contrast,
the catalyst with the lowest efficiency was the Au@TiO2NWs-5%MoS2-1%CeO2NPs het-
erostructure, and specifically the one with 1%Au, with only a hydrogen production of
606 µm/hg (Figure 7d). This behavior is evidence of the relevance of CeO2NPs in the
heterostructure. As previously discussed in Section 2.1, CeO2NPs present oxygen vacancies
and defects that may be responsible for the reactivity of the material. These defects, as
already described [47], might originate from the effective separation of photogenerated
electron–hole pairs within the composite endorsing the charge transfer efficiency. The
effect of MoS2 on the catalyst activity is indisputable, although it is not as relevant as for
CeO2NPs. When comparing the catalysts Au@TiO2NWs-1%MoS2-5%CeO2NPs (Figure 7e),
Au@TiO2NWs-3%MoS2-5%CeO2NPs (Figure 7b) and Au@TiO2NWs-5%MoS2-5%CeO2NPs
(Figure 7c) it is observed that by increasing the amount of MoS2 the production of H2 also
increases substantially. This effect is more notable when going from 3% to 5% of MoS2 in
the heterostructure. MoS2 has high surface area values, as shown in Table S1. The increase
in MoS2 loading produces an increase in the specific area of the heterostructure, together
with the improvement in the conductivity properties of the catalyst [53], which could justify
the effect of this nanomaterial on the reactivity observed in Figure 7. On the other hand,
the presence of Au, and especially the generation of surface plasmons generated by the Au
nanoparticles on the surface of the heterostructure [54], represents an adjuvant factor on
the photocatalytic HER.

The recyclability of the most efficient catalyst (3%Au@TiO2NWs-5%MoS2-5%CeO2NPs)
was also evaluated. For this, 15 consecutive reactions were carried out with the same cata-
lyst (Figure S3) using a larger reaction volume (200 mL). After each reaction, the catalyst
was recovered by centrifugation (3000 rpm, 15 min), washed with deionized water, and
dried overnight in an oven at 50 ◦C. The recovered catalyst was used again in the next
reaction, using the same experimental conditions, and keeping the reaction temperature
constant at 20 ◦C. After 15 cycles of use, the results obtained (Figure S3) showed an effi-
ciency of ca. 93% of the initial, which represents a loss of activity of around 7%. After cycle
15, the catalyst showed similar morphological characteristics although, according to EDX
measurements, the gold loading was slightly reduced to approximately 2.4%, which could
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indicate a gold leaching effect during the use cycles, that would justify the loss of 7% of
activity. This result is remarkable considering that the catalysts are heterostructures formed
by four components whose synergistic behavior remains almost unchanged in each cycle
of use.

Figure 7. H2 production profiles of the synthesized catalysts under irradiation at different wave-
lengths (the legends corresponding to the catalysts are shown in each of the figures). The estimated
error bars for each of the values obtained are also shown.

Some results of recent studies on hydrogen production by water splitting using het-
erostructured catalysts are shown in Table S3 [55–62]. As can be seen there, the amount
of hydrogen reported in our research is one of the highest, although a direct comparison
with other research is not possible because the experimental conditions, reaction time, and
even nanomaterials are not the same. Nonetheless, our hydrogen production results are
certainly promising, and could potentially even be applicable to larger-scale processes.

2.3. Mechanism of the Photocatalytic Hydrogen Production

Figure S4 shows the effect of incorporating hole scavengers (methanol and EDTA-
Na2) on HER. Figure S4a to Figure S4e show the most efficient systems in the absence of
scavengers and in the presence of each of them. As can be seen, the addition of methanol
(5 mL) to the reaction medium clearly increases the production of hydrogen at all wave-
lengths. The effect of the addition of EDTA-Na2 (0.1 M) produces an even greater effect,
with pronounced increases in all the systems used and practically under any irradiation
energy. The incorporation of larger amounts of methanol or EDTA-Na2 did not produce sig-
nificant changes, therefore, at least for these hole scavengers and for the reaction conditions
used, the maximum possible H2 production was reached. These results clearly suggest
that electron-hole recombination occurs in the absence of scavengers, despite the effect of
electron channeling towards the Au nanoparticles and MoS2 nanosheets from the catalysts
and the use of electron donors (Na2SO3, 0.02 M and Na2S, 0.4 M) in the reaction mixture.

Considering these results, in addition to the determination of bandgaps (see Figure 6),
a tentative mechanism for HER has been proposed (Figure 8). To do this, Mulliken’s classical
theory of electronegativity has been used [63,64], which makes it possible to establish the
position of the edge of the band of the different nanomaterials that form the heterostructure
and, based on it, to establish the direction of migration of the photogenerated charge
carriers in the catalyst (see Equations (1) and (2)).
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ECB = χ − EC − 0.5Eg (1)

EVB = ECB + Eg (2)
where ECB and EVB are the edge potentials of the valence band and the conduction band,
respectively, χ is the absolute electronegativity, EC is the energy of free electrons on the
hydrogen scale (4.50 eV) [65,66], and Eg is the experimentally determined bandgap (see
Figure 6). The X values for TiO2 (rutile) and CeO2 are 5.81 and 5.56 eV, respectively [67,68].
The ECB and EVB edge positions for TiO2NWs determined from Equations (1) and (2)
are −0.165 and 2.785 eV, respectively, while for CeO2NPs the calculated values were
−0.245 and 2.365 eV (see Figure 8).

Figure 8. Mechanism proposed for the hydrogen production using Au@TiO2NWs-MoS2-CeO2NPs
catalysts under UV-visible irradiation.

As previously shown [58], the presence of CeO2NPs and MoS2 significantly broadens
the range of light absorption, which increases the density of photogenerated electrons and
the production of H2. Under irradiation, the valence band electrons of both TiO2NWs and
CeO2NPs are photoexcited to their corresponding conduction bands [9]. These electrons
can reduce the water, generating H2, or be transferred to the MoS2 or Au nanoparticles.
Both MoS2 and Au act as sinks that channel electrons, prevent electron-hole recombination,
and facilitate subsequent reactivity [3,11,69]. The holes that were created in the valence
band of the heterostructure, as previously shown, undergo partial recombination with
the photogenerated electrons, although this recombination is inhibited by adding hole
scavengers (methanol or EDTA-Na2) to the reaction mixture. As previously described,
the presence of Ce3+ and Ce4+ species, identified by XPS (see Figure 5d), may play a
relevant role in prolonging the lifetime of photoinduced charge carriers [58]. Ce4+ species
can trap the electrons helping to avoid electron-hole recombination. On the other hand,
Ce3+/oxygen vacancies can provide abundant H2O adsorption sites, which decreases the
H2O adsorption energy, increasing the efficiency of the water splitting reaction.

3. Materials and Methods
3.1. Reagents and Materials

All reagents were used as received without further purification. All solutions were
prepared with deionized water (Milli-Q water, Burlington, MA, USA, 18.2 MΩcm−1 at
25 ◦C). TiCl4 (99.9%) was provided by Fisher Scientific, Cayey, Puerto Rico. HAuCl4·3H2O
(ACS Reagent, St. Louis, MO, USA, 49.0 + % Au basis), MoS2 (Nanopowder, St. Louis,
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MO, USA, 90 nm diameter, 99% trace metals basis), Ce(NO3)3·6H2O (99.99%), Ethanol
(200 proof, anhydrous, ≥99.5%), EDTA disodium salt dihydrate (OmniPur, St. Louis, MO,
USA), and NaBH4 (99.99% trace metals basis) were provided by Sigma Aldrich (Darmstadt,
Germany). Methanol anhydrous for UHPLC-MS LiChrosolv (99.9%) was provided by
Supelco (Bellefonte, PA, USA). Silicon p-type boron doped substrates (Si <100>), were
provided by El-CAT (Ridgefield Park, NJ, USA). UHP N2 (5.0), used for the photocatalytic
reaction, was provided by Praxair, Gurabo, Puerto Rico.

3.2. Synthesis of Nanomaterials

The synthesis of titanium oxide nanowires (TiO2NWs) has been previously described [70].
In a typical synthesis, a mixture of water and HCl (37% solution) (1:1, v/v) was prepared.
Subsequently, TiCl4 (3 mL) was added dropwise to 100 mL of the solution and allowed to
mix for 30 min until the presence of suspended particles was not observed. The solution
was then transferred to Teflon-lined autoclaves, and silicon substrates (Si <100>) with
the polished surface facing the inside of the Teflon container, were incorporated into the
solution. The autoclaves were then sealed and transferred to an oven. The autoclaves were
treated at 180 ◦C for 24 h. Once the treatment time had elapsed, the autoclaves were left
to cool for at least 12 h. As a result, the growth of a white deposit on the surface of the
Si substrates was observed. The material obtained was washed with abundant deionized
water, dried in an oven at 60 ◦C and stored in vials that were sealed until later use.

The deposition of gold nanoparticles (AuNPs) was carried out by dispersing 1 g of
the support (TiO2NWs), whose synthesis was previously described, in 100 mL of H2O
and the mixture was sonicated for 30 min. Next, the required amount of gold precursor
(HAuCl4·3H2O) was added to the reaction mixture and stirred for 1 h. Finally, the process
continued with the reduction of gold by adding, dropwise, a NaBH4 solution (10 mg in
10 mL of H2O) under constant stirring. Once the 10 mL of NaBH4 had been added, the
resulting solution was kept under stirring for 1 h. The reaction product was separated
by centrifugation (3000 rpm, 15 min), washed 4 times with deionized water, and dried
overnight at 60 ◦C. The different Au@TiO2NWs compounds were synthesized with 1%, 3%
and 5% AuNPs on the surface and these materials were later used for the incorporation of
the rest of the catalyst components.

CeO2 nanoparticles (CeO2NPs) were obtained through a coprecipitation process. For
this, two solutions were prepared: (i) 250 mL of a solution of Ce(NO3)3·6H2O (0.02 M) and
(ii) 250 mL of a solution of K2CO3 (0.03 M). Both solutions were introduced dropwise into
an Erlenmeyer flask containing 50 mL of water. During this process, the mixture was kept
under constant stirring. As a result, a precipitate of Ce2(CO3)3 was obtained, which was
separated from the solution by centrifugation. The resulting solid was washed four times
with deionized water and dried at 70 ◦C for 3 h. Next, the dry material was calcined in a
muffle at 600 ◦C for 3 h, using an open crucible.

The commercial MoS2 was subjected to an exfoliation process before being used. For
this, 4 g of MoS2 were mixed with 200 mL of deionized water. The resulting dispersion was
sonicated using a Cole-Palmer Tip Sonicator (Cole-Parmer 750-Watt Ultrasonic Processor)
for 6 h in pulsed mode (40% amplitude, pulse on 5 s, pulse off 10 s). Subsequently, the
solution was kept static for sedimentation for 3 h. Next, the supernatant was extracted from
the mixture and centrifuged for 30 min at 3000 rpm to remove the non-delaminated MoS2.
Next, the supernatant can be dried by evaporation at 50 ◦C to be used later, or manipulated
directly as a suspension. The concentration of the suspension can be determined by
measuring the absorbance at 672 nm, using the Beer-Lambert law, and considering ε as
3400 mL mg−1 m−1.

The materials, whose synthesis has been described above, were used for the following
stages of preparation of the catalysts. Thus, 300 mg of Au@TiO2NWs were dispersed in
a solution containing 20 mL of ethanol and 20 mL of deionized water, and the mixture
was vigorously stirred for 1 h. Subsequently, cerium oxide nanoparticles (CeO2NPs) were
added, and the suspension was stirred for 2 h. The product was then separated from
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solution by centrifugation (3000 rpm, 15 min), washed 4 times with deionized water, and
dried overnight at 60 ◦C. The incorporation of MoS2 was carried out in a final synthesis step,
and by a procedure similar to that previously described for CeO2NPs. Once the synthesis
process was finished, the product was recovered by centrifugation (3000 rpm, 15 min),
washed four times with deionized water, dried overnight at 60 ◦C, and stored and sealed at
room temperature until later use. The 15 synthesized catalysts, based on Au@TiO2NWs-
MoS2-CeO2NPs, were identified indicating the percentage of gold incorporated on the
surface and the percentages of MoS2 and CeO2NPs in each case.

3.3. Characterization of the Catalysts

The surface morphology of the catalysts was evaluated using a FEI Verios 460 L High
Resolution Scanning Electron Microscope (HR-SEM, Thermo Fisher Scientific, Hillsboro,
OR, USA), equipped with a Quantax EDS Analyzer, and by High Resolution Transmis-
sion Electron Microscopy (HR-TEM), using a JEOL JEM 3000F (300 kV) microscope. XPS
measurements were carried out using an ESCALAB 220i-XL spectrometer, using non-
monochromatic Mg Kα (1253.6 eV) radiation from a twin anode, operating at 20 mA and
12 kV in the constant analyzer energy mode, with a PE of 50 eV. The crystallinity of the
catalysts was studied by X-ray diffraction, using a Bruker D8-Advance diffractometer that
operates at 40 kV and 40 mA in the range of 20–80◦, using a Bragg-Brentano configuration,
and at a scan speed of 1◦ min−1. The catalysts were also characterized by Raman spec-
troscopy, using a DXR Thermo Raman Microscope, which uses a 532 nm laser source at
5 mW power and a 25 µm pinhole aperture with a 5 cm−1 nominal resolution. Bandgap
measurements of the different materials were carried out using a Perkin Elmer Lambda
365 UV-Vis spectrophotometer (Perkin Elmer, Waltham, MA, USA), equipped with an
integrating sphere. The bandgap value was obtained from the graph of the Kubelka-Munk
function versus the absorbed light energy [51]. Brunauer Emmett Teller (BET) specific area
measurements were carried out using a Micromeritics ASAP 2020 system, according to N2
adsorption isotherms at 77 K.

3.4. Photocatalytic Hydrogen Production

The experimental setup for the characterization of the catalysts for the hydrogen
evolution reaction (HER) by photocatalytic water splitting consisted of mixing 50 mg of the
desired catalyst with 100 mL of deionized water in a 200 mL quartz reactor. Next, sacrificial
electron donor solutions (Na2SO3, 0.02 M; Na2S, 0.4 M) were added. In order to test the
effect of adding additional hole scavengers to the reaction mixture, methanol (5 mL) and
EDTA-Na2 (0.1 M) were used. The reaction mixture was kept at 20 ◦C for 1 h before the
start of the reaction, to guarantee temperature stability, and was purged with nitrogen (N2,
5.0) during the pre-reaction process. Next, the reaction mixture was irradiated using a solar
simulator, whose irradiation power in the absence of filters is 120 mW.cm−2). To study the
influence of irradiation energy on the water splitting reaction, different cut-off filters at 220,
280, 320, 400, 500, 600, and 700 nm were used, and the reaction was followed for two hours.
The hydrogen produced was quantified using a gas chromatograph coupled to a thermal
conductivity detector (GC-TCD, Perkin-Elmer Clarus 600).

4. Conclusions

A total of 15 catalysts with different amounts of Au, MoS2, and CeO2 (1%, 3%, and
5% by weight) incorporated onto TiO2NWs were synthesized, and their photocatalytic
activity was evaluated by the production of hydrogen via water splitting using visible and
ultraviolet light. The highest hydrogen production was 1114 µm/hg, and was obtained with
the 3%Au@TiO2NWs-5%MoS2-5%CeO2NPs composite. The combination of the different
materials caused a synergistic effect, increasing the catalytic activity and allowing the use of
wavelengths ranging from 220 to the visible range, with remarkable efficiency even under
irradiation at wavelengths as low in energy as 700 nm. The recyclability test showed an
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efficiency loss of ca. 7% after 15 cycles, suggesting a stable and suitable catalyst for the
photocatalytic production of hydrogen by water splitting.

The results obtained in this research are certainly the starting point for further devel-
opments that allow us to delve into the mechanisms that control the HER. In this sense,
the continuation of this research, already in progress, will analyze three factors that, in our
opinion, are of great relevance for the catalytic systems studied: (i) the effect of increasing
the loading of MoS2 and CeO2NPs in the heterostructure, plus beyond the 5% considered
in the present investigation; (ii) analysis of how the use of cerium oxides in which the
Ce3+/Ce4+ ratio can be modulated influences HER; and (iii) characterization of possible
leaching during catalyst use and regeneration cycles.
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Abstract: Heterogeneous Brønsted acidic catalysts such as phosphoric acids are the conventional
activators for organic transformations. However, the photocatalytic performance of these catalysts is
still rarely explored. Herein, a novel Zr-based metal−organic framework Zr-MOF-P with phosphoric
acids as a heterogeneous photocatalyst has been fabricated, which shows high selectivity and reac-
tivity towards the photo-oxidation of sulfides under white light illumination. A mechanism study
indicates that the selective oxygenation of sulfides occurs with triplet oxygen rather than common
reactive oxygen species (ROS). When Zr-MOF-P is irradiated, the hydroxyl group of phosphoric acid
is converted into oxygen radical, which takes an electron from the sulfides, and then the activated
substrates react with the triplet oxygen to form sulfoxides, avoiding the destruction of the catalysts
and endowing the reaction with high substrate compatibility and fine recyclability.

Keywords: metal−organic frameworks; phosphoric acid; photo-oxidation; oxygen radical

1. Introduction

Porous solid Brønsted acids such as phosphoric acids are important heterogeneous
catalysts for diverse chemical reactions [1–3]. An effective way to construct these catalysts is
to introduce them into highly porous and stable metal−organic frameworks (MOFs) [4–6].
Phosphoric acid-based MOFs have received extensive attention in recent years due to their
high reactivity and selectivity towards many types of reactions, especially asymmetric
transformations [7–11]. Diverse phosphoric acid ligands are synthesized to construct
different MOFs; among these, the coordination of carboxyl groups with Zr(IV) show the
best stability [10,11]. However, in view of the large conjugate structure associated with
phosphoric acid-based MOFs, their photocatalytic performance is rarely explored.

MOFs with tailorable structures and high porosities have been demonstrated to be effi-
cient photocatalysts towards various types of reactions, such as H2O splitting [12–15], CO2
reduction [16–19], organic pollutant degradation [20–23], and organic transformations [24–28].
Ligand structure in MOFs is essential to the regulation of their photocatalytic performance,
including the photoresponsivity and active site. Compared to other ligands, phosphoric
acids have versatile sites towards different substrates [29,30], and the moderate acidity of
phosphoric acid makes it an ideal candidate for the construction of materials to undergo
excited-state proton transfer (ESIPT) under photo-excitation, which is a common reaction
in molecules with acidic hydrogen atoms and conjugate systems [31–33]. ESIPT products
are reactive and the reaction is in general wholly reversible, so it would be an effective
strategy to construct novel photocatalytic MOFs through introducing phosphoric acids
into photo responsive ligands. Thereinto, binaphthol (BINOL)-based phosphoric acids
with a large conjugated structure, ESIPT propriety, fine visible-light-response, and good
modifiability could be functioned as effective photocatalysts [34–39]. In this context, BINOL
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is chosen as a potential skeleton to fabricate photo responsive phosphoric acid ligands for
MOF construction.

Photocatalyzed selective oxidation of sulfides using oxygen as the oxidizer is
an environment-friendly way to produce sulfoxides, which are key intermediates for
bioactive ingredients in the pharmaceutical industry [40–42]. Generally, oxygen is acti-
vated by the photocatalyst through energy transfer or electron transfer to generate reactive
oxygen species (ROS) such as 1O2 and O2

−•, followed by the reaction with sulfide to
produce sulfoxide [43–48]. Due to the high activity of ROS, the generated sulfoxide and
some substituent groups with low stability would also be oxidized, causing low selectivity
and poor substrate compatibility. Moreover, the photocatalysts might also be affected by
hyperactive ROS and the lifetime of catalysts is shortened, which are unfavorable for the
application of photocatalysts, especially the recycling of heterogeneous photocatalysts.
Avoiding the production of ROS, making the photocatalyst directly activate the sulfide
and react with triplet oxygen, is an effective way to improve the selectivity and substrate
compatibility [49]. Considering that the phosphoric acid-based materials may follow the
ESIPT route, we believe phosphoric acids containing Zr-based MOFs would be a good
candidate material for the selective photocatalytic oxygenation of sulfides to sulfoxides
and may have better selectivity and substrate compatibility. In this view, a BINOL-based
phosphoric acid ligand and corresponding Zr-MOFs were fabricated and employed in this
reaction; their catalytic performance and reaction mechanism were also investigated.

2. Results and Discussion
2.1. Synthesis and Characterization

The ligand 3,3′,6,6′-tetrakis(4-benzoic acid)-1,1′-binaphthyl phosphate (L1H4) was
synthesized with an optimized route according to the literature [7]; the new route was
shortened to seven steps and the total yield was increased to 31%. To study the effect of
the phosphate hydroxyl group, a phosphate-hydroxyl-protected ligand 3,3′,6,6′-tetrakis(4-
methyl benzoate)-1,1′-binaphthyl methyl phosphate (L2Me4) was also synthesized by
an additional methylation reaction for the precursor of L1H4 (L1Me4). Zr-MOF-P was
prepared through a solvothermal reaction with L1H4, ZrCl4, formic acid, and trifluoroacetic
acid (TFA) in N,N-dimethylformamide (DMF) at 120 ◦C as light yellow octahedral crystals
(Scheme 1).
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Scanning electron microscope (SEM) images (Figure 1) and powder X-ray diffraction
(PXRD) patterns (Figure 2a) confirmed that Zr-MOF-P was successfully synthesized. Single
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crystal X-ray diffraction showed that Zr-MOF-P crystallizes in the monoclinic space group
(a = 21.112 Å, b = 38.991 Å, c = 19.209 Å, and β = 120.902◦) and is similar to most of
the reported Zr-MOFs composed of carboxylate-based tetrahedral linkers [50–53]; it also
exhibited the flu topology (Figure 3, Table S1, and Figure S1). The phosphoric acid ligand
presents a distorted tetrahedron structure, with a 55.70◦ dihedral angle between the two
naphthalene groups, constructing a cavity with a diameter of 12.2 Å. The total solvent
accessible volume of Zr-MOF-P is estimated to be 73.6%, calculated by the PLATON
routine [54]. The simulated PXRD pattern is similar to the experimental data, demonstrating
the phase purity of Zr-MOF-P. Due to the large ligand and high porosity of Zr-MOF-P, its
crystallinity was destroyed after removing the solvent molecules in the channels by vacuum-
drying. Therefore, we tried the supercritical CO2-drying method to keep its structural
integrity, and the results showed that the crystal structure of the dried MOF was still partly
destroyed (Figure 2a). Considering that the removal of the solvent would break the structure
of Zr-MOF-P, it was directly used in the photocatalytic reactions after being washed with
DMF several times through suction filtration. Unsurprisingly, Zr-MOF-P showed high
thermal stability, thermogravimetric analysis (TGA) indicated that the guest molecules
are removed before the temperature reaches 160 ◦C, and the frameworks remained stable
below 300 ◦C (Figure 2b).

Int. J. Mol. Sci. 2022, 23, 16121 3 of 14 
 

 

group (a = 21.112 Å, b = 38.991 Å, c = 19.209 Å, and β = 120.902°) and is similar to most of 
the reported Zr-MOFs composed of carboxylate-based tetrahedral linkers [50–53]; it also 
exhibited the flu topology (Figure 3, Table S1, and Figure S1). The phosphoric acid ligand 
presents a distorted tetrahedron structure, with a 55.70° dihedral angle between the two 
naphthalene groups, constructing a cavity with a diameter of 12.2 Å. The total solvent 
accessible volume of Zr-MOF-P is estimated to be 73.6%, calculated by the PLATON rou-
tine [54]. The simulated PXRD pattern is similar to the experimental data, demonstrating 
the phase purity of Zr-MOF-P. Due to the large ligand and high porosity of Zr-MOF-P, 
its crystallinity was destroyed after removing the solvent molecules in the channels by 
vacuum-drying. Therefore, we tried the supercritical CO2-drying method to keep its struc-
tural integrity, and the results showed that the crystal structure of the dried MOF was still 
partly destroyed (Figure 2a). Considering that the removal of the solvent would break the 
structure of Zr-MOF-P, it was directly used in the photocatalytic reactions after being 
washed with DMF several times through suction filtration. Unsurprisingly, Zr-MOF-P 
showed high thermal stability, thermogravimetric analysis (TGA) indicated that the guest 
molecules are removed before the temperature reaches 160 °C, and the frameworks re-
mained stable below 300 °C (Figure 2b). 

 
Figure 1. SEM images of the synthesized Zr-MOF-P. 

 
Figure 2. (a) PXRD patterns of Zr-MOF-P under different conditions. (b) TGA profile of Zr-MOF-P. 

 
Figure 3. (a) Structure of Zr-MOF-P. C, gray; O, red; P, pink; Zr, cyan polyhedra; the yellow sphere 
is the cavity; H atoms are omitted for clarity. (b) The flu topology of Zr-MOF-P. The orange and 
cyan polyhedra represent 4- and 8-connected nodes, respectively. 

5 10 15 20 25 30

Supercritical CO2 dried

Vacuum dried

As synthesized

Simulated

100 200 300 400 500 600 700 800
20

30

40

50

60

70

80

90

100

Figure 1. SEM images of the synthesized Zr-MOF-P.
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Figure 2. (a) PXRD patterns of Zr-MOF-P under different conditions. (b) TGA profile of Zr-MOF-P.
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Figure 3. (a) Structure of Zr-MOF-P. C, gray; O, red; P, pink; Zr, cyan polyhedra; the yellow sphere is
the cavity; H atoms are omitted for clarity. (b) The flu topology of Zr-MOF-P. The orange and cyan
polyhedra represent 4- and 8-connected nodes, respectively.

To identify the possible photocatalytic application of Zr-MOF-P, its photo-electro-
chemical properties were tested. As shown in Figure 4a, UV–Vis spectra indicated that this
MOF could be excited by visible light for its obvious absorption below 600 nm, and the
band gap was estimated to be 2.83 eV. Mott–Schottky measurements were performed at
the frequency of 1000, 1500, and 2000 Hz to identify the semiconductor characteristics of
Zr-MOF-P, the flat band position determined from the same intersection is about−1.26 V vs.
Ag/AgCl (−1.04 V vs. NHE), and the positive slope of the C–2 values indicates the character
of n-type semiconductors [55–57]. Thus, the conduction band (CB) is −1.04 V vs. NHE,
and the valence band (VB) is 1.79 V vs. NHE (Figure 4b). The VB of Zr-MOF-P is higher
than the oxidation potentials of sulfides, but lower than that of sulfoxides [49], indicating
that it could be used in the photo-oxidation of sulfides to sulfoxides. Photo-electrochemical
measurements showed that Zr-MOF-P had an obvious photocurrent response, illustrating
that the hole−electron pair could be separated under visible light irradiation (Figure 4c).
The weak fluorescence emission indicated the low electron−hole recombination rate in
Zr-MOF-P, which favored the electron transfer between photocatalysts and substrates
(Figure 4d). All the photo-electrochemical measurements clearly demonstrated that Zr-
MOF-P would be an ideal photocatalyst for the photo-oxidation of sulfides to sulfoxides.

Int. J. Mol. Sci. 2022, 23, 16121 4 of 14 
 

 

To identify the possible photocatalytic application of Zr-MOF-P, its photo-electro-
chemical properties were tested. As shown in Figure 4a, UV–Vis spectra indicated that 
this MOF could be excited by visible light for its obvious absorption below 600 nm, and 
the band gap was estimated to be 2.83 eV. Mott–Schottky measurements were performed 
at the frequency of 1000, 1500, and 2000 Hz to identify the semiconductor characteristics 
of Zr-MOF-P, the flat band position determined from the same intersection is about −1.26 
V vs. Ag/AgCl (−1.04 V vs. NHE), and the positive slope of the C–2 values indicates the 
character of n-type semiconductors [55–57]. Thus, the conduction band (CB) is −1.04 V vs. 
NHE, and the valence band (VB) is 1.79 V vs. NHE (Figure 4b). The VB of Zr-MOF-P is 
higher than the oxidation potentials of sulfides, but lower than that of sulfoxides [49], 
indicating that it could be used in the photo-oxidation of sulfides to sulfoxides. Photo-
electrochemical measurements showed that Zr-MOF-P had an obvious photocurrent re-
sponse, illustrating that the hole−electron pair could be separated under visible light irra-
diation (Figure 4c). The weak fluorescence emission indicated the low electron−hole re-
combination rate in Zr-MOF-P, which favored the electron transfer between photocata-
lysts and substrates (Figure 4d). All the photo-electrochemical measurements clearly 
demonstrated that Zr-MOF-P would be an ideal photocatalyst for the photo-oxidation of 
sulfides to sulfoxides. 

200 300 400 500 600 700 800

Wavelength / nm

N
or

m
al

iz
ed

 In
te

ns
ity

Time / s

Ph
ot

oc
ur

re
nt

 / 
µA

•c
m

2

Potential (V) vs Ag/AgCl

C
2

10
12

/ F
2

hv / eV

(
hv

)2
/ a

.u
.

Wavelength / nm

In
te

ns
ity

VB

CB 1.04 V vs NHE.

1.79 V vs NHE.

2.83 eV

(a) (b)

(c) (d)

0 20 40 60 80 100 120 140 160 180 200 220
-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05

light on

light off

2 3 4 5 6
0
5

10
15
20
25
30
35
40

2.83 eV

400 500 600 700 800

quantum yield = 0.52%

-1.5 -1.0 -0.5 0.0 0.5 1.0
0

1

2

3

4

5

6

7

8
 1000 Hz
 1500 Hz
 2000 Hz

1.26 V

 
Figure 4. (a) UV–Vis diffuse reflectance spectrum of Zr-MOF-P; insets are the Tauc plots. (b) Mott–
Schottky plots for Zr-MOF-P. (c) Photocurrent responses of Zr-MOF-P. (d) Fluorescence spectrum 
and quantum yield of Zr-MOF-P, λex = 320 nm. 

2.2. Photo-Oxidation of Thioanisol 
Considering the excellent photo-electric performance of Zr-MOF-P, we investigated 

its photocatalytic activity towards the photo-oxidation of sulfide into sulfoxide, and thi-
oanisole was selected as the model substrate. The reaction was initially carried out in ac-
etonitrile with Zr-MOF-P under white light irradiation and an O2 atmosphere at room 
temperature. As shown in Table 1, after 9 h, 19% of sulfide was oxidized into sulfoxide 
and no overoxidized product (sulfone) was produced. Based on the reported works, the 
yield is obviously affected by the type of solvents. Therefore, different solvents were ex-
plored, and the protic solvent trifluoroethanol (TFEA) was found to be the optimal solvent 
with a yield of 97% (Table 1, entry 5). Comparative experiments indicated that the photo-
catalyst, white light irradiation, and O2 are all indispensable (Table 1, entries 8–10). More-
over, the reaction still went smoothly on the gram scale with a yield as high as 95%. 

Figure 4. (a) UV–Vis diffuse reflectance spectrum of Zr-MOF-P; insets are the Tauc plots.
(b) Mott–Schottky plots for Zr-MOF-P. (c) Photocurrent responses of Zr-MOF-P. (d) Fluorescence
spectrum and quantum yield of Zr-MOF-P, λex = 320 nm.

66



Int. J. Mol. Sci. 2022, 23, 16121

2.2. Photo-Oxidation of Thioanisol

Considering the excellent photo-electric performance of Zr-MOF-P, we investigated its
photocatalytic activity towards the photo-oxidation of sulfide into sulfoxide, and thioanisole
was selected as the model substrate. The reaction was initially carried out in acetonitrile
with Zr-MOF-P under white light irradiation and an O2 atmosphere at room temperature.
As shown in Table 1, after 9 h, 19% of sulfide was oxidized into sulfoxide and no overoxi-
dized product (sulfone) was produced. Based on the reported works, the yield is obviously
affected by the type of solvents. Therefore, different solvents were explored, and the protic
solvent trifluoroethanol (TFEA) was found to be the optimal solvent with a yield of 97%
(Table 1, entry 5). Comparative experiments indicated that the photocatalyst, white light
irradiation, and O2 are all indispensable (Table 1, entries 8–10). Moreover, the reaction still
went smoothly on the gram scale with a yield as high as 95%.

Table 1. Photo-oxidation of thioanisol 1.

Entry Solvent Change in Other Conditions Yield 2/%

1 MeCN none 19
2 MeOH none 58
3 EtOH none 74
4 EtOAc none trace
5 CF3CH2OH none 97 (95) 3

6 CHCl3 none 56
7 DMF none 3
8 CF3CH2OH no photocatalyst 1
9 CF3CH2OH dark n.d. 4

10 CF3CH2OH N2 atmosphere n.d. 4

1 Conditions: thioanisol (0.1 mmol), Zr-MOF-P (4 mg), O2 (1 atm), solvent (2 mL), white LED (5 W), room
temperature, 9 h. 2 Determined by gas chromatography (GC) (anisole as internal standard) and GC-MS. 3 Isolated
yield of gram-scale experiment. 4 n.d. = not detected.

2.3. Photocatalytic Mechanism

Most of the research reported that ROS such as 1O2, O2
−•, or ·OH originating from

oxygen under the activation of a photocatalyst were important active species in the pho-
tocatalytic oxidation of sulfide. Therefore, we carried out a series of experiments to con-
firm whether ROS participate in the Zr-MOF-P-catalyzed reaction. Quenching experi-
ments through adding different scavengers of ROS was firstly performed. Diazabicy-
clo[2.2.2]octane (DABCO, TCI, Tokyo, Japan) is a scavenger for 1O2; its addition showed
no effect on the yield of sulfoxide, excluding the participation of 1O2 in the reaction
(Table 2, entry 2). O2

−• is another common ROS participating in the photocatalytic oxida-
tion reaction, while the reaction still went smoothly with the addition of benzoquinone
(BQ, J&K Scientific, Beijing, China) as an O2

−• scavenger (Table 2, entry 3). Other ROS
such as ·OH and H2O2 are also capable of oxidizing sulfide, which were excluded through
the quenching experiments with the addition of i-PrOH and catalase (TCI, Tokyo, Japan),
respectively (Table 2, entries 4 and 5). The radical scavenger hydroquinone (HQ, J&K Scien-
tific, Beijing, China) and electro trapper CuSO4 showed significant inhibition to the reaction,
demonstrating that the reaction might have undergone an electron-transfer-induced free
radical pathway (Table 2, entries 6 and 7). Moreover, the addition of the sulfide radical
cation scavenger 1,4-dimethoxybenzene (DMB, Aladdin, Shanghai, China) also repressed
the reaction with a decreased yield of 78% (Table 2, entry 8). Considering that the optimal
solvent TFEA is conducive to maintaining the stability of cations [58,59], the sulfide radical
cation should be a critical intermediate in the catalytic process. Quenching experiments
using L1Me4 as the catalyst also showed similar results (Table 2, entries 9–15), which
indicated that the ligand in Zr-MOF-P was the active component.
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Table 2. Quenching experiments 1.

Entry Photocatalyst Additive Yield 2/%

1 Zr-MOF-P none 97
2 Zr-MOF-P DABCO 95
3 Zr-MOF-P BQ 96
4 Zr-MOF-P i-PrOH 94
5 Zr-MOF-P catalase 3 93
6 Zr-MOF-P HQ 10
7 Zr-MOF-P CuSO4 18
8 Zr-MOF-P DMB 78

9 4 L1Me4 none 99
10 4 L1Me4 DABCO 91
11 4 L1Me4 BQ 98
12 4 L1Me4 i-PrOH 92
13 4 L1Me4 HQ 11
14 4 L1Me4 CuSO4 26
15 4 L1Me4 DMB 15
16 4 L2Me4 none 2

1 Conditions: thioanisol (0.1 mmol), photocatalyst (4 mg), scavengers (0.2 mmol), O2 (1 atm), solvent (2 mL),
white LED (5 W), room temperature, 9 h. 2 Determined by GC, anisole as internal standard. 3 0.1 g of catalase
(>200,000 unit/g) 4 4 h.

To further exclude the participation of ROS, electron paramagnetic resonance (EPR)
tests were performed by adopting 2,2,6,6-tetramethylpiperidine (TEMP) and 5,5-dimethyl-
1-pryyoline-Noxide (DMPO) as trappers. As shown in Figure 5a, no EPR signal was
detected under white light irradiation, which means that no 1O2, O2

−•, or ·OH was
produced by the photocatalyst. Moreover, the probe molecules Singlet Oxygen Sensor
Green, nitrotetrazolium blue chloride, and coumarin-3-carboxylic acid for 1O2, O2

−•, and
·OH were added to the suspension of Zr-MOF-P under white light irradiation; the results
still showed that no ROS was produced (Figure 5b–d). Based on the above mechanism
research experiments, the possibility of ROS participating in the reaction was ruled out;
sulfide was directly activated by Zr-MOF-P, and then reacted with 3O2.

The active site of Zr-MOF-P was found through another controlled experiment. L1Me4
showed fairly good activity towards the reaction with a yield of 99% (Table 2, entry 9),
while the phosphate-hydroxyl-protected L2Me4 almost had no catalytic activity with a
yield as low as 2% (Table 2, entry 16). EPR spectra showed a single and unstructured
signal of Zr-MOF-P with a g value of 2.0033 after illumination, and the solid L1Me4 also
had the same signal while L2Me4 did not, demonstrating the existence of photo-induced
oxygen radicals in Zr-MOF-P and L1Me4 [60]. Moreover, the EPR signal of Zr-MOF-P after
illumination was significantly decreased after the addition of thioanisole, which indicated
an electron transfer process between thioanisole and the photo-induced oxygen radical
(Figure 6). Therefore, a proposed mechanism was shown in Scheme 2. The ligand was
firstly excited by visible light, followed with an ESIPT process, producing the oxygen
radical A. The photo-induced oxygen radical takes an electron from sulfide, generating
the reduced ligand B and sulfide radical cation C. Then C reacts with 3O2, which converts
into the persulfoxide radical D. The reduced ligand B donates an electron to D, which is
recovered, and D is transformed into persulfoxide E. Finally, E reacts with another sulfide
molecule and two molecules of sulfoxide are produced.
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Figure 5. (a) EPR spectra of Zr-MOF-P using TEMP and DMPO as trapping agents under irradiation.
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2.4. Substrate Compatibility and Recyclability

Encouraged by the unusual photocatalytic mechanism of Zr-MOF-P, various sulfides
with different substituents were employed in the reaction (Scheme 3). Methylphenyl sulfide
derivatives with halogen at the ortho- or para- positions of phenyl rings were all completely
transformed into corresponding sulfoxides, and the conversion of ortho-substituted sulfide
were slower than the para-substituted sulfide due to the steric hindrance (2–7). Other sub-
stituents such as nitro (8), methyl (9), and methoxy (10, 11) were all tolerated in the reaction.
Without the participation of ROS, amino (12)- and hydroxy (13)-substituted sulfides could
be oxidized to sulfoxides and no side reaction was observed. The photosensitive iodine was
also well tolerated, and almost quantitatively corresponding sulfoxide was obtained (14).
Moreover, even the diphenyl sulfide which was difficult to be oxidized by most photocat-
alysts could be successfully transformed into sulfoxide (15) with excellent yields. All of
the above results indicated that the avoidance of producing ROS would endow Zr-MOF-P
with high substrate compatibility and selectivity.
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Scheme 3. Photocatalytic oxidation of various sulfides. Conditions: sulfides (0.1 mmol), photo-
catalyst (4 mg), O2 (1 atm), solvent (2 mL), white LED (5 W), and room temperature; the yields
and products were determined by GC (anisole as internal standard) and GC-MS. 1 Isolated yield of
gram-scale experiment.

As a heterogenous photocatalyst, recyclability is an advantage compared with ho-
mogeneous catalysts. Zr-MOF-P can be easily separated through centrifugation when
the reaction finished, and it can be directly used for subsequent runs without additional
processing. The photocatalytic activity of Zr-MOF-P shows no noticeable change after
five cycles of the photo-oxidation of thioanisole (Figure 7a). PXRD spectra and SEM im-
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ages of the recycled photocatalyst also show little change compared with the pristine
Zr-MOF-P (Figure 7b,c). Therefore, a photocatalyst with high stability and recyclability for
the photo-oxidation of sulfides has been constructed.
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3. Materials and Methods
3.1. Instruments

Powder X-ray diffraction (PXRD) was carried out with a PANalytical X’Pert3 Powder-
17005730 X-ray Powder Diffractometer equipped with two Cu anodes (λ1 = 1.540598 Å,
λ2 = 1.544426 Å, ratio K-α2/K-α1 = 0.5) at 40 kV and 40 mA. Thermogravimetric analysis
(TGA) was performed using a TA Discovery SDT 650 heated from room temperature to
800 ◦C under N2 atmosphere at the heating rate of 10 ◦C·min−1. Scanning electron mi-
croscopy (SEM) images were obtained using a Hitachi SU-8010 microscope (Tokyo, Japan).
UV–Vis diffuse reflectance spectra were obtained on a Shimadzu UV-2600i (Kyoto, Japan)
spectrophotometer equipped with an integrated sphere and a white standard of BaSO4 was
used as a reference. UV–Vis spectra were obtained on a Shimadzu UV-2600i spectropho-
tometer. Fluorescence spectra and quantum yield were obtained on an Edinburgh Instru-
ments FLS1000 fluorescence spectrophotometer (Livingston, UK). Nuclear magnetic reso-
nance (NMR) data were collected on a Bruker Avance III 500 spectrometer (Berlin, Germany).
HRMS was recorded on an Agilent G6545 Q-TOF (Santa Clara, CA, USA). Electrochem-
ical characterizations were carried out with a CH Instruments CHI660E workstation
(Shanghai, China). The photocatalytic reactions were performed in a PerfectLight PCX50C
photoreactor (Beijing, China) with 5 W white light LED. Gas chromatographic (GC) analy-
ses were performed using a Shimadzu 2010 gas chromatograph (Kyoto, Japan) equipped
with an HP-5MS capillary column (30 m × 0.25 mm × 0.25 µm) and a flame ionization
detector. Gas chromatography–mass spectrometry (GC-MS) was recorded on a Waters GCT
Premier mass spectrometer (Milford, MA, USA). Electron paramagnetic resonance (EPR)
measurements were carried out on a Bruker model A300 spectrometer (Berlin, Germany).
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3.2. Synthesis

All the reagents in experiments are commercially available and used without further
purification. L1H4 was synthesized from BINOL according to literature [7], and we optimized
the reported synthesis route. Considering I was prepared via several protection and depro-
tection reactions from 6,6′-dibromo-3,3′-diiodo-1,1′-binaphthyl-2,2′-diol in literature, we tried
to synthesize I directly through a Suzuki-Miyaura coupling reaction between 6,6′-dibromo-
3,3′-diiodo-1,1′-binaphthyl-2,2′-diol and 4-(methoxycarbonyl) benzeneboronic acid.

The synthesis of I is as follows: 6,6′-dibromo-3,3′-diiodo-1,1′-binaphthyl-2,2′-diol
(2.00 g, 2.87 mmol), 4-(methoxycarbonyl)benzeneboronic acid (5.17 g, 28.74 mmol), Pd(OAc)2
(129 mg, 0.57 mmol), Na2CO3 (2.13 g, 20.09 mmol), DMF (32 mL), and H2O (32 mL) were
added into a 350 mL Schlenck tube under Ar atmosphere. The reaction was stirred for
24 h in a 60 ◦C oil bath. After the reaction finished, it was cooled to room temperature,
the mixture was extracted with CH2Cl2, and the organic phase was washed with H2O
three times. Then, the organic phase was dried over anhydrous Na2SO4, and the solvent
was filtered and concentrated. Crude product was purified by column chromatography
on silica gel (2/1 petroleum ether/ethyl acetate, Rf = 0.55) to afford 1.44 g (1.75 mmol,
61% yield) of I as a white solid.

The synthesis of L2Me4 is as follows: L1Me4 (50.0 mg, 0.056 mmol), dimethyl sulfate
(14.3 mg, 10.7 µL, 0.113 mmol), NaHCO3 (10.4 mg, 0.124 mmol), and N,N-Dimethylacetamide
(0.7 mL) were added into a 10 mL Schlenck tube under Ar atmosphere. The reaction was
stirred for 24 h at room temperature. After the reaction finished, H2O (2 mL) was added
to quench the reaction, the mixture was extracted with CH2Cl2, and the organic phase
was washed with H2O three times. Then, the organic phase was dried over anhydrous
Na2SO4, and the solvent was filtered and concentrated. Crude product was purified by
column chromatography on silica gel (2/1 petroleum ether/ethyl acetate, Rf = 0.30) to
afford 38.6 mg (0.043 mmol, 76% yield) of L2Me4 as a white solid. 1H NMR (500 MHz,
CDCl3) δ 8.26–8.16 (m, 12H), 7.84 (d, J = 7.7 Hz, 4H), 7.80 (t, J = 8.1 Hz, 4H), 7.69–7.65
(m, 2H), 7.56 (d, J = 8.8 Hz, 1H), 7.49 (d, J = 8.9 Hz, 1H), 4.01–3.91 (m, 12H), 3.14 (d,
J = 9.9 Hz, 3H) (Figure S2). 13C NMR (126 MHz, CDCl3) δ 167.00, 166.89, 166.86, 166.74,
144.51, 144.44, 141.10, 141.05, 137.99, 137.95, 133.95, 133.11, 132.34, 131.95, 131.90, 131.86,
131.71, 131.67, 130.35, 130.34, 130.03, 130.00, 129.89, 129.77, 129.69, 129.63, 129.47, 129.43,
127.79, 127.27, 127.23, 126.91, 126.84, 126.69, 126.64, 122.55, 122.51, 77.29, 77.03, 76.78, 55.13,
52.35, 52.26, 52.25, 52.21 (Figure S3). HRMS (ESI): [M + H]+ Calcd for C53H40O12P+ 899.2252;
Found 899.2252.

The synthesis of Zr-MOF-P is as follows: L1H4 (200 mg, 0.242 mmol), ZrCl4 (169 mg,
0.0.725 mmol), anhydrous formic acid (10 mL), and trifluoroacetic acid (2 mL) were
added in DMF (40 mL). After 10 min of ultrasonic vibration, the mixture was heated in
a 100 mL Teflon-sealed autoclave at 120 ◦C for 3 days. Then, the mixture was cooled to
room temperature, light yellow powders (310 mg) were collected through centrifugation,
and washed with DMF. Because the removing of solvent molecules from MOF channels
will distort the framework, Zr-MOF-P was dipped in DMF and was collected through
suction filtration before use.

3.3. Electrochemical Characterization

Electrochemical characterizations were carried out using a CH Instruments CHI660E
workstation through a three-electrode system in 0.2 M Na2SO4 aqueous solution.

Mott–Schottky plots of Zr-MOF-P were measured using the photocatalyst-coated
glassy carbon as working electrode, Ag/AgCl as reference electrode, and Pt plate as
counter electrode at frequencies of 1000, 1500, and 2000 Hz, respectively. Preparation of the
working electrode is as follows: 5 mg Zr-MOF-P was dispersed in 1 mL ethanol, and 10 µL
5 wt% Nafion was added as binder. Then, 20 µL of the solution was coated on the surface
of the glassy carbon electrode and dried at room temperature. This process was repeated
until the electrode was completely covered.
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Photocurrent measurements of Zr-MOF-P were measured using the photocatalyst-
coated Pt plate as working electrode, Ag/AgCl as reference electrode, and Pt plate as
counter electrode, and a 40 W White light LED was used as light source. Preparation of the
working electrode is as follows: 5 mg Zr-MOF-P was dispersed in 1 mL ethanol, and 10 µL
5 wt% Nafion was added as binder. Then, 50 µL of the solution was coated on the Pt plate
and dried at room temperature. This process was repeated until 1 cm2 of the Pt plate was
completely covered.

3.4. Photocatalytic Reaction

The photocatalytic reactions were performed on a PerfectLight PCX50C photoreactor
(Beijing, China) equipped with 5 W white LEDs. In addition, the reaction was carried
out at 25 ◦C by circulating refrigeration equipment. For the photo-oxidation of sulfides
to sulfoxides, 4 mg photocatalyst, 0.1 mmol substrate, and 2 mL solvent were added into
a 10 mL Schlenck tube under O2 atmosphere. The reaction mixture was magnetically
stirred at 150 rpm and illuminated with 5 W white LEDs. After the reaction finished,
20 µL of anisole was added as the internal standard and stirred for 10 min. Then, the
photocatalyst was separated through centrifugation and washed with solvent. The products
were analyzed by GC and GC-MS.

For gram-scale reaction, thioanisol (8.86 mmol, 1.10 g), TFEA (100 mL), and Zr-MOF-P
(20 mg) were stirred at room temperature for 7 days in oxygen atmosphere (1 atm) under
the irradiation of white LEDs. After the reaction finished, photocatalyst was separated
through centrifugation and washed with ethyl acetate several times. The combined organic
phase was concentrated over a rotary evaporator, and 1 (1.18 g, 95%) was obtained through
column chromatography as a colorless oil.

3.5. EPR Measurements

EPR spectra were obtained on a Bruker model A300 spectrometer (Berlin, Germany)
at room temperature. The spectrometer parameters are shown as follows: sweep width,
100 G; center field, 3510.890 G; microwave bridge frequency, 9.839 GHz; power, 20.37 mW;
modulation frequency, 100 kHz; modulation amplitude, 1 G; conversion time, 42.00 s;
sweep time 42.00 s; receiver gain, 2.00 × 104. The preparation of the liquid samples was
similar to the photocatalyst reaction. The signal after irradiation was measured after
5 min of irradiation with a 50 W Xe lamp with stirring, and the mixture was transferred to
3 mm diameter glass tubes as soon as possible to record the signals. Furthermore, for solid
samples, about 2 mg of target compound was put into a 3 mm diameter glass tube, and the
signal after irradiation was also measured after 5 min of irradiation with a 50 W Xe lamp.

3.6. ROS Detection with Probe Molecules
1O2 detection: Zr-MOF-P (2 mg) and TFEA (1.5 mL) containing Singlet Oxygen

Sensor Green (10 µM) were added into a 10 mL Schlenck tube under air atmosphere. The
reaction mixture was magnetically stirred for 30 min in the dark before illuminated with
white LEDs for 1 h. After the reaction finished, photocatalyst was separated through
centrifugation and the supernatant was examined with fluorescence spectrophotometer.
The result was compared with the blank group and unilluminated control group, showing
that no 1O2 produced.

O2
−• detection: Zr-MOF-P (2 mg) and TFEA (1.5 mL) containing nitrotetrazolium

blue chloride (0.1 mM) were added into a 10 mL Schlenck tube under air atmosphere. The
reaction mixture was magnetically stirred for 30 min in the dark before illuminated with
white LEDs for 2 h. After the reaction finished, photocatalyst was separated through cen-
trifugation and the supernatant was examined with UV–Vis spectrophotometer. The result
was compared with the unilluminated control group, showing that no O2

−• produced.
·OH detection: Zr-MOF-P (2 mg) and TFEA (1.5 mL) containing coumarin-3-carboxylic

acid (0.1 mM) were added into a 10 mL Schlenck tube under air atmosphere. The reaction
mixture was magnetically stirred for 30 min in the dark before illuminated with white LEDs
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for 2 h. After the reaction finished, photocatalyst was separated through centrifugation and
the supernatant was examined with UV–Vis spectrophotometer. The result was compared
with the unilluminated control group, showing that no ·OH produced.

4. Conclusions

A photocatalyst Zr-MOF-P based on a BINOL-derived phosphoric acid ligand for the
selective oxidation of sulfides under white light irradiation was prepared. Comprehen-
sive mechanistic studies indicated that Zr-MOF-P had appropriate photo-electrochemical
properties for this reaction, and the ESIPT process produced the reactive oxygen radical,
which would take an electron from the sulfides. Thus, the sulfides were activated and, sub-
sequently, react with ground state oxygen, producing sulfoxides. The unique mechanism
without the participation of ROS ensured the high selectivity and substrate compatibility of
the reaction. Moreover, as a heterogeneous photocatalyst, Zr-MOF-P had sufficient stability,
as it can be easily separated and re-used at least five times without any noticeable change in
reactivity. This study demonstrates that phosphoric acids with a large conjugate structure
can be used as photocatalysts, and they might have potential applications in more kinds of
photocatalytic reactions. Further applications for Zr-MOF-P are under study in our group.
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Abstract: Aryl sulfides play an important role in pharmaceuticals, biologically active molecules
and polymeric materials. Herein, a general and efficient protocol for Pd@COF-TB (a kind of Pd
nanocatalyst supported by a covalent organic framework)/DIPEA-catalyzed one-pot synthesis of
symmetrical diaryl sulfides through a C-S coupling reaction from aryl iodides and Na2S2O3 is
developed. More importantly, the addition of N,N-diisopropylethylamine (DIPEA) can not only
enhance the catalytic activity of a Pd@COF-TB nanocatalyst, but also effectively inhibit the formation
of biphenyl byproducts, which are a product of Ullmann reaction. Besides, it has been confirmed that
the aryl Bunte salts generated in situ from Na2S2O3 and aryl iodides are the sulfur sources involved
in this C-S coupling reaction. With the strategy proposed in this work, a variety of symmetrical diaryl
sulfides could be obtained in moderate to excellent yields with a high tolerance of various functional
groups. Moreover, a possible mechanism of this Pd nanoparticle-catalyzed C-S coupling reaction is
proposed based on the results of controlling experiments.

Keywords: C-S coupling; DIPEA; Na2S2O3; nanocatalyst; Pd@COF-TB

1. Introduction

Sulfur-containing organic compounds have always received considerable attention
due to their various functions in biology, chemistry and materials science [1–3]. As an
important class of organic sulfur-containing structures, aryl sulfides are of great significance
to the pharmaceutical industry and are a common functionality found in numerous drugs
in therapeutic areas [4–6]. As shown in Figure 1, Seroquel is a potential antipsychotic
agent, and its propensity to produce tardive dyskinesia with chronic administration to
humans is markedly less than that of typical antipsychotic agents [7]. nTZDpa is an
effective antibiotic against bacterial persistence [8]. Viracept is often used as an anti-human
immunodeficiency virus drug together with other drugs [9]. Cinanserin exhibits good
efficacy against SARS viruses and the treatment of schizophrenia [10]. In addition, sulfides
are also widely used in organic synthesis. For example, Zhao and co-workers developed a
new type of chiral organothioether bifunctional catalyst based on an indene skeleton, which
could be effectively applied in the asymmetric trifluoromethylthioesterification of alkenoic
acid [11]. Shi’s group reported a Pd(OAc)2-catalyzed method for the alkenylation of C-H
bonds of asymmetric olefins. Here, sulfide was used as a guiding group, which could not
only achieve excellent yield, enantioselectivity and stereoselectivity, but also synthesize
a class of thiene ligands with a chiral axis structure [12]. Therefore, various synthetic
strategies have been developed to synthesize sulfides. The most classical construction
method of sulfides is the substitution reaction of halide and thiol through C-S coupling
in the presence of a strong base (Scheme 1a) [13–17]. However, thiols are highly toxic
substances with unpleasant odors. Therefore, the use of green sulfur sources to develop
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novel, practical and efficient methods for the construction of sulfides is demanding. After
years of research, a variety of green sulfur sources, including thiourea [18,19], sodium
sulfide [20,21], thioacetamide [22], thiocyanate [23,24], carbon disulfide [25] and elemental
sulfur [26,27] have been successfully used in the synthesis of symmetrical diaryl sulfides
via transition metal-catalyzed C-S coupling reactions.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 2 of 12 
 

 

S coupling in the presence of a strong base (Scheme 1a) [13–17]. However, thiols are highly 

toxic substances with unpleasant odors. Therefore, the use of green sulfur sources to de-

velop novel, practical and efficient methods for the construction of sulfides is demanding. 

After years of research, a variety of green sulfur sources, including thiourea [18,19], so-

dium sulfide [20,21], thioacetamide [22], thiocyanate [23,24], carbon disulfide [25] and el-

emental sulfur [26,27] have been successfully used in the synthesis of symmetrical diaryl 

sulfides via transition metal-catalyzed C-S coupling reactions. 

 

Figure 1. Some pharmaceutical active substances containing an aryl sulfide structure. 

 

Scheme 1. Approaches for the synthesis of symmetrical diaryl sulfides. 

It is well known that sodium thiosulfate (Na2S2O3) has been widely used in many C-

S coupling reactions due to its low price and odorless and tasteless properties. Na2S2O3 

mainly transfers the sulfur atom into organic compounds by forming Bunte salts to par-

ticipate in reactions. Compared with the sulfur atom in thiols, the SO3Na group attached 

to the sulfur atom in Bunte salts would change its properties including electronic effects, 

steric hindrance, and resonance stability [28]. Therefore, Bunte salts are not only used as 

a substitute for thiols, but also could mediate some reactions that thiols cannot. In recent 

years, influenced by the rapid development of organosulfur chemistry, Bunte salts, 

formed in situ by Na2S2O3 and halides, are widely used as an efficient sulfur source in 

various C-S coupling reactions. For example, Yi et al. reported the Pd-catalyzed C-S cou-

pling reaction of aryl halide/aryl triflate and Na2S2O3 to synthesize aromatic thiols [29]. In 

2013, Jiang’s group reported the Pd-catalyzed one-step synthesis of sulfur-containing het-

erocyclic compounds through the construction of two intramolecular C-S bonds with 

Na2S2O3 as sulfur source [30]. Subsequently, the group extended the system to an 

Figure 1. Some pharmaceutical active substances containing an aryl sulfide structure.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 2 of 12 
 

 

S coupling in the presence of a strong base (Scheme 1a) [13–17]. However, thiols are highly 

toxic substances with unpleasant odors. Therefore, the use of green sulfur sources to de-

velop novel, practical and efficient methods for the construction of sulfides is demanding. 

After years of research, a variety of green sulfur sources, including thiourea [18,19], so-

dium sulfide [20,21], thioacetamide [22], thiocyanate [23,24], carbon disulfide [25] and el-

emental sulfur [26,27] have been successfully used in the synthesis of symmetrical diaryl 

sulfides via transition metal-catalyzed C-S coupling reactions. 

 

Figure 1. Some pharmaceutical active substances containing an aryl sulfide structure. 

 

Scheme 1. Approaches for the synthesis of symmetrical diaryl sulfides. 

It is well known that sodium thiosulfate (Na2S2O3) has been widely used in many C-

S coupling reactions due to its low price and odorless and tasteless properties. Na2S2O3 

mainly transfers the sulfur atom into organic compounds by forming Bunte salts to par-

ticipate in reactions. Compared with the sulfur atom in thiols, the SO3Na group attached 

to the sulfur atom in Bunte salts would change its properties including electronic effects, 

steric hindrance, and resonance stability [28]. Therefore, Bunte salts are not only used as 

a substitute for thiols, but also could mediate some reactions that thiols cannot. In recent 

years, influenced by the rapid development of organosulfur chemistry, Bunte salts, 

formed in situ by Na2S2O3 and halides, are widely used as an efficient sulfur source in 

various C-S coupling reactions. For example, Yi et al. reported the Pd-catalyzed C-S cou-

pling reaction of aryl halide/aryl triflate and Na2S2O3 to synthesize aromatic thiols [29]. In 

2013, Jiang’s group reported the Pd-catalyzed one-step synthesis of sulfur-containing het-

erocyclic compounds through the construction of two intramolecular C-S bonds with 

Na2S2O3 as sulfur source [30]. Subsequently, the group extended the system to an 

Scheme 1. Approaches for the synthesis of symmetrical diaryl sulfides.

It is well known that sodium thiosulfate (Na2S2O3) has been widely used in many
C-S coupling reactions due to its low price and odorless and tasteless properties. Na2S2O3
mainly transfers the sulfur atom into organic compounds by forming Bunte salts to par-
ticipate in reactions. Compared with the sulfur atom in thiols, the SO3Na group attached
to the sulfur atom in Bunte salts would change its properties including electronic effects,
steric hindrance, and resonance stability [28]. Therefore, Bunte salts are not only used as
a substitute for thiols, but also could mediate some reactions that thiols cannot. In recent
years, influenced by the rapid development of organosulfur chemistry, Bunte salts, formed
in situ by Na2S2O3 and halides, are widely used as an efficient sulfur source in various
C-S coupling reactions. For example, Yi et al. reported the Pd-catalyzed C-S coupling
reaction of aryl halide/aryl triflate and Na2S2O3 to synthesize aromatic thiols [29]. In 2013,
Jiang’s group reported the Pd-catalyzed one-step synthesis of sulfur-containing heterocyclic
compounds through the construction of two intramolecular C-S bonds with Na2S2O3 as
sulfur source [30]. Subsequently, the group extended the system to an intermolecular C-S
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coupling reaction. Asymmetric sulfides could also be synthesized by the intermolecular
C-S coupling reaction of two different halides with Na2S2O3 under palladium catalysis [31].
In 2016, Abbasi and co-workers realized the synthesis of symmetric dialkyl disulfides from
alkyl halides and Na2S2O3 using DMSO as a solvent [32]. In 2019, Li et al. reported a three-
component tandem synthesis of isoxazole with Na2S2O3 catalyzed by palladium [33]. These
examples also suggest that palladium nanoparticles play an important role in catalyzing
C-S coupling reactions.

As a continuous work on the application of the Pd@COF-TB nanocatalyst, we herein
report a novel, efficient method for the synthesis of symmetrical diaryl sulfides via a
Pd@COF-TB/DIPEA-catalyzed C-S coupling reaction from aryl iodides and Na2S2O3
(Scheme 1c). A variety of symmetrical diaryl sulfides could be obtained in moderate to
excellent yields through this protocol. In this work, DIPEA, apart from providing an alkaline
environment, also acts as a palladium ligand, which could not only enhance the catalytic
activity of the Pd@COF-TB nanocatalyst, but also effectively inhibit the occurrence of the
Ullmann reaction. Furthermore, the reaction mechanisms and the catalytic performance of
Pd@COF-TB/DIPEA are discussed.

2. Results and Discussion
2.1. Preparation of Pd@COF-TB Nanocatalyst

The preparation of the Pd@COF-TB nanocatalyst was carried out according to the
method established in our previous work [34] and its characterization also has been re-
ported in detail. Therefore, the newly prepared Pd@COF-TB nanocatalyst here was only
characterized by Fourier transform infrared spectroscopy (FT-IR) to confirm its correct
structure. As shown in Figure 2, the FT-IR absorption spectrum of the newly prepared
Pd@COF-TB nanocatalyst was identical to the nanocatalyst prepared in our previous
work [34], which means they have the same structure.
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Figure 2. FT-IR spectra of the Pd@COF-TB nanocatalyst. 
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2.2. Determination of Pd Loading in Pd@COF-TB Nanocatalyst

To further determine the load of Pd in the nanocatalyst, Pd@COF-TB (4 mg) was
dissolved in nitric acid (10 mL) and diluted 100 times after complete dissolution. As
shown in Table 1, the content of palladium in the solution was obtained by inductively

80



Int. J. Mol. Sci. 2022, 23, 15360

coupled plasma optical emission spectrometry (ICP-OES). The calculation showed that the
palladium loading in the nanocatalyst is 4.7% wt.

Table 1. Pd loading determined by ICP-OES.

Entry Content of Pd Tested by ICP-OES Load of Pd in the Nanocatalyst (wt%)

1 0.126 ppm 4.72
2 0.123 ppm 4.61
3 0.127 ppm 4.76

2.3. Optimization of Reaction Conditions

It is well known that aryl halides easily undergo Ullmann reactions to form biaryl
compounds (2a) under transition metal catalysis [35–38]. Therefore, our initial efforts
focused on suppressing the occurrence of the Ullmann reaction in the C-S coupling reaction
of aryl iodides with Na2S2O3. In order to establish standard reaction conditions, a model
reaction between iodobenzene and Na2S2O3 to produce diphenyl sulfide (1a) was chosen
and the effects of different reaction parameters like the solvent, base, temperature and
the amount of catalyst were studied. The detailed results are summarized in Table 2. The
solvent is understood to impact the reaction rate and thereby a number of solvents like
DMF, DMSO, NMP, H2O, EtOH and PEG200 were tested in this model reaction. DMF
was found to be best for the synthesis of diphenyl sulfide (Table 2, entry 1). Further, we
explored the effect of the base on this reaction (Table 2, Entries 1, 7–13). We found that
nitrogen-containing organic bases are significantly better than inorganic bases. The most
effective of the bases used was observed to be DIPEA (Table 2, entry 13). Besides, the effect
of the catalyst loading on this reaction was investigated (Table 2, Entries 13–18). The results
showed that no product was detected without Pd@COF-TB (Table 2, entry 14), which
means the Pd@COF-TB nanocatalyst could indeed catalyze the C-S coupling reaction of
iodobenzene with Na2S2O3. Further, 20 mg was found to be the optimized in this reaction
condition for the reaction to carry out (Table 2, entry 13). Besides, when Pd(OAc)2 with the
same content of Pd replaced Pd@COF-TB, the yield and selectivity of the desired product 1a
both decreased (Table 2, entry 19), which indicated that COF-TB support could optimize the
distribution of Pd nanoparticles and improve their catalytic activity. It was noticed that an
increasing temperature was beneficial to the desired product 1a. However, an excessively
high reaction temperature would promote the decomposition of more DMF and generate
other byproducts, so the optimal reaction temperature is 120 ◦C. On the basis of the results,
the optimized conditions turned out to be: iodobenzene (0.2 g, 1.0 mmol), Na2S2O3 (0.32 g,
2.0 mmol), Pd@COF-TB (20 mg) and DIPEA (0.26 g, 2.0 mmol) in DMF (3 mL) at 120 ◦C.

Table 2. Optimization of conditions for the C-S coupling reaction 1.
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Yield 2
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4 H2O KOH 20 100 12% 35%
5 EtOH KOH 20 100 28% 70%
6 PEG200 KOH 20 100 32% 59%
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14 DMF DIPEA 0 100 0 0
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16 DMF DIPEA 15 100 70% 12%
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18 DMF DIPEA 30 100 80% 16%
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1 Typical conditions: iodobenzene (1.0 mmol), Na2S2O3 (2.0 mmol) and base (2.0 mmol) in 3 mL of solvent, 10 h, in
N2. 2 The content of Pd in 2 mg Pd(OAc)2 is consistent with that in 20 mg Pd@COF-TB. 3 Determined by GC-MS.

2.4. Substrate Expansion under Optimal Reaction Conditions

To assess the substrate scope of this C-S coupling reaction catalyzed by Pd@COF-
TB/DIPEA, we screened a range of commercially available aryl iodides with Na2S2O3 under
the optimized conditions. The results are listed in Table 3. Unsubstituted iodobenzene
exhibited an excellent reaction result, giving a 93% yield of the desired product (1a) under
the optimized reaction conditions. Substituted iodobenzenes with an electron-rich group,
such as methoxy, methyl, tert-butyl, hydroxyl and amino, could provide the corresponding
coupling products in good to excellent yields (1b–k). Due to the influence of the steric
hindrance of the substituents, the reaction result of para-substituted iodobenzene is the
best, followed by meta-substitution, and ortho-substitution is the worst (1b–g). Besides,
electron-deficient iodobenzenes bearing fluoro, chloro, bromo, cyano, trifluoromethyl, nitro
group could give the desired products in moderate to good yields. It is worth mentioning
that the reactions of these substituted iodobenzenes with an electron-poor group would
produce more biaryl byproducts. Furthermore, multi-substituted iodobenzene could also
react smoothly and give the corresponding products in good yields through this protocol
(1r, 1s). Additionally, this Pd@COF-TB/DIPEA-catalyzed strategy could also be applied to
heteroaromatic iodides, such as naphthalene (1t), thiophene (1u, 1v) and pyridine (1w–1t).
These heterocyclic substrates could generate the desired coupling products in good to
excellent yields under the optimized conditions without being affected by the position
of iodine. These results show the excellent substrate compatibility and functional group
tolerance of this protocol.
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Table 3. Substrate scope of symmetrical diaryl sulfides 1.
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2.5. Gram-Scale Synthesis Reaction of Iodobenzene with Na2S2O3

We investigated the conversion of iodobenzene as a substrate to diphenyl sulfide
(1a) by the above method in a scale-up reaction (Scheme 2). It was shown that when
iodobenzene was 50 mmol, the desired product (1a) could be still obtained with a high
yield of 91% and good selectivity of 94%.
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Scheme 2. Gram-scale synthesis reaction of iodobenzene with Na2S2O3.

2.6. Catalyst Reuse

In order to test the reusability of the Pd@COF-TB nanocatalyst, cycling reuse tests were
performed for the reaction of iodobenzene with Na2S2O3 under the optimized reaction
conditions in this study. After each run, the nanocatalyst was separated by filtration,
washed, dried under vacuum, and then carried out for the next consecutive cycles. As
shown in Figure 3, the Pd@COF-TB nanocatalyst could be efficiently recycled and reused
for six cycles without a significant decrease in the desired product (1a) yield, which means
the catalyst has receptable reusability.
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Figure 3. Recovery and reuse of the Pd@COF-TB nanocatalyst.

2.7. Mechanism Studies

In order to gain mechanistic insight into this protocol, some controlling experiments
were carried out (Scheme 3). As shown in Equation (1), no product was detected in the
absence of a base, suggesting that the existence of a base is crucial. After the addition
of KOH, the product of the Ullmann reaction (Equation (2), 2a) was significantly more
than the desired C-S coupling product (Equation (2), 1a). However, the yield and selectiv-
ity of diphenyl sulfide were significantly improved when KOH was replaced by DIPEA
(Equation (3)). These results show that DIPEA, apart from providing an alkaline envi-
ronment, is also an excellent ligand for transition metals [39–41], which could enhance
the catalytic activity of a Pd@COF-TB nanocatalyst. At the same time, due to the steric
hindrance effect, DIPEA could significantly inhibit the occurrence of the Ullmann reaction.
Furthermore, we monitored the progress of the C-S coupling reaction of iodobenzene with
Na2S2O3 (Equation (4)) using LC-MS. The results showed that sodium S-phenyl sulfuroth-
ioate (3a) was formed in situ from iodobenzene and Na2S2O3 in this reaction. The yield
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of this phenyl Bunte salt showed a trend of increasing first and then decreasing, which
means that the Bunte salt was mainly produced in the early stage and then converted
into the desired product. In order to verify whether the Bunte salt is the intermediate,
sodium S-phenyl sulfurothioate reacted alone under standard conditions. As a result, a
trace amount of diphenyl disulfide was found without diphenyl sulfide generated. The
yield of diphenyl disulfide was greatly improved when the reaction was exposed to O2
(Equation (5)). These outcomes suggest that the Bunte salt is a component involved in the
C-S coupling reaction for the synthesis of diphenyl sulfide. The reaction must be carried out
under anaerobic conditions in order to inhibit the formation of diphenyl disulfide. Finally,
treating iodobenzene with sodium S-phenyl sulfurothioate under standard conditions
predominately afforded diphenyl sulfide in a 92% yield, along with biphenyl in a 4% yield
(Equation (6)). Furtherly, 4-methyldiphenyl sulfide (4a) could be obtained through the
reaction of 4-iodotoluene and sodium S-phenyl sulfurothioate under standard conditions
(Equation (7)). These results indicated that the Bunte salts formed by aryl iodides and
Na2S2O3 were the real sulfur sources participating in this C-S coupling reaction.
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TB (20 mg), and DIPEA (2 mmol) in 3 mL DMF, 120 ◦C, in N2. Yields in Equations (1)–(3) were
determined by GC-MS and yields in Equations (4)–(7) were determined by LC-MS.
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Based on the above-mentioned experimental results and combined with the previously
similar reports [29,31,42,43], a proposed reaction mechanism for the catalytic process of
Pd@COF-TB/DIPEA is proposed in Scheme 4. Firstly, a catalytically active Pd(0) species
generated in situ from Pd@COF-TB nanoparticles is coordinated with DIPEA to form
LPd@COF-TB. Then, organopalladium intermediates (A) are generated via the oxidative
addition of LPd@COF-TB with iodobenzene. A part of A reacts with Na2S2O3 to obtain
organopalladium intermediate B by eliminating NaI. Through reductive elimination step,
sodium S-phenyl sulfurothioate 3a is obtained from B. Subsequently, another part of
intermediate A reacts with Bunte salt 3a, producing aryl palladium thiosulfate intermediate
C, which could be transformed to intermediate D via the release of SO3. Finally, through a
second reductive elimination, intermediate D gave the desired product diphenyl sulfide
1a and regenerated LPd@COF-TB. It should be noted that the LPd@COF-TB generated in
the two reductive elimination processes would continue to undergo oxidative addition
reaction with unreacted iodobenzene again. In addition, we speculated that due to the
steric hindrance effect of DIPEA, the phenyl group could not directly replace the -I of
intermediate A in the process of A + C→ D, thus inhibiting the occurrence of the Ullmann
reaction.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 9 of 12 
 

 

Based on the above-mentioned experimental results and combined with the previ-

ously similar reports [29,31,42,43], a proposed reaction mechanism for the catalytic pro-

cess of Pd@COF-TB/DIPEA is proposed in Scheme 4. Firstly, a catalytically active Pd(0) 

species generated in situ from Pd@COF-TB nanoparticles is coordinated with DIPEA to 

form LPd@COF-TB. Then, organopalladium intermediates (A) are generated via the oxi-

dative addition of LPd@COF-TB with iodobenzene. A part of A reacts with Na2S2O3 to 

obtain organopalladium intermediate B by eliminating NaI. Through reductive elimina-

tion step, sodium S-phenyl sulfurothioate 3a is obtained from B. Subsequently, another 

part of intermediate A reacts with Bunte salt 3a, producing aryl palladium thiosulfate in-

termediate C, which could be transformed to intermediate D via the release of SO3. Fi-

nally, through a second reductive elimination, intermediate D gave the desired product 

diphenyl sulfide 1a and regenerated LPd@COF-TB. It should be noted that the LPd@COF-

TB generated in the two reductive elimination processes would continue to undergo oxi-

dative addition reaction with unreacted iodobenzene again. In addition, we speculated 

that due to the steric hindrance effect of DIPEA, the phenyl group could not directly re-

place the -I of intermediate A in the process of A + C → D, thus inhibiting the occurrence 

of the Ullmann reaction. 

 

Scheme 4. Proposed mechanism. 

3. Materials and Methods 

3.1. Materials 

All solvents and reagents were purchased at the highest commercial quality grade 

and were used without further purification, unless otherwise stated. All reactions were 

carried out under an atmosphere of nitrogen, unless otherwise stated. Purification by col-

umn chromatography was performed using E. Merck silica (60, particle size 0.040–0.045 

mm). The FT-IR spectra were obtained via Nicolet IS50 FT-IR spectrometers. The Pd load-

ing in the nanocatalyst was analyzed by an Agilent 720ES type inductively coupled 

plasma optical emission spectroscopy (ICP-OES) instrument. NMR spectra were recorded 

at room temperature on Bruker AVANCE III spectrometers. GC-MS analysis was rec-

orded on an Agilent 5977B MSD Series spectrometer. HRMS (high-resolution mass spec-

tra) were recorded on a Shimadzu LCMS-IT-TOF mass spectrometer. 

3.2. Preparation of the Pd@COF-TB Nanocatalyst 

A Schlenk tube was used for the addition of COF-TB (200 mg), Pd(OAc)2 (20 mg) and 

Diox (60 mL), followed by agitation at 70 °C for 15 h. After that, a yellow–green solid was 

obtained by high-speed centrifugation. Subsequently, the solid was washed and filtered 

Scheme 4. Proposed mechanism.

3. Materials and Methods
3.1. Materials

All solvents and reagents were purchased at the highest commercial quality grade and
were used without further purification, unless otherwise stated. All reactions were carried
out under an atmosphere of nitrogen, unless otherwise stated. Purification by column
chromatography was performed using E. Merck silica (60, particle size 0.040–0.045 mm).
The FT-IR spectra were obtained via Nicolet IS50 FT-IR spectrometers. The Pd loading
in the nanocatalyst was analyzed by an Agilent 720ES type inductively coupled plasma
optical emission spectroscopy (ICP-OES) instrument. NMR spectra were recorded at room
temperature on Bruker AVANCE III spectrometers. GC-MS analysis was recorded on
an Agilent 5977B MSD Series spectrometer. HRMS (high-resolution mass spectra) were
recorded on a Shimadzu LCMS-IT-TOF mass spectrometer.
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3.2. Preparation of the Pd@COF-TB Nanocatalyst

A Schlenk tube was used for the addition of COF-TB (200 mg), Pd(OAc)2 (20 mg) and
Diox (60 mL), followed by agitation at 70 ◦C for 15 h. After that, a yellow–green solid was
obtained by high-speed centrifugation. Subsequently, the solid was washed and filtered
with acetonitrile, and dried overnight in a fume hood to obtain a yellow–green powder of
the Pd@COF-TB nanocatalyst (208.6 mg) [34].

3.3. Synthesis of Sodium S-phenyl Sulfurothioate (3a)

A Schlenk tube was used for the addition of iodobenzene (2.04 g, 10 mmol), Na2S2O3
(3.15 g, 20 mmol), Pd@COF-TB (0.20 g), DIPEA (2.60 g, 20 mmol) and DMF (15 mL) in a
N2 atmosphere. The mixture was then stirred at 120 ◦C for 4 h. When the reaction was
finished, the mixture was cooled to room temperature, quenched with saturated aqueous
NaCl (15 mL) and then vigorously stirred at room temperature for another 5 h. Then, the
precipitated solid in this system was filtered and washed with saturated aqueous NaCl
and n-hexane to give sodium S-phenyl sulfurothioate [44] (0.95 g, 45%) as a white solid.
1H NMR (400 MHz, Methanol-d4) δ 7.81–7.63 (m, 2H), 7.61–7.32 (m, 3H). HRMS (ESI-TOF)
m/z calcd. for: C6H5O3S2 [M-Na]−: 188.9680, found: 188.9680.

3.4. Synthesis of 4-Methyldiphenyl Sulfide (4a)

A Schlenk tube was used for the addition of iodobenzene (0.10 g, 0.5 mmol), sodium
S-phenyl Sulfurothioate (0.09 g, 0.5 mmol), Pd@COF-TB (20 mg), DIPEA (0.26 g, 2.0 mmol)
and DMF (3 mL) in a N2 atmosphere. The mixture was then stirred at 120 ◦C for 10 h.
When the reaction was finished, the mixture was cooled to room temperature, quenched
by H2O (3 mL) and extracted with ethyl acetate (3 mL × 3). Then the combined extract
was washed with saturated aqueous NaCl (3 mL × 3), dried over anhydrous sodium
sulfate and concentrated under vacuum. Purification by column chromatography on silica
gel afforded 4-methyldiphenyl sulfide [45] (0.09 g, 89%) as a colorless liquid. 1H NMR
(400 MHz, CDCl3) δ 7.29 (d, J = 8.2 Hz, 2H), 7.24 (q, J = 7.8 Hz, 4H), 7.18–7.13 (m, 1H), 7.11
(d, J = 8.2 Hz, 2H), 2.32 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 137.73, 137.31, 132.56, 131.47,
130.34, 130.09, 129.20, 126.39. 21.34. GC-MS (EI) m/z calcd. for: C13H12S [M]+: 200.07,
found: 200.14.

3.5. General Procedure for the Synthesis of Symmetrical Diaryl Sulfide

A Schlenk tube was used for the addition of aryl iodide (2.0 mmol), Na2S2O3 (0.63 g,
4.0 mmol), Pd@COF-TB (40 mg), DIPEA (0.52 g, 4.0 mmol) and DMF (6.0 mL) in N2
atmosphere. The mixture was then stirred at 120 ◦C and monitored by TLC and HPLC.
When the reaction was finished, the mixture was cooled to room temperature, quenched by
H2O (6 mL) and extracted with ethyl acetate (5 mL × 3). Then, the combined extract was
washed with saturated aqueous NaCl (5 mL × 3), dried over anhydrous sodium sulfate
and concentrated under vacuum. Purification by column chromatography on silica gel
afforded the desired products and their detailed characterization data are reported in the
Supporting Information.

4. Conclusions

In summary, we have developed a general and efficient Pd@COF-TB/DIPEA-catalyzed
one-pot synthesis of symmetrical diaryl sulfides through a C-S coupling reaction with aryl
iodides as the starting materials and Na2S2O3 as the sulfur source. An array of symmet-
rical diaryl sulfides have been synthesized in moderate to excellent yields through this
protocol. As a good ligand, DIPEA, apart from providing an alkaline environment, could
not only enhance the catalytic activity of Pd@COF-TB nanocatalyst, but also effectively
inhibit the formation of biphenyl byproducts. Additionally, it has been confirmed that
the aryl Bunte salts generated in situ from Na2S2O3 and aryl iodides are the real sulfur
sources involved in this C-S coupling reaction. Lastly, a proposed mechanism of this
Pd@COF-TB/DIPEA-catalyzed C-S coupling reaction was revealed in detail through many

87



Int. J. Mol. Sci. 2022, 23, 15360

controlling experiments. This work has expanded the application of Pd@COF-TB nanocata-
lyst in a C-S coupling reaction, and further studies on other applications of Pd@COF-TB
nanocatalyst are ongoing in our laboratory.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms232315360/s1. References are cited in [25,45–52].
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Abstract: 2,4-diaminotoluene (TDA) is one of the most important polyurethane precursors produced
in large quantities by the hydrogenation of 2,4-dinitrotoluene using catalysts. Any improvement
during the catalysis reaction is therefore of significant importance. Separation of the catalysts by
filtration is cumbersome and causes catalyst loss. To solve this problem, we have developed magne-
tizable, amine functionalized ferrite supported palladium catalysts. Cobalt ferrite (CoFe2O4-NH2),
nickel ferrite (NiFe2O4-NH2), and cadmium ferrite (CdFe2O4-NH2) magnetic catalyst supports were
produced by a simple coprecipitation/sonochemical method. The nanospheres formed contain only
magnetic (spinel) phases and show catalytic activity even without noble metals (palladium, platinum,
rhodium, etc.) during the hydrogenation of 2,4-dinitrotoluene, 63% (n/n) conversion is also possible.
By decorating the supports with palladium, almost 100% TDA selectivity and yield were ensured by
using Pd/CoFe2O4-NH2 and Pd/NiFe2O4-NH2 catalysts. These catalysts possess highly favorable
properties for industrial applications, such as easy separation from the reaction medium without
loss by means of a magnetic field, enhanced reusability, and good dispersibility in aqueous medium.
Contrary to non-functionalized supports, no significant leaching of precious metals could be detected
even after four cycles.

Keywords: ferrite; magnetic catalyst; hydrogenation; TDA; nanostructure

1. Introduction

The catalytic hydrogenation of 2,4-dinitrotoluene (2,4-DNT) is one of the most widely
used industrial processes for the synthesis of 2,4-toluenediamine (2,4-TDA). TDA is an
important intermediate in the formation of toluene diisocyanate (TDI, 2.49 Mtons produced
in 2021) used in the production of polyurethanes, a compound used primarily in flexible
polyurethane foams, elastomers, coatings, and adhesives. Transition metals (Pd, Pt, Ni, etc.)
or transition metal oxides on carbon support (carbon nanotubes, graphene, carbon black)
are most commonly used as catalysts in the catalytic hydrogenation of DNT [1–7]. Their
advantage is that they adsorb the various organic substances well and bind the catalytically
active metal particles (platinum, palladium). Furthermore, they are well dispersed in
a liquid medium, which makes it easy for the reactant molecules to have access to the
catalytically active metals on the surface of the support particles. Specific surface area is a
key factor in heterogeneous catalysis, which increases dramatically with decreasing particle
size according to the square-cubic law. However, catalysts of small particle size form a
stable dispersion in the reaction medium, therefore their economical recovery cannot be
achieved without loss by conventional filtration and centrifugation operations. This issue
can be almost completely eliminated by using magnetizable catalysts, efficient catalyst
recovery can be achieved by a simple magnetic separation operation [8]. Possible supports
with magnetic properties are: ferrites, chromium dioxide, magnetite, maghemite. They are
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also used in many separation operations, such as DNA purification [9,10], heavy metal ions
binding [11,12], removal of organic contaminants from water [13,14], and even in the field
of catalysis [15–18]. Weng and co-workers [19] converted nickel-laden electroplating slurry
into NiFe2O4 nanomaterial using sodium carbonate by a hydrothermal washing strategy.
The prepared nanoparticles showed stable electrochemical Li storage performance. This
new strategy can provide a sustainable approach for the conversion of heavy metals in
industrial waste into high-value functional materials and for the selective recycling of heavy
metals. Ebrahimi and co-workers [20] prepared superparamagnetic CoFe2O4NPs@Mn-
Organic Framework core-shell nanocomposites by a layer-by-layer method. The structures
exhibit high temperature stability and good magnetization. This magnetic nanometal-
organic framework is an excellent candidate in targeted drug-delivery systems.

It is important to ensure that the metal oxide with magnetic properties as a catalyst
support is well dispersed in the reaction medium. Since magnetic nanoparticles have a
strong agglomeration tendency, in order to solve this problem, it is necessary to modify the
surface of the magnetic nanoparticles with different functional groups (NH2, OH, SiH, SH
groups) [21–26]. In some cases, without surface modification, the products of hydrogenol-
ysis can deactivate the supported precious metal catalysts due to their poisoning effects,
therefore a higher amount of catalyst is necessary to complete the reaction [27,28]. Since
heterogeneous catalysis involves the adsorption of reactants (intermediates and products
as well), surface functionality may be crucial for reaching good conversion and selectivity.
Amino-groups on the surface may promote the binding of nitro-compounds (reactant), via
H-bonding interactions. In addition, the functional groups can substantially enhance the
binding of catalytically active noble metals on the surface during the preparation of the
catalyst [29]. Sharma and co-workers have successfully prepared a supported ruthenium
nanoparticle on amino-functionalized Fe3O4 (Fe3O4/NH2/Ru) that exhibits excellent cat-
alytic activity for the transfer hydrogenation of nitro compounds using NaBH4 as hydrogen
donor. In addition, the catalyst can be easily recovered by an external magnetic field,
recycled five times and reused without loss of activity [30].

In the preparation of conventional (non-magnetic) oxide- (SiO2, Al2O3 etc.) or C-based
catalysts, after the catalytically active metal salt or its oxide has been deposited on the sup-
port surface, heat treatment in an inert atmosphere (nitrogen, argon) is required, followed
by an activation step (most often reduction with hydrogen gas) to form an elemental catalyt-
ically active form of the precious metal. As this last step takes place at high temperatures
(300–400 ◦C), this process is not feasible in the case of metal oxides with magnetic properties
(magnetite, maghemite, chromium dioxide, ferrites) because they are not thermally stable
at such high temperatures. In this case, an alternative catalyst preparation method should
be used. Precious metal deposition by sonochemistry on the surface of ferrite particles may
be an ideal solution. Thus, ultrasonic cavitation in the alcoholic solution of noble metal
precursors reduces the noble metal nanoparticles on the surface of the ferrite particles [31].
Intense ultrasonic irradiation yields vapor bubbles, or rather cavities in the liquid as the
boiling point decreases. These vapor bubbles collapse in the fluid in the high pressure
ranges, releasing large amounts of energy in these microvolumes, which can cover the
energy requirements of chemical reactions [32]. This way, catalytically active magnetic
nanoparticles containing noble metals can be efficiently produced.

The aim of this work Is the development of stable and selective catalysts of high
activity, which are easily separable from the reaction-medium, without loss. Hereby, we
report the preparation and possible application of amine-functionalized magnetic, Co-, Ni-,
or Cd-ferrite based catalysts decorated with Pd. The composition, morphology, and surface
of the nanoparticles have been examined in detail. In addition, their applicability in the
industrially important hydrogenation of 2,4-dinitrotoluene has been studied.

2. Results and Discussion

The amine-functionalized cobalt-, cadmium-, and nickel ferrite nanoparticles were
investigated by HRTEM (Figure 1a–c). The HRTEM pictures clearly show the spherical
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shape of the ferrite nanoparticles, which are composed of smaller, individual nanoparticles
of size 4–10 nm (Figures S3–S5 in the Supporting Information). The average crystallite
size of the ferrite nanoparticles (the building blocks of the spherical aggregates) was also
calculated based on the XRD patterns by the mean column length calibrated method using
the full width at half maximum (FWHM) and the width of the Lorentzian component
of the fitted profiles. The sizes of the individual nanoparticles, which can be measured
in the HRTEM pictures are coherent with the XRD measurements. The average size of
the nanoparticles, which build up the NiFe2O4-NH2 is 6 ± 2 nm. In the case of the
CoFe2O4-NH2 and CdFe2O4-NH2 nanospheres (building blocks), the average sizes are
4 ± 2 nm and 8 ± 3 nm, respectively.
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Figure 1. HRTEM pictures of the CoFe2O4-NH2 (a), CdFe2O4-NH2 (b) and NiFe2O4-NH2 (c). Box
plot diagrams for the particle size analysis (d) and the XRD pattern of the ferrites (e).

In contrast, the average particle sizes of the aggregate ferrite spheres, namely CoFe2O4-
NH2, NiFe2O4-NH2, and CdFe2O4-NH2 are 51 ± 8 nm, 42 ± 13 nm, and 80 ± 14 nm
(Figure 1d and Table 1). The particle size distribution is broad in all three cases, based on
the interquartile range width in the box plot diagram in Figure 1d. The cadmium-ferrite
sample contains the biggest aggregates; however, the mean and median particle sizes are
very close to each other, these are 80 ± 14 nm and 84 nm (Table 1).

Table 1. Results of the size analysis (in nm) of the ferrite nanospheres (based on HRTEM pictures).

(nm) Mean SD Min. Max. 1st Quartile 3rd Quartile Median P90 P95

CoFe2O4-NH2 50.9 8.2 28.8 66.0 46.3 56.9 50.0 61.2 62.6
CdFe2O4-NH2 80.2 14.2 34.0 111.4 74.5 89.5 83.7 92.1 100.7
NiFe2O4-NH2 41.5 12.9 20.5 71.2 32.4 50.0 39.3 61.6 66.4
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In heterogeneous catalysis the specific surface area of the nanoparticles (supports) is a
key feature, since it affects the sorption of the different chemical species during the reaction.
The specific surface areas of the ferrites were determined by carbon dioxide adsorption
measurements using the Dubinin–Astakhov model. The highest surface area was measured
in case of the CoFe2O4-NH2 (279 m2/g), much higher than those of the other two samples:
72 m2/g (CdFe2O4-NH2) and 93 m2/g (NiFe2O4-NH2) The specific surface areas are below
that of the activated carbon supports (up to 1000 m2/g).

XRD measurements revealed the spinel structure of the prepared magnetic particles
(Figure 1e). The following reflexions can be identified on the diffractograms: (111), (220),
(311), (400), (422), (511), and (440) at 18.1◦, 30.1◦, 35.5◦, 43.2◦, 53.8◦, 57.2◦, and 62.8◦ two
Theta degrees which belong to NiFe2O4 spinel (PDF 10-0325). In the case of the CoFe2O4
phase the above listed reflexions are located at 18.3◦, 30.3◦, 35.4◦, 43.1◦, 53.6◦, 57.0◦, and
62.5◦ two Theta degrees (PDF 22-1086). The reflexions of the CdFe2O4 phase are found at
18.2◦, 29.8◦, 35.0◦, 42.6◦, 53.0◦, 56.4◦, and 61.9◦ two Theta degrees (PDF 89-2810). Based
on the XRD analysis we can say that the synthetized ferrite samples contained only the
appropriate spinel phase, other non-magnetic oxides are not found in addition to the
ferrites.

Electron diffraction measurements on the individual ferrite nanospheres further sup-
ported the exclusive presence of spinel phases, since the measured d spacing were perfectly
correlated with the d-values in X-ray databases (Figure 2).
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Figure 2. Electron diffraction patterns of the CoFe2O4-NH2 (a), CdFe2O4-NH2 (b) and NiFe2O4-NH2

(c) with the Miller indexes (PDF 89-2810; PDF 22-1086 and PDF 10-0325).

To map the surface functionality and structure of the amine functionalized ferrite
nanoparticles Fourier-transform infrared (FTIR) spectra were recorded. In the spectra
presented in Figure 3a the following bands can be identified: two bands between 500 cm−1

and 600 cm−1 and between 400 cm−1 and 450 cm−1 which belong to the tetrahedral and
octahedral complexes of the spinel structures, respectively [33,34]. The band at 592 cm−1

belongs to the vibration of Fe3+–O2− in the sublattice A-site. The presence of the absorption
band at 416 cm−1 can be assigned to the trivalent metal-oxygen vibration at the octahedral
B-sites [33,34]. The band at 1052 cm−1 belongs to C-N stretching in the case of the three
ferrites [35,36]. In the case of all ferrite samples, a band at 1615 cm−1 can be identified as
the N–H stretching vibration of the free amino functional groups. Additional absorption
bands are found at 871 cm−1, 1048 cm−1, 2874 cm−1, and 2929 cm−1 which belong to
the C–O vibrations, the C–N, and symmetric and asymmetric C–H stretching vibrations,
respectively [35,36]. The presence of νC-O and νC-H bands suggest that adsorbed organic
molecules (ethylene glycol and ethanol amine) were anchored on the surface of the ferrite
particles. The stretching vibration band of the N–H bonds overlaps with the vibration
band of -OH groups. The bending vibration mode of the -OH groups resulted a band
at 1393 cm−1. As a result of the polar functional groups on the surface, the magnetic
ferrite nanoparticles are easily dispersed in aqueous medium. Moreover, they can be easily
removed upon the action of an external magnetic field (Figure 3b). Additional advantage
of the amine functional groups is that they improve the stabilization and distribution of the
Pd nanoparticles, simultaneously as electron donor, the amino groups may enhance the
surface electron density on the palladium particles.
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Bonds containing carbon can be identified in the FTIR spectra, thus the total carbon
content of the palladium-decorated ferrite samples was examined by CHNS elemental
analysis. The carbon content was the highest in the case of the Pd/NiFe2O4-NH2 (6.3 wt%),
the other two catalysts contain lower amounts of carbon: 2.5 wt% (Pd/CoFe2O4-NH2) and
2.9 wt% (Pd/CdFe2O4-NH2) (Table 2). The presence of carbon can be explained by the
anchoring of the ethylene glycol and ethanol amine molecules on the surface of the ferrite
nanoparticles. The total nitrogen content, which originates from the amino functional
groups, was also measured. The highest N content was found in the case of the nickel-
ferrite supported catalyst: 1.4 wt%, while 0.4 wt% and 0.5 wt% was found in the case of the
cobalt and cadmium ferrites, respectively (Table 2). The palladium content of the freshly
prepared catalysts was measured by ICP-OES. The Pd contents were found to be 5.05 wt%
(Pd/CoFe2O4-NH2), 5.25 wt% (Pd/CdFe2O4-NH2) and 3.96 wt% (Pd/NiFe2O4-NH2).

Table 2. Carbon and nitrogen content (based on CHNS elemental analysis) of the catalysts, as well as
their palladium content before use and after four catalytic cycles.

C wt% N wt% Pd wt% (Before Use) Pd wt% (After Use)

Pd/CoFe2O4-NH2 2.5 0.4 5.05 4.68
Pd/CdFe2O4-NH2 2.9 0.5 5.25 5.10
Pd/NiFe2O4-NH2 6.3 1.4 3.96 3.78

The palladium containing ferrite catalysts were investigated by HRTEM (Figure 4a–c).
In the TEM pictures, the same spherical aggregates as the original catalyst-support can
be identified. It should be noted here that the aggregates did not disintegrate despite the
high-energy sonication during the palladium anchoring on ferrites. The phase identification
of the Pd/NiFe2O4-NH2, Pd/CoFe2O4-NH2, and Cd/NiFe2O4-NH2 catalysts was carried
out based on XRD measurements (Figure 4d–f). In addition to the nickel-ferrite, cobalt-
ferrite, and the cadmium-ferrite magnetic catalyst-supports elemental palladium could
also be identified on the diffractograms. The (111) and (200) reflexions of the elemental
palladium are located at 40.2◦ and 46.7◦ two Theta degrees in the case of all catalysts
(PDF 46-1043). The ultrasound-assisted decomposition of the palladium, did not change
the chemical composition of the ferrite phases, indicating that the ferrites have sufficient
chemical stability.
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(b,e), and Pd/NiFe2O4-NH2 catalysts (c,f).

The visual identification of palladium nanoparticles is difficult and uncertain next to
the ferrite nanoparticles due to their small particle size, thus HAADF pictures and element
mapping were made to confirm their presence (Figure 5 and Figure S6a,b in the SI). In
the HAADF pictures, the Pd nanoparticles are slightly brighter compared to the ferrite
nanoparticles. Moreover, the element mapping also confirmed the position of the palladium
particles next to the ferrites. Palladium nanoparticles (highlighted in yellow) are located
on the surface of the spherical CoFe2O4 aggregates (Figure 5) as was also confirmed in the
case of Pd/CdFe2O4-NH2 and Pd/NiFe2O4-NH2 (Figure S6a,b). The presence of cobalt
and iron are also detectable and are marked with green and red color.
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The particle size of the Pd nanoparticles was measured in the HAADF pictures using
ImageJ software (version 1.53t) and the scalebars (Figures S7–S9). The measured diameters
of Pd particles were 5.1 ± 0.6 nm (Pd/CoFe2O4-NH2), 3.8 ± 0.5 nm (Pd/CdFe2O4-NH2),
and 4.0 ± 0.8 nm (Pd/NiFe2O4-NH2). Very similar particle sizes were resulted based on
the XRD measurements, 4 ± 2 nm, 6 ± 2 nm, and 4 ± 2 nm in case of the cobalt-ferrite,
cadmium-ferrite, and nickel-ferrite-supported palladium catalysts.
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Catalytic Tests of the Magnetic Catalysts for Hydrogenation of 2,4-DNT

Before the catalytic measurements of the palladium decorated, amine-functionalized
ferrites, the palladium-free magnetic supports were tested in the hydrogenation of 2,4-DNT
at 333 K temperature for 240 min. The tests revealed that even without the noble metal the
amine-functionalized cobalt ferrite, cadmium ferrite, and nickel ferrite catalyst supports
showed activity in TDA synthesis. The highest DNT conversion (63.01% n/n) was achieved
in the case of the CoFe2O4-NH2 sample. The other two spinels were less active, 19.4% n/n
(CdFe2O4-NH2) and 26.7% n/n (NiFe2O4-NH2) DNT conversions were measured. In order
to increase the DNT conversion and TDA yield, the use of palladium is necessary.

The catalytic activity of the palladium decorated ferrite supported catalysts was com-
pared in the hydrogenation of 2,4-dinitrotoluene to 2,4-diaminotoluene at three different
reaction temperatures (at 303 K, 313 K, and 333 K). Interestingly, total DNT conversion was
achieved in a short time (40 min) by using the Pd/CoFe2O4-NH2 and Pd/NiFe2O4-NH2
catalysts at 333 K hydrogenation temperature (Figure 6a,c). In addition, close to or above 99
n/n% TDA yields were reached after 120 min at 333 K in the case of the Pd/CoFe2O4-NH2
(98.9%) and Pd/NiFe2O4-NH2 (99.9%) catalysts (Figure 6d,f). The catalytic activity of the
Pd/CdFe2O4-NH2 sample was found to be far below the two above mentioned catalysts
(Figure 6b,e). More than 99 n/n% DNT conversion was reached after four hours, and the
maximum TDA yield was only 65.5 n/n% after 240 min at 333 K.
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using Pd/CoFe2O4-NH2 (a,d), Pd/CdFe2O4-NH2 (b,e), and Pd/NiFe2O4-NH2 (c,f) catalysts.

GC-MS measurements revealed the presence of two semi-hydrogenated intermedi-
ates, namely 4-amino-2-nitrotoluene (4A2NT) and 2-amino-4-nitrotoluene (2A4NT), which
were not transformed to 2,4-TDA in the case of the Pd/CdFe2O4 catalyst. By using the
cobalt- or nickel-based catalysts (Pd/CoFe2O4-NH2 and Pd/NiFe2O4-NH2) the two semi-
hydrogenated compounds were completely transformed to 2,4-TDA after 120 min hydro-
genation at 333 K, resulting a >99 n/n% selectivity (2,4-TDA) for both catalysts (Figure 7). In
contrast, the selectivity was only 65% for the cadmium ferrite-supported catalyst. Byprod-
ucts were not detectable after the tests.
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Figure 7. The maximum selectivity of TDA at three reaction temperature for the magnetic catalysts.

Since the Pd/CoFe2O4-NH2 and Pd/NiFe2O4-NH2 catalysts had the highest DNT
conversion, TDA yield, and selectivity, these two catalysts were selected for reuse-tests.
The catalysts were tested in four cycles at 333 K temperature at 20 bar hydrogen pressure.
As can be seen in Figure 8, the results are almost identical for each reuse cycle (4), i.e., there
is no visible difference during the whole reaction time between the DNT conversions and
TDA yields. The catalytic activity remained constant and excellent even after repeated use.
The results suggest that this type of catalyst is stable, namely no Pd loss occurred, possibly
due to a strong interaction between the ferrite catalyst support and the palladium particles.
The results of ICP-OES measurements are in line with those of the reuse experiments,
since the palladium content of the reused catalysts was almost the same, as that of the
fresh (non-used) Pd/NiFe2O4-NH2 and Pd/CoFe2O4-NH2 samples (Table 3). This catalyst
stability and the no apparent loss of the noble metal may be explained by the presence of
the amine functional groups anchoring the Pd nanoparticles on the ferrite nanospheres.
This theory is further supported by our previous results, where significant loss in catalytic
activity and noble metal was observed in the case of non-functionalized ferrites [36].

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 8 of 13 
 

 

 
Figure 7. The maximum selectivity of TDA at three reaction temperature for the magnetic catalysts. 

Since the Pd/CoFe2O4-NH2 and Pd/NiFe2O4-NH2 catalysts had the highest DNT 
conversion, TDA yield, and selectivity, these two catalysts were selected for reuse-tests. 
The catalysts were tested in four cycles at 333 K temperature at 20 bar hydrogen pressure. 
As can be seen in Figure 8, the results are almost identical for each reuse cycle (4), i.e., 
there is no visible difference during the whole reaction time between the DNT conversions 
and TDA yields. The catalytic activity remained constant and excellent even after repeated 
use. The results suggest that this type of catalyst is stable, namely no Pd loss occurred, 
possibly due to a strong interaction between the ferrite catalyst support and the palladium 
particles. The results of ICP-OES measurements are in line with those of the reuse 
experiments, since the palladium content of the reused catalysts was almost the same, as 
that of the fresh (non-used) Pd/NiFe2O4-NH2 and Pd/CoFe2O4-NH2 samples (Table 3). This 
catalyst stability and the no apparent loss of the noble metal may be explained by the 
presence of the amine functional groups anchoring the Pd nanoparticles on the ferrite 
nanospheres. This theory is further supported by our previous results, where significant 
loss in catalytic activity and noble metal was observed in the case of non-functionalized 
ferrites [36]. 

 
Figure 8. Reuse tests of the Pd/CoFe2O4-NH2 (a,b) and Pd/NiFe2O4-NH2 (c,d) catalysts. Change of
the 2,4-DNT conversion and 2,4-TDA yield vs. time of hydrogenation.

98



Int. J. Mol. Sci. 2022, 23, 13197

Table 3. Amounts of the respective transition metal nitrates dissolved in the reaction media for the
synthesis of the NH2-functionalized ferrite nanoparticles.

Ni(NO3)2·6H2O Cd(NO3)2·4H2O Co(NO3)2·6H2O Fe(NO3)3·9H2O

NiFe2O4-NH2 2.91 g (1 mmol) - - 8.08 g (2 mmol)
CdFe2O4-NH2 - 3.08 g (1 mmol) - 8.08 g (2 mmol)
CoFe2O4-NH2 - - 2.91 g (1 mmol) 8.08 g (2 mmol)

The activity, yield, and selectivity of our catalysts are as high as of those found
in the literature. Malyala and co-workers [37] investigated a powdered Y zeolite (10%
Ni/HY) catalyst containing 10% Ni for the hydrogenation of 2,4 DNT with 85% TDA
yield and selectivity. Ren et al. [38] investigated several Pd/C and Pt/ZrO2 catalysts.
The Pd/C catalyst’s yield and selectivity were 98% and 99.2%, respectively. The Pt/ZrO2
catalysts yield varied between 97.1% and 98.9% depending upon Pt-content and reduction
temperature. The selectivity values are the same as yields since conversion was 100% in
each case. In addition, our catalysts are magnetic, therefore they can be easily separated
from the reaction medium and even the support itself shows catalytic activity.

3. Materials and Methods

The amine-functionalized ferrite nanoparticles were made from nickel(II) nitrate hex-
ahydrate, Ni(NO3)2·6H2O, MW: 290.79 g/mol (Thermo Fisher GmbH, D-76870 Kandel,
Germany), cadmium(II) nitrate tetrahydrate, Cd(NO3)2·4H2O, MW: 308.46 g/mol (Acros
Organics Ltd., B-2440 Geel, Belgium), cobalt(II) nitrate hexahydrate, Co(NO3)2·6H2O, MW:
291.03 g/mol and iron(III) nitrate nonahydrate, Fe(NO3)3·9H2O, MW: 404.00 g/mol (VWR
Int. Ltd., B-3001 Leuven, Belgium), respectively. As dispersion medium ethylene gly-
col, HOCH2CH2OH, (VWR Int. Ltd., F-94126 Fontenay-sous-Bois, France) was applied.
For coprecipitation and functionalization of the ferrites, ethanolamine, NH2CH2CH2OH
(Merck KGaA, D-64271 Darmstadt, Germany) and sodium acetate, CH3COONa (Ther-
moFisher GmbH, D-76870 Kandel, Germany) were used. Palladium(II) nitrate dihy-
drate, Pd(NO3)2·2H2O, MW: 266.46 g/mol (Thermo Fisher Scientific Ltd., D-76870 Kandel,
Germany) as Pd precursor and Patosolv®, a mixture of 90 vol% ethanol and 10 vol%
isopropanol (Molar Chem. Ltd., H-2314 Halásztelek, Hungary) were used during the
preparation of the magnetic catalysts. The starting material, main product, and the
standards used for the catalytic tests and calibration of the GC measurements were as
follows: 2,4-dinitrotoluene (DNT), C7H6N2O4, MW:182.13 g/mol, 2,4-diaminotoluene
(TDA), C7H10N2, MW: 122.17 g/mol, 4-methyl-3-nitroaniline, 2-methyl-3-nitroaniline and
2-methyl-5-nitroaniline, C7H8N2O2, MW: 152.15 g/mol, (Sigma Aldrich Chemie Gmbh,
D-89555 Steinheim, Germany). As an internal standard, nitrobenzene, C6H5NO2, MW:
123.11 g/mol (Merck KGaA, D-64293 Darmstadt, Germany) was used.

3.1. Preparation of the Amine-Functionalized Magnetic Spinel Nanoparticles and the Pd-Catalyst

Amine-functionalized ferrite magnetic catalyst supports were synthesized according
to a modified coprecipitation method. In 50 mL ethylene glycol iron(III) nitrate nonahydrate
and the nitrate salt of the respective transition metal (Co, Ni or Cd) were dissolved (Table 3).
Sodium acetate 12.30 g (15 mmol) was dissolved in another 100 mL ethylene-glycol and
it was heated to 100 ◦C in three necked flask under reflux and continuous stirring. The
solution of the metal precursors was added to the glycol-based sodium acetate solution,
followed by the addition of 35 mL ethanol amine. After 12 h continuous agitation and
reflux, the cooled solution was separated by centrifugation (4200 rpm, 10 min). The solid
phase was washed by distilled water several times and the magnetic ferrite was easily
separated by a magnet from the aqueous phase. Finally, the ferrite was also rinsed with
anhydrous ethanol, and was dried by lyophilization. These ferrite samples were used as
magnetic catalyst support for the preparation of palladium decorated spinel catalysts.
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For the deposition of the palladium nanoparticles onto the surface of the ferrite crystals,
a Hielscher UIP100 Hdt homogenizer was used (120 W, 17 kHz). First, palladium(II) nitrate
(0.25 g) was dissolved in patosolv (50 mL) containing 2.00 g dispersed ferrite. Then the
solution was treated by ultrasonic cavitation for two minutes. During the process, elemental
palladium nanoparticles formed from the Pd(II)-ions as a result of the reducing action of
the alcohol (patosolv).

3.2. Catalytic Test: Hydrogenation of 2,4-Dintitro Toluene

2,4-dinitrotoluene, DNT (cn:50 mmol/dm3 in methanolic solution, Vtot = 150 mL) was
hydrogenated by using 0.10 g magnetic Pd catalysts in a Büchi Uster Picoclave reactor of
200 mL volume under constant agitation at 1000 rpm (Figures S1 and S2 in the SI).

The pressure of the hydrogenation was kept at 20 bar in all experiments and the
reaction temperature was set to 303 K, 313 K, and 333 K, respectively. The sampling was
carried out after 0, 5, 10, 15, 20, 30, 40, 60, 80, 120, 180, and 240-min hydrogenation. As
internal standard, 5.0 µL nitrobenzene was added to 1.00 mL sample.

3.3. Characterization Techniques

High-resolution transmission electron microscopy (HRTEM, Talos F200X G2 electron
microscope with field emission electron gun, X-FEG, accelerating voltage: 20–200 kV) was
applied for examination of particle size and morphology. For the imaging and electron
diffraction a SmartCam digital search camera (Ceta 16 Mpixel, 4 k × 4 k CMOS camera) and
high-angle annular dark-field (HAADF) detector were used. For the TEM measurement,
the samples were dispersed in distilled water, and this aqueous dispersion was dropped
on 300 mesh copper grids (Ted Pella Inc., 4595 Redding, CA 96003, USA). The qualitative
and quantitative analysis of the ferrite and the palladium catalysts were carried out by
X-ray diffraction (XRD) measurements by applying the Rietveld method. Bruker D8
diffractometer (Cu-Kα source) in parallel beam geometry (Göbel mirror) with Vantec
detector was used. The average crystallite size of the oxide domains was calculated from the
mean column length calibrated method by using full width at half maximum (FWHM) and
the width of the Lorentzian component of the fitted profiles. The carbon content originating
from the residual ethanolamine and ethylene glycol on the surface of the ferrites, was
determined by a Vario Macro CHNS element analyzer by using the phenanthrene standard
(C: 93.538%, H: 5.629%, N: 0.179%, S: 0.453%) from Carlo Erba Inc. Helium (99.9990%) was
the carrier gas, and oxygen (99.995%) was used as the oxidative atmosphere. The functional
groups on the surface of the amine-functionalized ferrite nanoparticles were identified
by Fourier transform infrared spectroscopy (FTIR), with a Bruker Vertex 70 spectroscope.
Spectra were recorded in transmission mode, in KBr pellet (10 mg ferrite sample was
pelletized with 250 mg potassium bromide). The palladium contents of the magnetic
ferrite catalysts were measured by a Varian 720 ES inductively coupled optical emission
spectrometer (ICP-OES). For the ICP-OES measurements, the catalysts were dissolved in
aqua regia. The specific surface area of the catalysts was examined based on the Dubinin–
Astakhov (DA) method, by CO2 adsorption–desorption experiments at 273 K using a
Micromeritics ASAP 2020 sorptometer. The 2,4-toluenediamine containing samples after
the hydrogenation tests were analyzed using an Agilent 7890A gas chromatograph coupled
with Agilent 5975C Mass Selective detector. RTX-1MS column (30 m × 0.25 mm × 0.25 µm)
was applied and the injected sample volume was 1 µL at 200:1 split ratio, while the inlet
temperature was set to 473 K. Helium was used as a carrier gas (2.28 mL/min), and the
oven temperature was set to 323 K for 3 min and it was heated up to 523 K with a heating
rate of 10 K/min and kept there for another 3 min.

The catalytic activity of the magnetic Pd catalysts was compared based on calculating
the conversion (X%) of 2,4-dinitrotoluene as follows (Equation (1)):

X% =
nDNT(consumed)

nDNT(initial)
· 100 (1)
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The yield (Y%) of TDA was calculated based on the following equation (Equation (2)):

Y% =
nTDA( f ormed)

nTDA(theoretical)
· 100 (2)

where nTDA is the corresponding molar amount of the product (2,4-diaminotoluene).
Aniline selectivity (S%) of the catalysts was also calculated by using the DNT conver-

sion and TDA yield (Equation (3)):

S% =
Y
X
·100 (3)

4. Conclusions

Amine-functionalized, cobalt-, nickel-, and cadmium ferrite magnetic catalyst supports
were synthesized based on a modified coprecipitation method. HRTEM investigations
showed that the support nanoparticles are spherical and composed of smaller individual
nanoparticles of size 4–10 nm. In contrast, the average particle sizes of the aggregate
ferrite spheres, namely CoFe2O4-NH2, NiFe2O4-NH2, and CdFe2O4-NH2 are 50.9 ± 8.2 nm,
41.5 ± 12.9 nm, and 80.2 ± 14.2 nm. Based on XRD and electron diffraction measurements,
the exclusive presence of spinel phases could be detected without any non- magnetic oxides.
The surface of the nanoparticles contains NH2-groups, which promote the dispersibility
of the particles in aqueous medium. The good dispersibility is a key factor in catalytic
applications, since aggregation reduces the active surface of the particles. Nevertheless,
the magnetic nanoparticles are easily recollected from the reaction medium by the action
of an external magnetic field, which can greatly reduce operating costs and catalyst loss
during separation. The palladium-free magnetic supports were tested in the hydrogenation
of 2,4-DNT and moderate catalytic activity in TDA synthesis was found. The highest DNT
conversion (63.01% n/n) was achieved in the case of the CoFe2O4-NH2 sample, indicating
that the use of palladium is necessary. Palladium nanoparticles were deposited onto the
ferrite surfaces utilizing a fast and facile sonochemical method, yielding an immediately
usable, catalytically active form. The presence of palladium dramatically increased the
catalytic performance. Total DNT conversion was achieved in a short time (40 min) by using
the Pd/CoFe2O4-NH2 and Pd/NiFe2O4-NH2 catalysts at 333 K hydrogenation temperature,
while TDA yields were (98.9%) and (99.9%) for the cobalt- and nickel-based catalysts after
120 min at 333 K.

No drop in performance was observed during reuse tests, as the conversion, yield,
and selectivity values remained unchanged and excellent for four catalytic cycles. ICP-
OES measurements revealed no loss in the palladium content of the reused catalysts.
This catalyst stability and the no apparent loss of the noble metal may be explained
by the presence of the amine functional groups anchoring the Pd nanoparticles on the
ferrite nanospheres. In summary, amine functionalization of magnetic ferrite supports can
significantly enhance catalytic performance and reusability. Based on our results, the above
detailed magnetically separable catalysts may be well used for the hydrogenation of other
aromatic nitro compounds.
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//www.mdpi.com/article/10.3390/ijms232113197/s1.

Author Contributions: Conceptualization, L.V., B.V. and V.H.; methodology, V.H., E.S. and F.K.;
software, M.N. and B.V.; formal analysis, G.M. and F.K.; resources, M.N. and B.V.; data curation, B.F.
and M.N.; writing—original draft preparation L.V. and V.H.; writing—review and editing, M.N., B.F.,
B.V. and L.V.; visualization, V.H. and E.S.; supervision, L.V.; All authors have read and agreed to the
published version of the manuscript.

101



Int. J. Mol. Sci. 2022, 23, 13197

Funding: This research was supported by the European Union and the Hungarian State, co-financed
by the European Regional Development Fund in the framework of the GINOP-2.3.4-15-2016-00004
project, aimed to promote the cooperation between the higher education and the industry. Supported
by the KDP-2021 Program of the Ministry for Innovation and Technology from the source of the
National Research, Development and Innovation Fund.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is available upon request from the corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Neri, G.; Musolino, M.G.; Milone, C.; Visco, A.M.; Di Mario, A. Mechanism of 2,4-dinitrotoluene hydrogenation over Pd/C. J. Mol.

Catal. A Chem. 1995, 95, 235–241. [CrossRef]
2. Neri, G.; Musolino, M.G.; Rotondo, E.; Galvagno, S. Catalytic hydrogenation of 2,4-dinitrotoluene over a Pd/C catalyst:

Identification of 2-(hydroxyamino)-4-nitrotoluene (2HA4NT) as reaction intermediate. J. Mol. Catal. A Chem. 1996, 111, 257–260.
[CrossRef]

3. Musolino, M.G.; Milone, C.; Neri, G.; Bonaccorsi, L.; Pietropaolo, R.; Galvagno, S. Selective catalytic hydrogenation of 2,4-
dinitrotoluene to nitroarylhydroxylamines on supported metal catalysts. Stud. Surf. Sci. Catal. 1997, 108, 239–246. [CrossRef]

4. Musolino, X.G.; Neri, G.; Milone, C.; Minicò, S.; Galvagno, S. Liquid chromatographic separation of intermediates of the catalytic
hydrogenation of 2,4-dinitrotoluene. J. Chromatogr. A 1998, 818, 123–126. [CrossRef]

5. Neri, G.; Musolino, M.G.; Milone, C.; Pietropaolo, D.; Galvagno, S. Particle size effect in the catalytic hydrogenation of 2,4-
dinitrotoluene over Pd/C catalysts. Appl. Catal. A Gen. 2001, 208, 307–316. [CrossRef]

6. Neri, G.; Rizzo, G.; Milone, C.; Galvagno, S.; Musolino, M.G.; Capannelli, G. Microstructural characterization of doped-Pd/C
catalysts for the selective hydrogenation of 2,4-dinitrotoluene to arylhydroxylamines. Appl. Catal. A Gen. 2003, 249, 303–311.
[CrossRef]

7. Saboktakin, M.R.; Tabatabaie, R.M.; Maharramov, A.; Ramazanov, M.A. Hydrogenation of 2,4-dinitrotoluene to 2,4-
diaminotoluene over platinum nanoparticles in a high-pressure slurry reactor. Synth. Commun. 2011, 41, 1455–1463.
[CrossRef]

8. Rossi, L.M.; Costa, N.J.S.; Silva, F.P.; Wojcieszak, R. Magnetic nanomaterials in catalysis: Advanced catalysts for magnetic
separation and beyond. Green Chem. 2014, 16, 2906–2933. [CrossRef]

9. Saiyed, Z.M.; Ramchand, C.N.; Telang, S.D. Isolation of genomic DNA using magnetic nanoparticles as a solid-phase support.
J. Phys. Condens. Matter 2008, 20, 204153. [CrossRef]
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Abstract: Amines play an important role in synthesizing drugs, pesticides, dyes, etc. Herein, we
report on an efficient catalyst for the general construction of amine mediated by nickel boride nan-
oclusters supported by a TS-1 molecular sieve. Efficient production of amines was achieved via
catalytic hydrogenation of N=X (X = C, O, H) bonds. In addition, the catalyst maintains excellent per-
formance upon recycling. Compared with the previous reports, the high activity, simple preparation
and reusability of the Ni-B catalyst in this work make it promising for industrial application in the
production of amines.

Keywords: nickel boride; primary amine; hydrogenation; reductive amination

1. Introduction

Amine constitutes a vital class of chemicals abundantly existing in nature, and are
widely used in industry to produce pharmaceutical drugs, agrochemicals, fine chemicals,
polymers, dyes, perfumes, pigments, etc. [1–6]. In recent years, great efforts have been
conducted on the synthesis of primary amines. At present, primary amines can be prepared
via direct amination of alcohols [7,8], reductive amination of aldehydes or ketone com-
pounds [9–11], amination of carboxylic acids [12,13], and reduction of nitriles [14–18], nitro
compounds [19–21], or amides [22]. Among these methods, the reduction of N=X (X = C,
O, H) bonds plays a key role. Generally, nitriles, nitro compounds and amides can be re-
duced to primary amines using borane [21,23,24], silane [25], hydrides [26], formats [20,27],
alcohols [28], or molecular hydrogen [29]. Since Raney Ni was first prepared in 1905, it
has become one of the most important catalysts for reduction. Though Raney Ni is indeed
active, it suffers from high inflammability [30]. To improve this, researchers have devel-
oped a variety of homogeneous or heterogeneous catalysts. For example, non-precious
metals, such as iron [31–36], cobalt [37–47], copper [48,49], nickel [10,11,21,24,50–53], man-
ganese [6,54,55], and noble metals, such as palladium [19,56–58], platinum [59], ruthe-
nium [8,60–62], rhodium [28,63–65], samarium [66], and iridium [67], have been employed
to construct hydrogenation catalysts.

Efficient, stable, and economical hydrogenation catalysts to synthesize primary amines
continue to be demanding in both academia and industry. Amorphous nickel boride is
well known for its short-range ordered and long-range disordered structures, as well as
their activity in liquid phase hydrogenation [68]. Li et al. [69] used Ni-B/SiO2 as a catalyst
to reduce adiponitrile with good selectivity and a low TOF of 1.2 (Scheme 1). At present,
there exists only a few reports on the reduction of unsaturated bonds mediated by nickel
boride [70,71]. Additionally, the unique pore structure, large specific surface area and
excellent hydrothermal stability of titanium silicalite molecular sieves make them widely
used in the chemical industry, environmental protection and energy conversion [72–74].
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The diffusion path length and the aforementioned characteristics enable titanium silicalite
(TS-1) molecular sieves to perform strongly as catalysts. Herein, we report on a nickel
boride catalyst with TS-1 as support, for the reduction of N=X (X = C, O, H) bonds to
amines with high efficiency and universality (Scheme 1).
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2. Results and Discussion
2.1. Catalyst Evaluation

We first examined the performances of the catalysts prepared under different condi-
tions, including temperature, pressure, additive and solvent. More details are listed in
Table S1. Three reactions were selected to evaluate the catalysts, i.e., the hydrogenation
of benzonitrile, nitrobenzene, and the reductive amination of benzaldehyde. The detailed
results are shown in Tables 1–3.
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Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 2 of 13 
 

 

them widely used in the chemical industry, environmental protection and energy conver-
sion [72–74]. The diffusion path length and the aforementioned characteristics enable tita-
nium silicalite (TS-1) molecular sieves to perform strongly as catalysts. Herein, we report 
on a nickel boride catalyst with TS-1 as support, for the reduction of N=X (X = C, O, H) 
bonds to amines with high efficiency and universality (Scheme 1). 

 
Scheme 1. The formation of primary amines. 

2. Results and Discussion 
2.1. Catalyst Evaluation 

We first examined the performances of the catalysts prepared under different condi-
tions, including temperature, pressure, additive and solvent. More details are listed in 
Table S1. Three reactions were selected to evaluate the catalysts, i.e., the hydrogenation of 
benzonitrile, nitrobenzene, and the reductive amination of benzaldehyde. The detailed 
results are shown in Tables 1–3. 

Table 1. Catalyst screening for benzonitrile a. 

 
 Catalyst (mg) Conversion (%) b  Yield (%) c  TOF (h−1) d  

1 Ni6.2-30 (100) 99 74 23.4 
2 Ni6.2-50 (100) 100 71 21.9 
3 Ni6.2-70 (100) 99 66 18.8 
4 Ni6.2-100 (100) 100 60 17.2 
5 Ni2.5-30 (250) 100 68 19.0 
6 Ni12.4-30 (50) 100 77 28.4 
7 Ni18.6-30 (33) 77 51 22.2 
8 Ni24.8-30 (25) 71 47 12.7 

a Reaction condition: 5.0 mmol benzonitrile, 4.0 MPa H2, 20 mL of isopropanol, 120 °C. b Conversion 
was calculated by GC. c Isolated yield. d TOF was the amount of benzonitrile converted by per mol 
Ni in an hour. 

During the reduction of benzonitrile, the imine intermediate would react with pri-
mary amine to generate N-benzylidenebenzylamine (B) and further hydrogenated to 
dibenzylamine (C). Generally, excessive ammonia can inhibit the side reaction with the 
primary amine [75]. Moreover, acetylation reactions, using highly acidic or basic addi-
tives, can also promote the selectivity of primary amines [76–78]. In the model reaction, 
ammonia was not added to the reaction system in order to evaluate the intrinsic perfor-
mance of the catalysts. Surprisingly, highly selective generation of primary amines was 

Catalyst (mg) Conversion (%) b Yield (%) c TOF (h−1) d

1 Ni6.2-30 (100) 99 74 23.4
2 Ni6.2-50 (100) 100 71 21.9
3 Ni6.2-70 (100) 99 66 18.8
4 Ni6.2-100 (100) 100 60 17.2
5 Ni2.5-30 (250) 100 68 19.0
6 Ni12.4-30 (50) 100 77 28.4
7 Ni18.6-30 (33) 77 51 22.2
8 Ni24.8-30 (25) 71 47 12.7

a Reaction condition: 5.0 mmol benzonitrile, 4.0 MPa H2, 20 mL of isopropanol, 120 ◦C. b Conversion was
calculated by GC. c Isolated yield. d TOF was the amount of benzonitrile converted by per mol Ni in an hour.
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Table 2. Reduction of nitrobenzene by different catalysts a.
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Catalyst (mg) Conversion (%) b Yield (%) c TOF (h−1) d

1 Ni6.2-30 (100) 100 92 21.5
2 Ni6.2-50 (100) 100 97 19.0
3 Ni6.2-70 (100) 100 96 15.8
4 Ni6.2-100 (100) 100 95 14.8
5 Ni2.5-30 (250) 100 93 19.0
6 Ni12.4-30 (50) 100 96 23.7
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During the reduction of benzonitrile, the imine intermediate would react with primary
amine to generate N-benzylidenebenzylamine (B) and further hydrogenated to dibenzy-
lamine (C). Generally, excessive ammonia can inhibit the side reaction with the primary
amine [75]. Moreover, acetylation reactions, using highly acidic or basic additives, can also
promote the selectivity of primary amines [76–78]. In the model reaction, ammonia was not
added to the reaction system in order to evaluate the intrinsic performance of the catalysts.
Surprisingly, highly selective generation of primary amines was facilitated. It turned out
that both the preparation temperature and the Ni content affect the performance of the
catalyst: lower temperature favors a high activity of the catalyst, while a Ni content ~12%
is optimal for the catalytic efficiency.

Methanol, ethanol, isopropanol and toluene were tested as the solvent (Figure S1), and
isopropanol outperformed the others.

The reaction temperature and hydrogen pressure were simply screened (Figures S2 and S3),
and 120 ◦C and 4.0 MPa were shown to be optimal.

Next, as shown in Table 2, a longer time was required to convert nitrobenzene com-
pletely, indicative for a slightly lower activity of the catalyst toward nitro reduction. Though
a higher Ni content (18.6%) affords a higher TOF, the yield may not be favored.

Further, reductive amination of benzaldehyde was carried out using the nickel boride
catalysts. To promote the selectivity of the target product, the critical point is to avoid
further conversion of the product. To this end, it is necessary to use excessive ammonia
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to suppress the side reaction. As shown in Table 3, when the same amount of nickel was
added, the TOF values did not change much.

Considering both the TOF value and the selectivity of the target product, the Ni12.4-30
catalyst was selected for further investigation.

2.2. Characterization of Ni12.4-30

In order to clarify the actual content of metallic Ni in the catalyst, the accurate mass
content of Ni was obtained through the ICP-OES test. The theoretical nickel content in
the catalyst was 12.4%, and the experimental data was 12.1%, which was the normal error
range (Table S2). Thus, there was no loss of Ni during the preparation process.

The XRD pattern of Ni12.4-30, shown in Figure 1, indicates that there was no obvious
change on the TS-1 support after loading, implying that the loaded nickel boride component
possesses an amorphous structure, in line with previous findings [70]. The rest moiety of
the catalyst did not exhibit other diffraction peaks, regardless of the reduction temperature
and Ni loading (Figure S4). It is worth noting that nickel boride may react with ethanol
at high temperatures to form metallic nickel [79]. The characteristic diffraction peaks for
metallic nickel were not found in the used catalyst, therefore, the stability of the nickel
boride structure was thus justified, ruling out the possibility that metallic nickel generated
in-situ serves as the active species.
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Figure 1. XRD pattern of heterogeneous catalyst Ni12.4-30.

In order to further identify the chemical state of the catalyst, Ni12.4-30 (both the
fresh and the recycled ones) were subjected to XPS analysis, and the results are shown in
Figure 2. The signals of high-resolution XPS spectra that emerged at around 860 and 190 eV
correspond to Ni and B, respectively [80]. The peaks at 853 and 856 eV in Ni 2p3/2 are
ascribed to the metallic nickel and oxidized nickel. The XPS spectrum of pure nickel boride
alloy has only one peak of Ni(0), while the peak of Ni(II) appears when nickel boride is
supported, in line with previous reports [69–71,81]. The peaks at 188 and 192 eV in B 1s are
assigned to elemental and oxidized boron, respectively. The peaks of pure boron in B 1s at
187 eV (< 188 eV) may result from Ni-B interaction. No significant difference in chemical
states of Ni and B appears in the used catalyst, indicative of the catalyst’s high stability.
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Figure 2. (a) Ni 2p, (b) B 1s XPS spectra of fresh catalyst. (c) Ni 2p, (d) B 1s XPS spectra of used catalyst.

The morphologies of the Ni12.4-30 catalyst was investigated using TEM. As shown in
Figure 3a, the nickel boride species correspond to nanoparticles ranging 10~40 nm diameter
with a mean size of 17 nm. A smaller particle size indicates a higher surface energy, and the
diameter 17 nm is much smaller than that of pure nickel boride alloy (60 nm) [82], which
benefits from the porous structure of TS-1. Most likely, the high activity of this catalyst
generates these results. The SAED was employed to determine the crystal structure of
nickel boride. There are halo diffraction rings rather than distinct dots in the SAED image,
confirming the amorphous structure of nickel boride, in good agreement with XRD patterns.
The EDS revealed that the nickel boride comprised of Ni (60%) and B (40%), similar to Ni2B.

According to the characteristic results, the high activity of the Ni12.4-30 catalyst may
result from three aspects. First, the amorphous nickel boride possesses a large number of
coordinatively unsaturated active centers on the surface, and a higher surface energy is
conducive to the adsorption and conversion of reactants. Second, the electron-transfer from
Ni to B causes polarization of the active center and is thus beneficial for Lewis interactions
with the reactants. Third, suitable Ni loading dispersed on TS-1 promotes a proper particle
size and prevents aggregation, crystallization, and deactivation.
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Figure 3. TEM images of Ni12.4-30 catalyst: (a) 100 nm. (b) 50 nm. (c) SAED pattern. (d) Elemental
mapping of B. (e) Elemental mapping of Ni. (f) Elemental composition.

2.3. The Reduction of Nitrile

In order to test the universality of the selected catalyst (Ni12.4-30), the reduction of
various nitriles were carried out under optimal conditions. Ammonia was added into the
reaction system to avoid side reactions. Consequently, for most aromatic nitriles, ideal
conversion (100%) and primary amines yield (>90%) were obtained (Table 4, entries 1–14).
However, when picolinonitrile or 2-aminobenzonitrile were the substrate, a much lower
rate of conversion occurred. By contrast, when aliphatic nitriles were subjected to the same
conditions, the reaction proceeded very inefficiently (Table 4, entries 15–16, 18–20). It was
interesting to note that although the performance of adiponitrile, cyclohexanecarbonitrile
and butyronitrile were poor, the performance of dodeconitrile was exceptionally good. This
abnormal phenomenon might be ascribed the long carbon chain of dodeconitrile.

Table 4. Hydrogenation of nitriles catalyzed by Ni12.4-30.
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2.4. The Reduction of Nitro Compounds

Further, the catalyst was tested with the hydrogenation of aromatic nitro compounds
to primary amines. Under the same conditions to nitrile reduction, more time was needed
to convert nitro to amino (see Table 5). In spite of the relatively lower activity toward nitro
reduction, the catalyst mediates selective generation of primary amines. The substitution
groups on the phenyl ring do not have much effect on the reduction process.
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2.5. The Reduction for Aldehyde and Ammonia

Further, the catalytic performance of Ni12.4-30 toward reductive amination of aldehyde
was examined. Various aldehydes were employed, and the amination results are shown in
Table 6. In general, all selected carbonyl compounds were converted to the corresponding
amines with excellent yields upon reductive amination. As compared to aromatic aldehy-
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Table 6. Reduction of imines generated by aldehyde and ammonia.
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Reaction conditions: 5.0 mmol aldehyde, 50 mg Ni12.4-30 catalyst (about 2.0 mol% Ni), 0.5 MPa NH3 and 4.0 MPa
H2, 20 mL of isopropanol, 120 ◦C. a Calculated by GC. b Isolated yield. c GC yield.

In order to test the reusability of the catalyst, the Ni12.4-30 species was used fifteen
times consecutively with 10 mmol scale. The conversion of benzonitrile, nitrobenzene,
and benzaldehyde to amines were all tested. Surprisingly, no obvious loss of activity was
observed (Figure 4). Furthermore, the catalytic performance of Ni12.4-30 was compared
with the commercial Raney Ni (Table 7, see more details in Table S3). For the reduction of
benzonitrile, Ni12.4-30 catalyst exhibits higher selectivity of benzylamine under ammonia-
free conditions. For the other two reactions, there was no obvious difference between
Ni12.4-30 and Raney Ni.
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Figure 4. Black: benzonitrile. Red: nitrobenzene. Blue: benzaldehyde. The reaction condition:
10 mmol reagent, 100 mg catalyst, 120 ◦C 4.0 MPa H2. When the loss of catalyst reached 20%, the
catalyst was replenished, and replenishment was carried out at the 7th and 12th recycles.

111



Int. J. Mol. Sci. 2022, 23, 9337

Table 7. The comparison between two catalysts.

Catalyst Time (h) Conversion (%) Yield (%)

Benzonitrile
Ni12.4-30 3.5 100 77
Raney Ni 4 100 26

Nitrobenzene
Ni12.4-30 5 100 97
Raney Ni 2 100 97

Benzaldehyde Ni12.4-30 2 100 96
Raney Ni 3.5 100 92

3. Experimental
3.1. Catalyst Preparation

A typical process for catalyst preparation was followed. NiCl·6H2O was dissolve
in 50 mL deionized water, the TS-1 molecular sieve was added, and this was stirred for
0.5 h at 30 ◦C. After that, 1 M NaBH4 solution was added to the suspension while stirring,
and stirring continued for 2 h. Finally, the suspension was filtered and washed to obtain
a solid catalyst, which was then subjected to vacuum drying at 50 ◦C for 2 h. The catalyst is
named Niw-T, in which “w” and “T” represent the mass content of nickel (compared to
TS-1) and the temperature for catalyst preparation, respectively (see more details in the
Support Information).

3.2. Catalyst Characterization

ICP data was obtained from Agilent-ICPOES730 (Santa Clara, CA, USA). The X-ray
diffraction (XRD) patterns were measured at room temperature using D/max-rA with
Cu-Kα radiation generated at 10 mA and 40 kV. The X-ray photoelectron spectroscopy
(XPS) analysis was carried out by using Thermo Scientific K-Alpha (Waltham, MA, USA)
with Al-Kα radiation. The morphological information was measured by a transmission
electron microscope (TEM) conducted using a Thermo Scientific Talos F200S coupled with
X-ray spectroscopy (EDS).

3.3. Catalyst Activity Measurement

Nitrile, catalyst and solvent were mixed in a 100 mL volume autoclave equipped with
PTFE and magnetic pellet. The kettle was filled with 0.5 MPa ammonia gas and heated
to 120 ◦C; at this temperature, 4.0 MPa H2 was pressed in, and then reaction was started.
During the process, the system pressure was controlled between 4.0 ± 0.1 MPa. After
reaction (under constant pressure), the autoclave was cooled and degassed, the reaction
solution was filtered to recover the catalyst, and the filtrate was concentrated to determine
the conversion by GC. 1H NMR and 13C NMR spectrum data were recorded by a Bruker
DRX-400 spectrometer (Billerica, MA, USA) using CDCl3 or DMSO-d6 as solvent at 298 K.
Gas chromatography (GC) was performed on Agilent chromatography with a SE54 column.
More details in support information (for spectra, see Figures S4–S72).

4. Conclusions

In conclusion, we have presented a nanostructured nickel boride catalyst than can be
used for the efficient reduction of nitrile, nitro compounds, and imine groups. This catalyst
was prepared via chemical reduction at room temperature with an average particle size of
17 nm and homogeneous distribution. XRD and SAED justified the amorphous structure of
nickel boride. The Ni12.4-30 catalyst has been proven to be highly active towards all three
reactions, with high TOF values. Furthermore, recycling tests proved that the catalysts
are robust for consecutive use. In addition, the performance of the Ni12.4-30 catalyst is
comparable to commercial Raney Ni, but it is safer for storage. The promising prospect of
the nickel boride catalyst for industrial application has thus been proven.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23169337/s1.
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Abstract: The use of simple, inexpensive, and efficient methods to construct carbon–boron and
carbon–oxygen bonds has been a hot research topic in organic synthesis. We demonstrated that
the desired β-boronic acid products can be obtained under mild conditions using copper foam
as an efficient heterogeneous catalyst. The structure of copper foam before and after the reaction
was investigated by polarized light microscopy (PM), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM), and the results have shown that the structure of the catalyst
copper foam remained unchanged before and after the reaction. The XPS test results showed that
the Cu(0) content increased after the reaction, indicating that copper may be involved in the boron
addition reaction. The specific optimization conditions were as follows: CH3COCH3 and H2O were
used as mixed solvents, 4-methoxychalcone was used as the raw material, 8 mg of catalyst was
used and the reaction was carried out at room temperature and under air for 10 h. The yield of the
product obtained was up to 92%, and the catalytic efficiency of the catalytic material remained largely
unchanged after five cycles of use.

Keywords: porous materials; copper foam; catalytic; aqueous phase reaction; B2(pin)2 ;
a, β-unsaturated ketone

1. Introduction

The addition reaction of diborons with olefin is an effective method to obtain organoboron
compounds [1–3]. Organoboronic acid compounds are important intermediates in drug
molecules and organic synthesis, where C-B bonds could be converted into C-C, C-H, and
C-O bonds by simple reactions [4–6]. Therefore, the efficient construction of carbon–boron
bonds, especially the synthesis of chiral organoboronic acid compounds, has been a hot
topic of interest for researchers.

Current methods for the synthesis of C-B bonds include C-X bond boronization [7],
C-H bond boronization [8], C-O bond boronization [9], and addition boronization of
olefins [10–13]. Of them, addition boronization of olefins has received a lot of attention
from organic chemists, due to the easy source of olefin reaction substrates and the variety
of reaction types. Earlier studies used simple olefins as substrates and catecholborane as a
monofunctional borohydride reagent to construct C-B bonds. The first rhodium-catalyzed
olefin addition reaction was reported by Mannig et al. [14] in 1985. Burgess et al. [15–17]
subsequently investigated rhodium-based catalytic systems for the asymmetric borohydra-
tion of olefins and obtained olefin boron addition products by the addition of chiral ligands
with an enantioselectivity of up to 76%. Compared to simple olefins, a, β-unsaturated
compounds are more reactive and could be used as substrates to selectively form C-B bonds
at the β-position, so methods [18–23] to achieve conjugated boron addition reactions via
a, β-unsaturated compounds have been developed successively. Transition metals such
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as rhodium [24,25], palladium [26,27], platinum [28,29], nickel [30,31] and copper [32,33]
are mostly used as catalysts. The use of copper salts or copper complexes as catalysts
will greatly reduce the cost of the reaction and therefore have an important place in the
conjugation borylation of α, β-unsaturated compounds.

In 2000, Ito et al. [34] has achieved the first conjugated boronization of α, β-unsaturated
ketones in DMF using copper sulphonate as a catalyst and bis(pinacolato)diborane polar
solvents (B2(pin)2) as a boron source. In 2008, Lee [35] achieved the asymmetric synthesis of
α, β-unsaturated esters and nitriles in a methanol/tetrahydrofuran mixture using cuprous
chloride as the catalyst and adding sodium tert-butoxide as the base. In 2016, Ding [36]
reported the highly chemoselective catalytic reduction of C=C in a, β-unsaturated ketones
with the CuBr/B2pin2 system. The boron addition reaction in water is more in line with
the green requirements [12]. Copper(II) salt has become a new hot spot for the study of
boron addition reactions as the copper(II) salt is more stable in water than the copper(I) salt.
The groups of Santos [22], Kobayash [37], and Casar et al. [38] have successively studied
the boron addition reactions of α, β-unsaturated compounds using various copper(II) salts
in water. Among them, the Kobayashi group prepared three ligands that were stable and
active in the aqueous phase. In recent years, some Cu(0) nanoparticles have also been used
as catalysts [23,39] for boron addition reactions of α, β-unsaturated compounds.

Foam metals are a new type of functional material with a large number of pores
within their structure. Foam metals have excellent physical properties, such as porosity,
high specific surface area, high mechanical strength, and heat resistance, making them a
promising candidate for applications such as carriers for catalytic materials [39–42].

In previous work, we immobilized copper salts or copper nanoparticles on Zeolite [43],
chitosan microspheres [44], chitosan films [45], and cellulose [46] and they all had high
catalytic activity in the boron addition reaction. As a continuation of the above work, we
believe that copper foam can also be used directly as catalysts for boronization processes.
Therefore, we report here the performance of copper foam as a highly active and recyclable
catalyst for boron addition to α, β-unsaturated acceptors in aqueous media. We demonstrate
that the desired β-boronic acid product can be obtained under mild conditions using copper
foam as an efficient heterogeneous catalyst.

2. Results and Discussion
2.1. Optimization of Reaction Conditions

Many variables are involved in the yield of the boron addition reaction product. In
this experiment, the reaction conditions were optimized in the hope of increasing the
yield of the boron addition product. Considering the results of our previous work, we
chose the specific reaction conditions set as follows: 4-methoxychalcone (1a, 0.2 mmol),
copper foam (10 mg), solvent (2 mL), and the reaction was carried out for 12 h in air and at
room temperature.

It has been reported that proton-type solvents [37,46], such as methanol, can better
promote the boron addition reaction of α, β-unsaturated receptors. Therefore, we first chose
the proton solvent as the solvent for the reaction. The different polar solvents are screened
in Table 1, Entry 1–5, and the yields of the polar solvents methanol, ethanol i-PrOH, DMF,
and water were 67%, 53%, 25%, <5%, and 8%, respectively. When non-protonic solvents
ether, toluene, dichloromethane, and tetrahydrofuran were used as solvents for the reaction,
none of the reaction yields exceeded 20% (Table 1, Entry 6–9). This also proves that in
this reaction, the proton source can accelerate the reaction. When we chose acetone as the
reaction solvent, the yield of the product was high (Table 1, Entry 10). Then, we investigated
the effect of methanol, acetone, and water solvent mixture on the reaction. The experimental
results showed (Entry 11 and Entry 12) that the addition of water can significantly increase
the yield. Considering the solvent benefit of water, we then screened the ratio of acetone to
water (Entry 13–15), and it can be seen that the yield of the product was 92% at the optimal
ratio of acetone to water of 2:1 (v/v). The catalyst dosage has a certain effect on the yield of
the reaction. We chose acetone and water (2:1, v/v) as the reaction solvent; the reaction did
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not proceed without copper foam, and the yield could reach 93% when the catalyst dosage
was 8 mg (Entry 16–18). When the reaction time was 10 h, the yield could reach 92%, but
a longer reaction time that this yielded basically no change. In summary, the optimum
reaction conditions were template substrate 4-methoxychalcone (0.2 mmol), 8 mg catalyst,
1.35 mL CH3COCH3 and 0.65 mL H2O at room temperature for 10 h.

Table 1. Optimization of reaction conditions.

Entry Copper Foam
(mg) Solvent (2 mL) Time (h) Yield (%)

1 10 MeOH 12 67
2 10 EtOH 12 53
3 10 i-PrOH 12 24
4 10 DMF 12 <5%
5 10 H2O 12 8%
6 10 Et2O 12 10%
7 10 Toluene 12 8%
8 10 DCM 12 17%
9 10 THF 12 15%

10 10 acetone 12 63%
11 10 MeOH: H2O (1:1) 12 87%
12 10 acetone:H2O (1:1) 12 89%
13 10 acetone:H2O (2:1) 12 92%
14 10 acetone:H2O (1:2) 12 86%
15 10 acetone:H2O (3:1) 12 91%
16 - acetone:H2O (2:1) 12 -
17 6 acetone:H2O (2:1) 12 85%
18 8 acetone:H2O (2:1) 12 92%
19 8 acetone:H2O (2:1) 6 81%
20 8 acetone:H2O (2:1) 8 91%
21 8 acetone:H2O (2:1) 10 92%
22 8 acetone:H2O (2:1) 14 91%

2.2. Substrate Expansion under Optimal Reaction Conditions

Numerous reports [43–46] have shown that the oxidation reaction of organoboron
compounds is an equivalent transformation. To verify the utility of the copper foam
catalytic system, we employed a “one-pot” strategy to extend the substrate by direct
conversion of α, β-unsaturated acceptors to β-hydroxy compounds under optimal reaction
conditions. The substrate expansion is shown in Table 2 below.

First, we investigated the catalytic activity of copper foam for monosubstituted chal-
cone derivatives (1a–1g and 1i–1k). We found that monosubstituted chalcone derivatives
possessing electron-donating groups such as methoxy, methyl, and benzyloxy groups
gave high yields of β-hydroxy products (80–94%). Monosubstituted substrates possessing
electron-absorbing groups on the benzene ring, such as trifluoromethyl, and fluorine have
slightly lower reactivity (80–89%). The substitution group in the interposition has no
effect on the activity of the catalyst. We then investigated the catalytic activity of copper
foam for the disubstituted chalcone derivatives (1l–1p), and excellent yields (82–98%) were
obtained for both boron addition reactions. From the above experiments, it can be seen
that different positions and types of groups on the benzene ring have little effect on the
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yields. High yields (46–92%) were obtained for naphthalene ring substrates (1q), aliphatic
substrates (1r–1v), and heterocyclic thiophene substrates (1x, 1y). The slightly lower yields
for aliphatic and heterocyclic thiophene substrates could be attributed to the reduced
activity of the substrates due to the reduced conjugation of the substrates. When α, β, γ,
δ-unsaturated ketones substrates (1w) were catalyzed with copper foam, we found that
1–4 addition products were generated, which indicates that the copper foam material has
good stereoselectivity. In conclusion, the results of the substrate adaptation study showed
that the boron addition reactions of the chalcone series of derivatives (1a–1y) all yielded
the target products in excellent yields under optimal reaction conditions. The 1H NMR
and 13C NMR spectra of products 2a, 3aa, and 3a-x are shown in Figures S1–S27 in the
Supplementary Materials.

Table 2. Substrate expansion of the borylation of α, β-unsaturated compounds reaction.

2.3. Gram-Scale Synthesis Reaction of 1a

We investigated the conversion of 4-methoxychalcone (1a) as a substrate to β-hydroxy
compound (3a) by a one-pot method in a scale-up reaction (Scheme 1). It was shown that
when the reactant (1a) was 5 mmol, the corresponding product (3a) was still obtained in a
high yield of 90%.
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Scheme 1. Gram-scale synthesis reaction of 1a.

2.4. Catalyst Reuse

To demonstrate the stability of copper foam, cycling reuse tests were performed under
optimal conditions in this study. After each cycling test, the copper foam was collected,
washed three times alternately with water and acetone, and dried under vacuum conditions
of 60 ◦C for 12 h. As can be seen in Figure 1, the yield of copper foam remained essentially
unchanged after five cycles.

Figure 1. Recovery and reuse of copper foam.

2.5. Characterization of Catalytic Materials and Mechanistic Studies

We investigated the state changes in copper foam before and after the reaction by
means of polarizing microscope (PM), X-ray diffraction (XRD), scanning electron mi-
croscope (SEM), transmission electron microscope (TEM) and X-ray photoelectron spec-
troscopy (XPS) analytical tests.

2.5.1. Polarizing Microscope Analysis

The copper foam was glued on the slide, and the brightness of the light was gradually
adjusted from weak to strong to identify the color and glossy nature of the copper foam
specimen, and the measurement condition was 100 or 200 times magnification. The results
showed that the copper foam had many macroporous structures, the surface color of copper
became darker and the luster decreased after the reaction. This indicates that the copper
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foam was involved in the boron addition reaction. The observation results of polarizing
microscopy are shown in Figure 2.

Figure 2. Morphology of copper foam under polarizing microscope.

2.5.2. SEM-EDS Analysis

Figure 3 shows the SEM images of copper foam before and after the reaction at
different magnifications. It can be seen from the figure that the pore size of copper foam
was approximately 1 mm. Compared with the raw material, the surface of the copper
foam skeleton after five reactions was still smooth and the pore structure did not change
significantly, indicating that the copper foam has a strong physical stability. The relative
contents of copper and oxygen in the copper foam were detected by EDS analysis. Table S1
shows the atomic percentages measured by EDS. Compared with unreacted copper foam,
the oxygen content of the reacted copper foam has decreased. The experimental results
showed that the ratio of copper to oxygen increased slightly after the reaction, indicating
that a small amount of copper oxide may have been turned into copper.
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Figure 3. The SEM images of (a) copper foam (no reaction), (b) copper foam (after one reaction), and
(c) copper foam (after five reactions).

2.5.3. XRD Analysis

To study the changes in the catalyst before and after the reaction, we characterized the
unreacted copper foam, the copper foam after the first reaction, the copper foam after the
second reaction, and the copper foam after the fifth reaction by XRD diffraction tests. As
can be seen in Figure 4, all copper foams show characteristic diffraction peaks at 43.35◦,
50.46◦, and 74.17◦ of 2θ, which correspond to the (111), (200), and (220) crystal planes of
the copper standard card, respectively (PDF: 04-0836). Additionally, the (200)/(111) ratios
of these copper foams were in the range of 0.43–0.52, which is close to the (200)/(111)
ratio of the copper standard card (0.46), indicating that the copper foam surfaces were not
oxidized. No shedding of copper was observed in the solution throughout the reaction.
Although a deepening of the color of the solution was observed during the reaction, the
characteristic peaks of Cu2+ could not be observed from XRD because of the small amount
of Cu2+ formed and dissolved in the solution.
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Figure 4. The XRD analysis of (a) copper foam (no reaction), (b) copper foam (after one reaction),
(c) copper foam (after three reaction), and (d) copper foam (after five reactions).

2.5.4. XPS Analysis

To investigate the valence change and distribution of copper elements, we character-
ized the unreacted copper foam, the copper foam after the first reaction, and the copper
foam after the fifth reaction by XPS tests. As shown in Figure 5a, two main peaks appear
in the spectrum at binding energies of 932.6 eV and 952.54 eV, attributed to the Cu 2p3/2
and Cu 2p1/2 peaks of Cu0, respectively [47], and the binding energy peaks of 934.2 eV
and 955.1 eV point to the Cu 2p3/2 and Cu 2p1/2 peaks of Cu2+, respectively. As shown
in Figure 5b,c, the Cu 2p3/2 and Cu 2p1/2 peaks attributed to Cu0 are still evident, while
the Cu 2p3/2 and Cu 2p1/2 peaks of divalent Cu gradually decrease. This may be the
involvement of the copper foam in the boron addition reaction and the oxide on the copper
surface entering the solution.
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Figure 5. The Xps analysis of (a) copper foam (no reaction), (b) copper foam (after one reaction), and
(c) copper foam (after five reactions).

2.5.5. TEM Analysis

The surface structures of copper foam and copper foam after primary reaction were
analyzed by transmission electron microscopy. From Figure 6a,b, it can be seen that the
crystal structure of the unreacted copper foam is relatively clear with a lattice spacing
of 0.22 nm, which should correspond to the (1, 1, 1) crystal plane of face-centered cubic
structure copper. As can be seen from Figure 6c,d, the crystal structure of the reacted copper
foam is still relatively clear with a lattice spacing of 0.22 nm, which is not significantly
different from that of the unreacted copper foam. Combined with the XPS test results, this
indicates that the state of the reacted copper is unchanged.
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Figure 6. TEM analysis of copper foam. (a) TEM image of copper foam (no reaction, 80,000×),
(b) TEM analysis of lattice spacing of copper foam (no reaction, 800,000×), (c) TEM image of copper
foam (after one reaction, 80,000×), and (d) TEM analysis of lattice spacing of copper foam (after one
reaction, 800,000×).

2.5.6. Isotopic Effects of Reactions

To investigate the reaction mechanism of copper foam in catalyzing the boron-addition
reaction of α, β-unsaturated acceptors, we performed deuteration experiments using 4-
methoxychalcone as raw material using the one-pot method, as shown in Table 3. The
results are in general agreement with the previous experiments in Zhou’s report [46]. Both
MeOH and H2O were used as solvent and proton sources during the catalytic cycle reaction.
The yield of the boron addition product decreased with the addition of deuterium reagent,
while at the β-position methylene of the carbonyl group, an H atom was replaced by a D
atom. This result suggests that both H and D atoms can participate in the catalytic cycle as
proton sources, and the protonation step of the reactants may be the rate-determining step
in the overall catalytic process, with the protonation rate of H atoms being greater than that
of D atoms.
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Table 3. Deuterated experiments of 4-methoxychalcone.

Solvent Product Yield

CD3OD/H2O 3a 87%

CD3OH/D2O 3a 81%

CD3OD/D2O 3aa 63%

2.6. Mechanistic Studies

Based on the previous and current experimental results of our group, we propose a
possible reaction mechanism as shown in Figure 7. In the first step, B2pin2 breaks the B-B
bond catalyzed by copper foam (A) to form the active copper–boron metal complex (B)
and the by-product Bpin-OH. In the second step, the active copper–boron metal complex
(B) undergoes an addition reaction guided by the carbonyl group in the α, β-unsaturated
acceptor to give the intermediate C. Then, the intermediate C undergoes a transition state
rearrangement to produce intermediate D. Finally, intermediate D exchanges protons in
the solvent to produce the target product E while regenerating the catalytic material.

Figure 7. Possible reaction mechanisms.

2.7. Comparison of the Catalytic Performance of Different Copper Catalytic Materials

So far, several copper catalysts with high catalytic performance have been developed
and applied to different coupling reactions of diborons with α, β-unsaturated compounds
(Table 4). Zhu et al. [48,49] have studied the reaction performance of the catalysts in
the presence of chiral ligands L2 or L3 using chitosan@Cu(OH)2 or CuO catalysts and
found that Cu(OH)2 and CuO catalyzed the generation of β-addition products almost
quantitatively. Zhou et al. [50] have found that the reaction required only 2 h to obtain
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95% of the product using carbon black supported Cu0 material as a catalyst. Other studies
from our group [43–46] also showed that both lower-order and higher-order copper are
excellent materials for the boron addition reaction. Compared with the above catalysts, the
copper foam has a good catalytic effect (92% yield), does not require additional support
and ligands, and is more easily separated, making it a more suitable catalyst for a large
number of reactions.

Table 4. Comparison of catalytic performance of copper foam catalysts with other copper materials.

Entry Catalyst Support Ligand Yield (%)

1 [48] Cu(OH)2 - L1 93%
2 [48] Cu(OH)2 Chitosan L1 90%
3 [48] Cu(OH)2 Chitosan L2 100%
4 [48] Cu(OH)2 Chitosan - 90%
5 [49] CuO - L3 96%
6 [49] Cu(OAc)2 Chitosan - 91%
7 [46] CuI Cellulosic - 96%
8 [50] Cu2O - - NR
9 [50] Cu Carbon black - 95%

10 [44] Cu Chitosan - 93%
11 [45] Cu Chitosan/PVA - 87%

12 copper foam - - 92%

3. Materials and Methods
3.1. Materials

Copper foam and all of the above reagents were purchased from Energy Chemical.
NMR (Bruker Avance III 400 Hz, Berlin, Germany) was used to verify the structure of the
products. Scanning Electron Microscopy (JEOL, JSM-6510, Tokyo, Japan) were used to
measure the morphology and sizes of the modified chitosan microspheres. The FTIR spectra
of the microspheres were obtained using a Nicolet iS5 Spectrophotometer (Thermo, Austin,
TX, USA) to investigate possible interactions between the microspheres and the nano-
copper. Microscopy (TEM, JEOL-2100F, Tokyo, Japan), X-ray Photoelectron Spectroscopy
(XPS, ESCALAB 250xi, Thermo, USA) and X-ray Diffractometry (XRD, S2, RIGAKU, Tokyo,
Japan) were used to obtain the elemental valence of the catalyst copper. Purification of the
product was carried out using column chromatography (silica gel, 200–300 mesh).

3.2. Arylboronic Acid Self-Coupling Reaction

Copper foam (010 mg), 4-methoxychalcone (1a, 0.2 mmol) and bis (Pinacolato) diboron
(0.3 mmol) were added to the reaction flask and a solvent mixture of acetone and water
(v:v = 1:1) was added to react for 12 h, at room temperature. It was filtered, washed
with ethyl acetate and the solvent was evaporated to give a mixture containing β-boronic
acid compound 2a. Then, the mixture was added to a mixed solution of THF and H2O
containing 0.2 mmol of NaBO3.4H2O and stirred for 4 h, at room temperature. After
stopping the reaction, extraction and fractionation, vacuum-drying was performed. The
target product 3a was isolated using a mixture of ethyl acetate and petroleum ether as
eluent (v:v = 1:4–1:10). The reaction route is shown in Figure 8. The structure of the product
was verified by NMR.
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Figure 8. The boron addition reaction general route.

4. Conclusions

In this paper, copper foam was used directly as a catalyst for the borylation addition
reaction of α, β-unsaturated compounds under mild conditions. The experimental results
show that copper foam is an easy separation, easy recovery and high efficiency catalyst,
and the yield of the product is still up to 90% after five cycles. This catalyst is an important
reference for the green synthesis and industrial application of C-O compounds.
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2. Adamczyk-Woźniak, A.; Komarovska-Porokhnyavets, O.; Misterkiewicz, B.; Novikov, V.P.; Sporzyński, A. Biological activity of
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Abstract: Pd nanospecies supported on porous g-C3N4 nanosheets were prepared for efficient
reductive amination reactions. The structures of the catalysts were characterized via FTIR, XRD,
XPS, SEM, TEM, and TG analysis, and the mechanisms were investigated using in situ ATR–FTIR
spectroscopic analysis complemented by theoretical calculation. It transpired that the valence state of
the Pd is not the dominating factor; rather, the hydroxyl group of the Pd(OH)2 cluster is crucial. Thus,
by passing protons between different molecules, the hydroxyl group facilitates both the generation of
the imine intermediate and the reduction of the C=N unit. As a result, the sterically hindered amines
can be obtained at high selectivity (>90%) at room temperature.

Keywords: sterically hindered amine; reductive amination; competing mechanisms; in situ ATR–FTIR
analysis; Pd-catalyst

1. Introduction

Amines constitute an indispensable class of chemicals that are widely used as the
raw materials or intermediates in the laboratory and in industry to prepare value-added
chemicals, such as pharmaceuticals, agrochemicals, and biomolecules [1,2]. To date, nu-
merous organic methodologies for amine production have been reported, such as the
aminolysis of haloalkanes [3], the reaction of N-chloro dialkylamines with alkyl Grignard
reagents [4], Buchwald–Hartwig and Ullman-type C–N cross-coupling reactions [5,6], as
well as reductive amination. The amination of alcohols via so-called borrowing hydrogen
(BH) is another important method which is mediated by rare noble-metal catalysts, based
on Ru or Ir mostly [7]. Among all these methods, catalytic reductive aminations using
molecular hydrogen as the reductant continue to be in the spotlight of both academic
and industrial interests, due to their high atom economy and low pollution [8]. As to the
catalysts required, in addition to precious metals such as Pd, Pt, Ru, and Rh [9], continuous
efforts are being made on employing earth-abundant metals, such as Ni [10], Co [11], and
Fe [12] as the active center. By this means, various amines, such as primary, secondary, and
tertiary amines with less steric hindrance, can be prepared under moderate conditions [9].

In spite of the numerous studies reported previously on reductive aminations, the
associated mechanisms are still disputable and remain ambiguous. It is generally believed
that the transformation starts from the formation of imine upon condensation of the
carbonyl group with ammonia or amine, followed by the reduction of imine [8]. However,
a previous study pointed out that the imine intermediates do not form in the reductive
amination with secondary amines [13]. For tertiary amines, the amine forms either by
direct hydrogenolysis of the hemiaminal [13,14] or dehydration to enamine followed by
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hydrogenation [15]. Most likely, the preference of the reaction pathway depends on both
the structure of the reactants and the reaction conditions.

In addition to the ambiguous mechanisms, reductive amination is yet limited for
the synthesis of sterically hindered tertiary amines such as non-nucleophilic base and
1,2,2,6,6-Pentamethylpiperidine. In fact, as will be shown later in the Discussion section, we
tried a series of commercially available catalysts that are proven to be excellent in mediating
the production of most amines via reductive amination; however, most of these catalysts
exhibit poor performance in the preparation of N,N-diisopropylbutylamine. Notably,
Denis Chusov reported an atom-economical method for the synthesis of sterically hindered
tertiary amines based on complementary Rh- and Ru-catalyzed direct reductive amination
using carbon monoxide as a deoxygenating agent [16]. Indeed, sterically hindered amine is
irreplaceable in organic synthesis and catalysis specifically as non-nucleophilic base [17],
light stabilizers (HALS) [18], ligands [19], components of frustrated Lewis pairs [20], etc.
As far as we know, the sterically hindered amines have been synthesized at industrial scale
by reductive amination of carbonyl compounds with poor atom economy reagents such as
borohydride reagents. Further efforts are still highly demanding for developing a more
efficient preparation of sterically hindered amine via reductive amination with hydrogen.

On the other hand, Pd nanoparticles (e.g., Pd/C) have been proven to be efficient for
reductive aminations with hydrogen, especially for the synthesis of tertiary amines [21].
Despite the fact that the classic Pd/C-H2 system is relatively less efficient in mediating
the production of sterically hindered amine such as 1-cyclohexylpiperidine [22,23], Pd is
still highly promising to complete this task benefiting from relatively strong Pd-C, Pd-H,
and Pd-N interactions [24]. To tune the activity of the Pd catalysts, the influences of size
effect and the support were investigated. The size distribution of the Pd/C catalyst can be
controlled by quite a few strategies by tuning the reducing agents [25] and conditions [26],
the concentrations of the stabilizing agent, Pd salt and precipitant [27–29], or introducing a
second metal [30]. Support modification is another way to promote the catalytic activity of
anchored metal nanoclusters [31]. The graphite-like carbon nitride (g-C3N4), characterized
as an incompletely condensed, N-bridged “poly(tri-s-triazine)” polymer with lamellar
structure, possessed unique physicochemical properties due to its appealing electronic
band structure. The nitrogen functionalities on the surface might act as strong Lewis
base sites and the π-bonded planar-layered configurations are expected to anchor the
substrate and metal active species, making it a privileged candidate for hydrogenation
reactions [32–34]. Moreover, treatments with various oxidants to introduce acidic sites on
the surface of activated carbon may significantly improve the activity and selectivity of
catalysts [35–39]. Up to now, however, it remains to be explored how the support affects
selectivity for the production of sterically hindered amines via reductive amination.

In this article, we report an efficient Pd(OH)2/g-C3N4 catalyst for reductive amination.
As compared to the previously reported Pd catalysts, the Pd-based nanoparticles prepared
in this work are of higher activity and selectivity. By using a combination of structural char-
acterization, in situ spectroscopic investigation, and theoretical calculation, the elaborate
structure of the active center, as well as the root cause for the excellent performance of the
Pd(OH)2/g-C3N4 catalyst, are revealed.

2. Results and Discussion
2.1. Catalytic Tests of the Prepared Palladium Catalysts

To evaluate the performance of the catalysts studied, the reaction of diisopropylamine
with butyraldehyde under hydrogen atmosphere was selected as a model. Various catalysts,
including commercially available ones and home-made ones, were employed, and the
detailed results are listed in Table 1.
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Table 1. Comparisons of the catalytic performance for reductive amination of diisopropylamine with
butyraldehyde over various catalysts a.
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To start with, we took commercially 5.0 wt% Pd/ACs as a catalyst to investigate the
effect of various conditions for the reaction. We found that the reaction can be proceeded at
room temperature, and lower the ratio of amine to aldehyde (<2) or higher hydrogen pres-
sure (>1.5 MPa) improves the selectivity of C=O reduction. Moreover, further prolongation
of the reaction time (>4 h) will not bring about the increase in yield. Last but not least, we
used methanol as the solvent with additive amount attributing to its high hydrogenation
activity for reduction amination [40]. Thus, the optimal conditions for catalyst screening
were determined. As shown in Table 1, classic inexpensive hydrogenation catalysts such
as Raney Ni/Co/Cu failed to afford the desired product (Table 1, Entry 1–3). Next, for
the noble-metal catalysts, only Pt/C and Pd/C successfully brought about the generation
of diisopropylbutylamine, and Pd/C performed better (Table 1, Entry 4–8); however, the
competing reduction of C=O was still unavoidable. In addition, atomically dispersed Pd
did not give better performance (Table 1, Entry 9). Notably, when commercial 10.0 wt%
Pd(OH)2/ACs was employed, the target product was obtained with 92% yield (Table 1,
Entry 10). This result is consistent with a previous study on Pd(OH)2/ACs-catalyzed
synthesis of tertiary amines [41]. However, when reducing the content of Pd loaded on
ACs, the activity of the catalyst decreased dramatically: with ~1.0 wt% Pd, although pre-
liminary nitric acid treatment and hydrothermal treatment of the ACs supports kept the
Pd(OH)2/ACs catalyst at relatively good selectivity, the reaction rate dropped considerably
(Table 1, Entry 10, 11c,d). To further improve the performance of the Pd catalysts, we
changed the support with g-C3N4, inspired by the finding of Wang et al. that phenol
can be selectively reduced to cyclohexanone at Pd@g-C3N4 due to phenol being able to
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interact with the surface through the hydroxy group to form strong O–H···N or O–H···π
interactions [34]. We considered that Pd(OH)2 tends to adsorb on basic sites of g-C3N4 by
similar O–H···N or O–H···π interactions. Surprisingly, both the selectivity and the reaction
rate maintain simultaneously on 1.1 wt% Pd(OH)2/g-C3N4. By contrast, however, when
depositing reduced Pd nanoparticles on g-C3N4, the so-obtained Pd/g-C3N4 exhibits low
catalytic activity (Table 1, Entry 13). Here, the valence state of Pd seems to be important.
Thus, further examination on the performance of PdO species was carried out. In contrast
to the Pd/support or the Pd(OH)2/support catalysts, much lower selectivity and yield
are given by either PdO/ACs or PdO/g-C3N4 (Table 1, Entry 15, 16). Therefore, it is not
the high-valance state of Pd that matters; rather, the existence of the hydroxyl group in
the Pd-oxide cluster substantially influences the reductive amination processes. Similarly,
it has been found previously that the adsorption of hydrogen donors and acceptors on
metal catalysts is species-dependent, thus offering opportunities for selectivity control in
hydrogen transfer processes [42–44]. Finally, a satisfactory yield was obtained when using
4Å molecular sieve as dehydrating agent (Table 1, Entry 12f). Obviously, here, the reactivity
of the system is sufficient, while the conversion is dominated by the reaction equilibrium.

2.2. Characterization of the Prepared Pd(OH)2/g-C3N4 and Other Palladium Catalysts

To reveal the root cause for the excellent performance of Pd(OH)2/g-C3N4, structural
characterization is prerequisite. The Fourier-transform infrared (FT-IR) was performed. As
shown in Figure 1, the absorption peaks at 1245, 1320, and 1408 cm−1 correspond to the
aromatic C–N stretching vibrations, while 1567 and 1640 cm−1 are ascribed to the C=N
vibrations. The peak at 808 cm−1 is assigned to the breathing mode of the triazine units
(Figure 1c) [45,46]. The broad peak at 3000–3400 cm−1 is ascribed to the stretching vibration
of N–H. When loading Pd to the g-C3N4, the intensity of these peaks does not change
obviously but the intensity of the broad peak at 3000–3400 cm−1 increases (Figure 1a),
which can be attributed to the O–H stretching of the Pd(OH)2. However, intensity of this
broad peak decreases with treatment of hydrazine hydrate, indicating that the divalent Pd
was reduced partially (Figure 1b). Accordingly, no obvious absorption peak is observed
when Pd is loaded on the activated carbons treated by nitric acid or water (Figure 1d–f).
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Figure 1. FT-IR spectra of the samples with different of Pd loading determined by ICP-OES. Figure 1. FT-IR spectra of the samples with different of Pd loading determined by ICP-OES.

The phase structure and composition of the selected samples were investigated by
X-ray diffraction (XRD). The obtained results are shown in Figure 2. The pattern of g-C3N4
is identified by peaks at 2θ = 27.8◦ and 12.8◦, corresponding to the (002) crystallographic
plane and (100) planes of in-planar tris-s-triazine structural packing motifs (Figure 2a,b) [47].
The broad peak at 25.1◦ indicated the typical amorphous structure of activated carbons
(Figure 2c–f). The crystal structure of Pd is identified by the diffraction peaks at 2θ = 40.4◦,
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47.0◦, and 68.6◦ (JCPDS 87-0645). These peaks can be assigned to the (111), (200), and
(220) planes of Pd metal with a face-centered cubic (fcc) structure, respectively. However,
no Pd or PdO characteristic peaks were detected for Pd(OH)2/g-C3N4, suggesting that
Pd species may exist in the form of subcrystal or nanoparticles. A weak peak at 40.4◦

can be observed after reduction (Figure 2b). According to Scherrer’s formula [48] and the
half-width of the Pd (111) peak, the calculated size of Pd NPs in Pd/g-C3N4 is 1.3 nm.
When Pd is loaded on ACs, the location of the Pd (111) peak (at 40.4◦) remains with a
calculated size of Pd 2.4 nm, 3.7 nm, and 2.0 nm. It can be seen that the divalent Pd can be
reduced by the reducing groups anchored on the surface of activated carbons during the
impregnation process (Figure 2c–e) [49]. Additionally, both PdO/ACs and the commercial
10.0 wt% Pd(OH)2/ACs catalyst exhibited diffraction peaks at two-theta of 33.5◦, 33.8◦,
60.2◦, and 71.4◦ in their XRD patterns (Figure S1), which can be indexed as the (101), (112),
(103), and (211) diffractions of Palladium oxide (JCPDS 06-0515). Furthermore, the PdHx
phase was not observed in any of the XRD patterns, which is considered as the active
species for hydrogenation reactions [50].
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Figure 2. XRD patterns of the selected catalysts. (a) 1.1 wt% Pd(OH)2/g-C3N4, (b) 1.2 wt%
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Pd(OH)2/ACs after hydrothermal treatment (labelled as Pd(OH)2/AC-H), (e) 1.2 wt% Pd(OH)2/ACs
without treatment, (f) commercially 1.0 wt% Pd/ACs.

Next, XPS measurements were performed to explore the chemical properties of the
surface and the electronic configurations of the active centers. The survey XPS spectrum
in Figure 3a shows that C, O, N, and Pd elements coexist in 1.1 wt% Pd(OH)2/g-C3N4
sample. Figure 3b–d show XPS core level spectra of C 1s, N 1s, and Pd 3d of the 1.1 wt%
Pd(OH)2/g-C3N4 sample. All lines in the XPS spectra are corrected with carbon C 1s at
284.8 eV. The peak at 284.8 eV in C 1s is attributed to surface adventitious carbon, whereas
the peak at 288.2 eV corresponds to sp2-bonded carbon in N–C=N of g-C3N4 (Figure 3b).
For N 1s, four peaks can be distinguished (Figure 3c). The signal at the binding energy of
398.5 eV is assigned to the pyridinic N (N–C=N), and the peak at 399.9 eV is assigned to the
graphitic N. The peaks at 401.0 and 404.6 eV are attributed to the amino group (C–N–H)
and some N–O species [33]. The spectra of Pd 3d (Figure 3d) present two doublet peaks,
corresponding to the spin–orbital splitting of Pd 3d5/2 and Pd 3d3/2 for two types of Pd
species. The peaks at 335–336 eV can be assigned to reduced Pd and the ones at 336–337 eV
to palladium oxide or palladium hydroxides. It has been pointed out previously that
Pd(OH)2 on carbon materials is a core–shell structure of C/PdO/OH/H2O [51]. The ratio
of Pd0 to Pd2+ was about 31:69 using Gaussian/Lorentzian line shape approximations,
suggesting that the Pd atoms in Pd(OH)2 are partially reduced during the preparation

136



Int. J. Mol. Sci. 2022, 23, 7621

(see Figures S3 and S4). After treatment with hydrazine hydrate, the ratio of Pd0 to Pd2+

increases to 70:30 (Figure S2). Thus, the bivalent palladium species was considered as the
main active component in the reaction. To our surprise, the content of pyridinic N decreased
from 76% to 74% and the content of graphitic N increased from 16% to 19% when the catalyst
was treated by hydrazine hydrate (see Figure 2c and Figure S2c). Previous reports revealed
that pyridinic coordination sites exhibited the highest metal-loading stability, whereas the
graphitic-N coordination sites had the least stable one [33,52]. We infer that the Pd species
may aggregate during reduction by hydrazine hydrate. On the other hand, N 1s signals
of Pd/g-C3N4 shift 0.05 eV towards low binding energy, indicating that the interaction
between the g-C3N4 and Pd is weakened after reduction. For Pd(OH)2/ACs, the one
whose support is hydrothermally treated possesses more phenolic groups on the surface
(Figures S3c and S4c). Notably, the Pd 3d5/2 peak for the Pd species on the hydrothermally
treated supports is 0.8 eV higher than that of the nitric acid treatment supports, as depicted
in Figures S3d and S4d, indicating the presence of a strong interaction between the support
and Pd. According to the literature, Pd species can be stabilized by the deprotonation
process between the Pd precursor and phenolic groups (−OH) to produce an oxygen anion
(−O−) and facilitate the dispersion of Pd [39,53].
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Figure 3. XPS spectra of 1.1 wt% Pd(OH)2/g-C3N4: (a) the survey spectrum; (b) the core-level
spectrum of C1s; (c) the core-level spectrum of N 1s; (d) the core-level spectrum of Pd 3d5/2 and
3d3/2 doublet region.

In order to identify the morphology of the Pd species on g-C3N4, scanning elec-
tron microscopy (SEM) and transmission electron microscopy (TEM) were performed for
Pd(OH)2/g-C3N4. The SEM image (Figure 4a) demonstrates that the Pd(OH)2/g-C3N4
composite possesses a fluffy, wrinkled, and porous microstructure. Meanwhile, it can be
seen from the TEM images (Figure 4c) that the Pd species were distributed throughout the
g-C3N4 architecture uniformly without obvious aggregation, disclosing that the nanosheets
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are layered flakes and possess some defects and voids which provide abundant anchoring
sites for Pd species. The average particle size of the Pd nanoparticles in Pd(OH)2/g-C3N4
is 2.11 nm, as determined by statistical evaluation of 100 particles in the TEM images. The
Pd content of the Pd(OH)2/g-C3N4 and Pd/g-C3N4 sample determined by ICP-OES is
calculated to be 1.1 wt% and 1.2 wt%.
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Subsequently, according to the thermogravimetric (TG) analysis, for Pd(OH)2/g-
C3N4, there is an initial weight loss ∼135 ◦C which is due to the removal of adsorbed
water molecules within the system. After that, the Pd(OH)2/g-C3N4 sample is stable
up to 500 ◦C and starts to decompose and decomposition is complete ∼680 ◦C with a
residual weight of 2.0% (Figure 4b); this decomposing temperature is higher compared to
Pd/g-C3N4 [54]. Alternatively, the thermal stability of the catalyst can also be improved by
introducing hydroxyl groups to the support-activated carbons with hydrothermal treatment
(Figure S5). Thus, the presence of the hydroxyl groups enhances the thermal stability of the
catalyst. Furthermore, for the heterogeneous catalysis reaction, it is important to test the
reusability of the catalyst. Thus, the reusability of the 1.1 wt% Pd(OH)2/g-C3N4 catalyst
was investigated using the reductive amination of diisopropylamine with butyraldehyde as
a model reaction. Moderate selectivity toward N,N-diisopropylbutylamine was obtained
after four runs (Figure 4d), suggesting that this catalyst has receptable reusability.

2.3. Mechanism Studies

Upon addressing the structural features of different catalysts and recycling tests, the
in situ ATR–FTIR spectroscopic analysis was employed to identify how the catalysts interact
with the substrates during the reduction amination. The peaks of [υ(C=O)=1740–1780 cm−1]
were firstly identified for all the spectra [55]. For commercial 1.0 wt% Pd/ACs, the imine
species [υ(C=N)=1625 cm−1] with weak intensity was observed when acetaldehyde and
ammonia were introduced to the in situ reaction cell [56]. This peak decreased but did
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not disappear when continuously introducing H2 (Figure 5a) into the system. Meanwhile,
the [υ(C–N)] mode in the range of 1350–1280 cm−1 cannot be observed, probably due
to its low intensity [57,58]. Note that there is no stretching vibration peak of water at
3200–3500 cm−1, indicating that the dehydration process may not require a catalyst [59].
It is also confirmed by the fact that ethanimine formed without a catalyst (See Figure S6).
The C=N vibration was also observed when acetone and NH3 were introduced into the
cell, and a peak around 3464 cm−1 was observed (Figure 5b). Considering the [υ(O-H)]
stretching mode adjacent to the nitrogen atom; most likely, this hydroxyl group belongs to
the hemiaminal intermediate [60]. The peaks at 1200 cm−1 and 1130 cm−1 were assigned to
the deformation stretching of the C–N bond (Figure 5c) [57]. The imine mechanism thus
prevails as well. By contrast, for the secondary amine diethylamine, a broad peak located
at 3200–3600 cm−1 emerged only after H2 was introduced. This can be ascribed to the
stretching vibration of adsorbed water, which was further proven by the peak in 1640 cm−1

(assigned to the H–O–H bending bands in product water) (Figure 5d) [59]. Meanwhile,
the skeleton-stretching vibration of (-C3)N [υ((-C3)N)=1178 cm−1] is also identified [58],
suggesting that the dehydration and hydrogenation processes occur simultaneously on the
surface of the catalyst. As for the amination of diisopropylamine, the commercial 1.0 wt%
Pd/ACs, Pd(OH)2/g-C3N4, Pd/g-C3N4, and PdO/g-C3N4 were compared (Figure 5e–h).
For all catalysts, a weak peak, as discussed above, assigned to the stretching vibration of
the hydroxyl group of the hemiaminal, appeared at 3487 cm−1, 3491 cm−1, 3474 cm−1, and
3483 cm−1, respectively, after introducing diisopropylamine and acetaldehyde to the in situ
reaction cell. They were found as red-shift peaks due to the difference of surface binding or
adsorption strength between the different Pd catalysts since the hydroxyl group vibration
of the free hemiaminal is 3628 cm−1, according to DFT calculation at the B3LYP/6-31+(g)
level. The peak of the water shows a completely different shape difference, which may
imply a completely different catalytic performance on the home-made catalysts. Except for
PdO/g-C3N4, all the other catalysts show the peaks of absorbed water, which is in line with
the experimental results that home-made PdO/g-C3N4 is inactive. Moreover, no imine peak
at the range 1620–1680 cm−1 was observed [56]. The identification of the product might be
difficult because of the low intensity of the typical band at 1220–1270 cm−1 assigned for
the skeleton-stretching vibration of (-C3)N [58].

Based on the in situ characterization, the reaction mechanisms were investigated
by theoretical calculations. Considering the different performances of Pd/g-C3N4 and
Pd(OH)2/g-C3N4, the valence state of Pd matters for the reductive amination of diisopropy-
lamine. The generation of imines for different substrates was examined computationally,
concerning both the hydrogen transfer and dehydration processes (see Figures S7–S10).
They are all kinetically less favorable due to high reaction barriers (>40 kcal/mol). However,
when a second amine is introduced into the reaction complex, the subsequent reaction bar-
rier for both hydrogen transfer and dehydration is lowered by 2 kcal/mol and 10 kcal/mol,
respectively. Further enhancement in these two steps is achieved when a third amine is
introduced (see Figure S11). It seems that dehydration from aldehydes and primary amines
or ammonia is a multimolecule synergistic process. This result is in line with the in situ
ATR–FTIR spectroscopic findings (see Figure S6). On the contrary, for imine hydrogena-
tion, a catalyst is required since the reaction barrier is extremely high (>60 kcal/mol; see
Figure S12).
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Figure 5. ATR-FTIR spectra recorded during hydrogenation of different substrates: (a) CH3CHO 
and NH3, (b) CH3COCH3 and NH3, (c) CH3CH2NH2 and CH3CHO, (d) (CH3CH2)2NH and CH3CHO, 
(e) iPr2NH and CH3CHO, (f) iPr2NH and CH3CHO. (a–e) commercial 1.0 wt% Pd/ACs, (f) 1.1 wt% 
Pd(OH)2/g-C3N4, (g) 1.2 wt% Pd/g-C3N4, (h) 1.1 wt% PdO/g-C3N4. The “1.0 wt%” represents the Pd 
content in the catalyst, and in the other cases the Pd loading was determined by ICP-OES. 
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Figure 5. ATR-FTIR spectra recorded during hydrogenation of different substrates: (a) CH3CHO and
NH3, (b) CH3COCH3 and NH3, (c) CH3CH2NH2 and CH3CHO, (d) (CH3CH2)2NH and CH3CHO,
(e) iPr2NH and CH3CHO, (f) iPr2NH and CH3CHO. (a–e) commercial 1.0 wt% Pd/ACs, (f) 1.1 wt%
Pd(OH)2/g-C3N4, (g) 1.2 wt% Pd/g-C3N4, (h) 1.1 wt% PdO/g-C3N4. The “1.0 wt%” represents the
Pd content in the catalyst, and in the other cases the Pd loading was determined by ICP-OES.
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Thus, the Pd(111) plane was used for modeling the Pd/g-C3N4 catalyst to understand
the catalytic performance on Pd0 species. We first investigated the adsorption behavior
of hydrogen on the Pd(111) surface, demonstrating that the hydrogen is preferentially
absorbed on the bridge and hollow sites (see Figure S13). Furthermore, as shown in Figure 6,
initially diisopropylamine and acetaldehyde are coadsorbed on the Pd(111) surface. The
N–H bond activation of diisopropylamine takes place upon hydrogen transfer from the
nitrogen atom to the oxygen atom via TS1/2, and C–N coupling takes place spontaneously
(IM1→→ IM2). Species adsorption on the catalyst surface significantly lowers the reaction
energy barrier, making it feasible under mild conditions (see Figure S10). Next, palladium
hydride attacks the oxygen atom, thus breaking the C–O bond via TS3/4, which was
identified as the rate-determining step (RDS). After that, IM4 is generated, which further
releases a water molecule to form IM5. Finally, by transferring a hydrogen atom from the
Pd surface to N, an intact N,N-Diisopropylethylamine molecule is produced (IM6). This
process is featured as the hydrogenolysis mechanism [61]. In addition to the pathways via
hydrogenolysis, an alternative imine path was also investigated [62]. Specifically, after the
imine intermediate is generated via TS7/8, hydrogen transfer from Pd to C affords the target
product (IM9→→ IM10). This step is followed by further hydrogenation of the hydroxyl
groups, thus generating a water molecule (IM12). Comparing the above two pathways,
the latter is energetically more favorable. Furthermore, we examined theoretically the
hydrogenation of the acetaldehyde on the Pd(111) surface. As shown in Figure S14, the
H atoms are successively added to O and C in a step-wise manner via the sequence
IM13 → TS13/14 → IM14 → IM15 → TS15/16 → IM16. Alternatively, the H atoms are
successively added to C and O in a step-wise manner via the sequence IM17 → TS17/18
→ IM18 → IM19 → TS19/20 → IM20. Although the former is thermodynamically more
favorable due to its high exothermicity (−81 kcal/mol), the latter is kinetically more
preferred due to the low barrier for the hydrogenation process.
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For Pd(OH)2/g-C3N4, considering the structure characterized previously [51], a
Pd8O12H8 cluster was used to simulate the reductive amination processes. As shown
in Figure 7, when diisopropylamine and acetaldehyde are coadsorbed on the clusters, the
hemiaminal intermediate is formed spontaneously without a reaction barrier by simple
hydrogen exchange between diisopropylamine and a hydroxyl group (IM21→ IM22). On
the contrary, the reaction barrier for forming a hemiaminal on the PdO cluster is extremely
high (45 kcal/mol; see Figure S15), making PdO/g-C3N4 inactive. Here, the presence of the
O–Pd–OH site is crucial. We first consider that the hydrogenolysis process occurs on the
clusters which is similar to that on the Pd(111) surface. The transitional structure involving
palladium hydride attacking the oxygen atom to form a water molecule was firstly located.
However, the subsequent hydrogenation transition state structure could not be found
(see Figure S16). After breaking the C–O bond (IM23 → → IM24), the hydroxyl group
on the catalyst surface serves as a “courier” to pass hydrogen. Thus, a water molecule
forms first by hydrogen transfer from Pd to OH via TS25/26. Next, a hydrogen atom on
the so-formed water molecule migrates to the imine carbon to form the product (IM26
→→ IM27). Here, we considered that the imine species can be polarized by a hydrogen
bond formed between N and a hydrogen atom on the so-formed water, thus increasing the
probability to generate a transition state for H addition. Finally, by transferring a second
hydrogen atom from Pd OH, an intact water molecule forms again (IM28). This process is
similar to phenol acting as a conduit to transfer a proton from the hydronium ion (with an
accompanying charge transfer from the metal surface) to the basic carbonyl oxygen of the
benzaldehyde via a PCET mechanism in the electrochemical hydrogenation (ECH) system,
as reported by Udishnu Sanyal et al. [63]. Moreover, a thermodynamically more favorable
pathway (−49 kcal/mol) was also found via the sequence IM25→ TS25/26→ IM26→
IM29→ TS29/30→ IM30. Considering the difference in the reaction pathways presented
in Pd(111) and the Pd cluster, the hydroxyl group is unique in that: (1) via barrierless (or
quasi-) proton exchange, the formation of a hemiaminal is facilitated at the O–Pd–OH site;
(2) the hydroxyl group serves as a hydrogen shuttle in the reduction of the imine unit
concerted with the dihydrogen activation; (3) the Pd nanoclusters may be stably anchored
on the basic sites of g-C3N4 by forming strong O–H···N or O–H···π interactions. In spite of
the lower energy barrier for the hydrogenation of acetaldehyde (see Figure S17), the surface
of the cluster preferentially adsorbs the hemiaminal intermediate by similarly forming
O–H···N interactions which are generated spontaneously in advance. A high selectivity
for reductive amination thus results, in line with the experimental findings. The probable
mechanism for the generation of diisopropylethylamine is shown in Scheme 1, and the
Figure S18 showed the intact outline for the generation of diisopropylethylamine catalyzed
by a Pd8O12H8 cluster.

To examine the versatility of the reduction amination on Pd(OH)2/g-C3N4, various
aldehydes and amines (mainly secondary ones) were used as the substrates (Table 2), espe-
cially for the ones with sterically hindered groups. For paraformaldehyde as a substrate,
higher temperature (363 K) and more methanol (10 mL) were acquired to dissolve it. Other
reaction conditions are similar with reported in Table 1. As for diisopropylamine and
aliphatic aldehyde (Entry 1,2), the selectivity to the corresponding tertiary amine could
reach 99 and 87%, respectively. Piperidines (Entry 3–6) gave a similar result to diisopropy-
lamine (Entry 1). However, the selectivity of the target tertiary amine dropped as expected
when acetaldehyde was employed due to its higher reactivity that can launch the reduction
of the carbonyl group and aldol condensation (Entry 7,8) [22]. Apart from piperidines, the
chain secondary amine (Entry 9) could also afford relatively high conversion and selectivity.
Unfortunately, when aromatic amines such as diphenylamine and N-ethylaniline were
employed (Entry 10,11), the selectivity and yield were significantly decreased due to the
competing C–N activation processes [64]. On the contrary, dicyclohexylamine (Entry 12)
could be transformed with 99% conversion and 99% selectivity. As for cyclohexylamine
(Entry 13), the conversion and selectivity could reach 70% and 75%, respectively. The
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1H and 13C NMR spectra of all products can be found in the Supplementary Materials
(Figure S19–S46).
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Reaction conditions: catalyst loading (5.0 wt%, refer to sub 2, 1.1 wt% Pd(OH)2/g-C3N4), sub 1 (0.1 
mol), sub 2 (0.05 mol). For cases using paraformaldehyde (degree of polymerization (DP) = 3) as 
substrate, the usage of methanol is 10 mL, other cases are 2.5 mL. The actual molar ratio formalde-
hyde: amine is 1.5:1. All products were determined by GC-MS. a Isolated yields are reported in the 
brackets. All the products were separated and purified by vacuum distillation or silica gel column 
chromatography (see Section 3.4 for more details). 

3. Materials and Methods 
3.1. Chemicals and Materials 

Palladium dichloride (PdCl2), palladium oxide (PdO), and 10.0 wt% Pd(OH)2/ACs 
were purchased from Alfa Aesar. Diisopropylamine, butyraldehyde, activated carbon, 
melamine, cyanuric acid, methanol, and molecular sieve were obtained from Sinopharm 
Chemical Reagent Co., Ltd. Water was purified by ion exchange and used as deionized 
water. Other chemicals were of analytical purity and were used as received. 

3.2. Characterization Techniques 
The X-ray diffraction (XRD) patterns of the samples were recorded using a Shimadzu 

X-ray diffractometer (MAXima XRD-7000, the Japan) with Cu Kα radiation at 40 kV and 
40 mA. The X-ray photoelectron spectroscopy (XPS) measurements were performed on a 
Thermo Scientific K-Alpha+ system using Al Kα radiation (1486.6 eV) under a base pres-
sure of 2 × 10−7 Torr. A FEI QUANTA FEG 650 field emission scanning electron microscope 
(SEM) operated at 30 kV and transmission electron microscopy (TEM) using a HT-7700 
(Tokyo, Japan) at 100 kV were used for determining the morphology of the as-synthesized 
Pd catalysts. The Pd loading in the materials was analyzed by an Agilent 720ES type in-
ductively coupled plasma optical emission spectroscopy (ICP-OES) instrument. The FTIR 
spectra were recorded using a Thermo Scientific Nicolet iS50 FTIR spectrometer, and in 
situ FT-IR (ATR-FT-IR) spectra were recorded using the same spectrometer with ATR ap-
pendix. The thermal gravimetric analysis (TGA) was performed by using the Pyris 1 TGA 
thermogravimetric analyzer with a heating rate of 5 °C/min under nitrogen atmosphere. 
All products were determined by 7820A-5977B GC-MS (Agilent Technologies, CA, USA) 
using HP-5MS column. 1H NMR and 13C NMR were recorded on a Bruker AVANCE III 
400 MHz (101 MHz for 13C), using deuterated chloroform (CDCl3) and tetramethylsilane 
(TMS, δ = 0) as internal reference. Chemical shifts are reported in parts per million (ppm) 
downfield and quoted to the nearest 0.01 ppm relative to the residual protons in the NMR 
solvent ((1H NMR: δ 7.26 ppm, 13C NMR: δ 77.16 ppm)), and coupling constants (J) are 
quoted in Hertz. GC analyses were performed on an Agilent 5973−6890 series gas chro-
matograph system (Agilent Technologies, CA, USA) equipped with a flame ionization de-
tector (FID). All the separations were performed on a weakly polar capillary column SE-
30. 
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spectra were recorded using a Thermo Scientific Nicolet iS50 FTIR spectrometer, and in 
situ FT-IR (ATR-FT-IR) spectra were recorded using the same spectrometer with ATR ap-
pendix. The thermal gravimetric analysis (TGA) was performed by using the Pyris 1 TGA 
thermogravimetric analyzer with a heating rate of 5 °C/min under nitrogen atmosphere. 
All products were determined by 7820A-5977B GC-MS (Agilent Technologies, CA, USA) 
using HP-5MS column. 1H NMR and 13C NMR were recorded on a Bruker AVANCE III 
400 MHz (101 MHz for 13C), using deuterated chloroform (CDCl3) and tetramethylsilane 
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30. 

  

Int. J. Mol. Sci. 2022, 23, 7621 15 of 21 
 

 

12 

 
 

 

90 6 >99 >99 >99(92) 

13 
 

 
 

90 6 70 75 52(43) 

Reaction conditions: catalyst loading (5.0 wt%, refer to sub 2, 1.1 wt% Pd(OH)2/g-C3N4), sub 1 (0.1 
mol), sub 2 (0.05 mol). For cases using paraformaldehyde (degree of polymerization (DP) = 3) as 
substrate, the usage of methanol is 10 mL, other cases are 2.5 mL. The actual molar ratio formalde-
hyde: amine is 1.5:1. All products were determined by GC-MS. a Isolated yields are reported in the 
brackets. All the products were separated and purified by vacuum distillation or silica gel column 
chromatography (see Section 3.4 for more details). 

3. Materials and Methods 
3.1. Chemicals and Materials 

Palladium dichloride (PdCl2), palladium oxide (PdO), and 10.0 wt% Pd(OH)2/ACs 
were purchased from Alfa Aesar. Diisopropylamine, butyraldehyde, activated carbon, 
melamine, cyanuric acid, methanol, and molecular sieve were obtained from Sinopharm 
Chemical Reagent Co., Ltd. Water was purified by ion exchange and used as deionized 
water. Other chemicals were of analytical purity and were used as received. 

3.2. Characterization Techniques 
The X-ray diffraction (XRD) patterns of the samples were recorded using a Shimadzu 

X-ray diffractometer (MAXima XRD-7000, the Japan) with Cu Kα radiation at 40 kV and 
40 mA. The X-ray photoelectron spectroscopy (XPS) measurements were performed on a 
Thermo Scientific K-Alpha+ system using Al Kα radiation (1486.6 eV) under a base pres-
sure of 2 × 10−7 Torr. A FEI QUANTA FEG 650 field emission scanning electron microscope 
(SEM) operated at 30 kV and transmission electron microscopy (TEM) using a HT-7700 
(Tokyo, Japan) at 100 kV were used for determining the morphology of the as-synthesized 
Pd catalysts. The Pd loading in the materials was analyzed by an Agilent 720ES type in-
ductively coupled plasma optical emission spectroscopy (ICP-OES) instrument. The FTIR 
spectra were recorded using a Thermo Scientific Nicolet iS50 FTIR spectrometer, and in 
situ FT-IR (ATR-FT-IR) spectra were recorded using the same spectrometer with ATR ap-
pendix. The thermal gravimetric analysis (TGA) was performed by using the Pyris 1 TGA 
thermogravimetric analyzer with a heating rate of 5 °C/min under nitrogen atmosphere. 
All products were determined by 7820A-5977B GC-MS (Agilent Technologies, CA, USA) 
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Pd catalysts. The Pd loading in the materials was analyzed by an Agilent 720ES type in-
ductively coupled plasma optical emission spectroscopy (ICP-OES) instrument. The FTIR 
spectra were recorded using a Thermo Scientific Nicolet iS50 FTIR spectrometer, and in 
situ FT-IR (ATR-FT-IR) spectra were recorded using the same spectrometer with ATR ap-
pendix. The thermal gravimetric analysis (TGA) was performed by using the Pyris 1 TGA 
thermogravimetric analyzer with a heating rate of 5 °C/min under nitrogen atmosphere. 
All products were determined by 7820A-5977B GC-MS (Agilent Technologies, CA, USA) 
using HP-5MS column. 1H NMR and 13C NMR were recorded on a Bruker AVANCE III 
400 MHz (101 MHz for 13C), using deuterated chloroform (CDCl3) and tetramethylsilane 
(TMS, δ = 0) as internal reference. Chemical shifts are reported in parts per million (ppm) 
downfield and quoted to the nearest 0.01 ppm relative to the residual protons in the NMR 
solvent ((1H NMR: δ 7.26 ppm, 13C NMR: δ 77.16 ppm)), and coupling constants (J) are 
quoted in Hertz. GC analyses were performed on an Agilent 5973−6890 series gas chro-
matograph system (Agilent Technologies, CA, USA) equipped with a flame ionization de-
tector (FID). All the separations were performed on a weakly polar capillary column SE-
30. 

  

90 6 70 75 52(43)

Reaction conditions: catalyst loading (5.0 wt%, refer to sub 2, 1.1 wt% Pd(OH)2/g-C3N4), sub 1 (0.1 mol), sub 2
(0.05 mol). For cases using paraformaldehyde (degree of polymerization (DP) = 3) as substrate, the usage of
methanol is 10 mL, other cases are 2.5 mL. The actual molar ratio formaldehyde: amine is 1.5:1. All products
were determined by GC-MS. a Isolated yields are reported in the brackets. All the products were separated and
purified by vacuum distillation or silica gel column chromatography (see Section 3.4 for more details).
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3. Materials and Methods
3.1. Chemicals and Materials

Palladium dichloride (PdCl2), palladium oxide (PdO), and 10.0 wt% Pd(OH)2/ACs
were purchased from Alfa Aesar. Diisopropylamine, butyraldehyde, activated carbon,
melamine, cyanuric acid, methanol, and molecular sieve were obtained from Sinopharm
Chemical Reagent Co., Ltd. Water was purified by ion exchange and used as deionized
water. Other chemicals were of analytical purity and were used as received.

3.2. Characterization Techniques

The X-ray diffraction (XRD) patterns of the samples were recorded using a Shimadzu
X-ray diffractometer (MAXima XRD-7000, the Japan) with Cu Kα radiation at 40 kV and
40 mA. The X-ray photoelectron spectroscopy (XPS) measurements were performed on a
Thermo Scientific K-Alpha+ system using Al Kα radiation (1486.6 eV) under a base pressure
of 2 × 10−7 Torr. A FEI QUANTA FEG 650 field emission scanning electron microscope
(SEM) operated at 30 kV and transmission electron microscopy (TEM) using a HT-7700
(Tokyo, Japan) at 100 kV were used for determining the morphology of the as-synthesized
Pd catalysts. The Pd loading in the materials was analyzed by an Agilent 720ES type
inductively coupled plasma optical emission spectroscopy (ICP-OES) instrument. The FTIR
spectra were recorded using a Thermo Scientific Nicolet iS50 FTIR spectrometer, and in situ
FT-IR (ATR-FT-IR) spectra were recorded using the same spectrometer with ATR appendix.
The thermal gravimetric analysis (TGA) was performed by using the Pyris 1 TGA ther-
mogravimetric analyzer with a heating rate of 5 ◦C/min under nitrogen atmosphere. All
products were determined by 7820A-5977B GC-MS (Agilent Technologies, CA, USA) using
HP-5MS column. 1H NMR and 13C NMR were recorded on a Bruker AVANCE III 400 MHz
(101 MHz for 13C), using deuterated chloroform (CDCl3) and tetramethylsilane (TMS, δ = 0)
as internal reference. Chemical shifts are reported in parts per million (ppm) downfield
and quoted to the nearest 0.01 ppm relative to the residual protons in the NMR solvent
((1H NMR: δ 7.26 ppm, 13C NMR: δ 77.16 ppm)), and coupling constants (J) are quoted in
Hertz. GC analyses were performed on an Agilent 5973−6890 series gas chromatograph
system (Agilent Technologies, CA, USA) equipped with a flame ionization detector (FID).
All the separations were performed on a weakly polar capillary column SE-30.

3.3. Preparation of the Supports and Palladium Catalysts
3.3.1. Preparation of g-C3N4 Support

Bulk g-C3N4 was synthesized by a thermal treatment of a mixture of melamine and
cyanuric acid with a weight ratio of 1:1 [65]. All chemicals used in the preparation were of
analytical grade without further treatment. Typically, 10 g above precursor powder was
placed in an alumina crucible without a cover. Then, the crucible was placed in the middle
section of a tube. After vacuuming the tube, argon gas was continuously fed in with a flow
rate of 50 mL min−1 during the thermal treatment. The sample was heated to 120 ◦C at a
rate of 10 ◦C·min−1, and maintained at this temperature for 20 min. The mixture was then
heated to 550 ◦C and calcinated for 5 h. After cooling to room temperature, ~1700 mg of
bulk g-C3N4 was obtained.

3.3.2. Pretreatment of Activated Carbon

The pretreatment of ACs has been reported elsewhere previously [38,39]. The activated
carbon was pretreated with 0.4N of HNO3 at 353 K for 4 h, was then washed with distilled
water until pH = 7 after cooling to room temperature, and eventually dried in a vacuum at
323 K overnight. For hydrothermal treatment, 40 mL of deionized water was introduced
into a 100 mL high-pressure autoclave; then, it was heated to 453 K and the pressure
was self-generated, held at that temperature for 2 h, and subsequently cooled to room
temperature. The treated ACs were filtered from the slurry and dried at 323 K overnight.
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3.3.3. Preparation of the Pd/ACs Catalyst

Pd/ACs catalysts were synthesized by wetness impregnation method. First, 30 mg
PdCl2 was dissolved into 10 mL water with HCl mixture solution (volume/volume = 10:1).
Then, the treated ACs (the ratio of ACs to water was 1 g/10 mL) were introduced into
the PdCl2 solution and the slurry was vigorously stirred at 353 K for 4 h; then, the slurry
solution pH of 8−9 was reached by dropwise addition of KOH aqueous solution (10%).
Eventually, the precipitated Pd(OH)2 supported on ACs was reduced by 50% hydrazine
hydrate at room temperature, filtered, and dried in vacuum at 323 K overnight.

3.3.4. Preparation of the Pd(OH)2/g-C3N4 and Pd(OH)2/ACs Catalysts

The Pd(OH)2/C3N4 and Pd(OH)2/ACs catalysts were synthesized with similar method
without further reduction. First, 30 mg PdCl2 was dissolved into 10 mL water with HCl
mixture solution (volume/volume = 10:1). The PdCl2 solution pH of 8−9 was reached
by dropwise addition of KOH aqueous solution (10%). Then, the slurry was mixed with
1 g g-C3N4 and vigorously stirred at 323 K in a three-neck flask for 4 h, then filtered and
dried in vacuum at 323 K overnight. This was the same procedure as Pd(OH)2/ACs catalyst.
PdO/ACs was prepared using PdO as precursor instead of the Pd(OH)2 deposition.

3.4. General Procedure for the Preparation of Sterically Hindered Amine and
Recycling Experiments

Diisopropylamine (0.1 mol) and butyraldehyde (0.05 mol), 5.0 wt% catalyst (0.2 g), and
methanol (2.5 mL) were mixed into 100 mL high-pressure autoclave at 30 ◦C. Then, 1.5 MPa
H2 was fed into the reaction mixture. The mixture was stirred at 1000 rpm at 30 ◦C for 4 h.
After the reaction, the rest of H2 was discharged. The conversion of the butyraldehyde
and the sterically hindered amine yields were determined by GC with triethylamine as the
internal standard. After the reaction, the catalyst was filtered and exhaustively washed
with methanol, and dried in vacuum at 323 K for 12 h. The collected catalyst was used for
the next run under the same conditions. Other cycles were repeated following a similar
procedure. All the products were separated and purified by vacuum distillation or silica
gel column chromatography. For Entry 12 in Table 1 and Entry 1–3, 5, 9, 12 in Table 2, the
products were separated via vacuum distillation in a rotary evaporator; for Entry 7,8, 13
in Table 2, the products were separated via vacuum distillation in a rotary evaporator to
remove the solvent and then vacuum rectification with a home-made rectification column
using spring packing; for Entry 4, 6, 10, and 11 in Table 2, the products were purified by
silica gel column chromatography.

The efficiency of the catalyst was characterized by calculating the conversion (Conv.%)
of butyraldehyde (BA) based on the following equation (Equation (1)):

Conv.% =
n consumed BA

n initial BA
·100 (1)

Sterically hindered amine (AN) yield (Y%) was also calculated as follows (Equation (2)):

Yield% =
n f ormed AN

n theoretical AN
·100 (2)

Furthermore, AN selectivity (Sel.%) was calculated according to the following equation
(Equation (3)):

Sel.% =
n f ormed AN

∑ n products
·100 (3)

3.5. General Operation Procedure for the In Situ FT-IR Spectra

In situ FT-IR spectra to investigate the adsorption of different acetaldehyde and
diisopropylamine on Pd catalyst were recorded on a Nicolet iS50 spectrometer equipped
with a cell fitted with BaF2 windows and an MCT-A detector cooled with liquid nitrogen.
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The spectrum was collected at a resolution of 4 cm−1 with an accumulation of 32 scans in the
range of 4000–700 cm−1. Here, the interaction of acetaldehyde and diisopropylamine was
taken as an example (Figure 5f), and the catalyst sample (25 mg) was filled in priorly into a
self-supported wafer. Then, the sample wafer was pretreated under a flow of N2 for 30 min
at room temperature to remove the impurities absorbed on the surface. The background
was collected at room temperature under a flow of N2. Then, liquid diisopropylamine
(2 mL) filled into a glass tube was firstly vaporized by heating belt flowing by N2 to sample
wafer. Considering that pursuing a spectrum with acceptable adsorption intensity and
liquefaction of substrates on the surface of the catalyst should be avoided, the temperature
of the sample wafer was chosen as 323 K for all the catalysts. The spectra of adsorption
of diisopropylamine were recorded per minute until stable spectra were obtained. Then,
acetaldehyde (2 mL) was vaporized by heating belt to sample wafer as well. The spectra of
coadsorption of diisopropylamine and acetaldehyde were recorded per minute until stable
spectra were obtained. Finally, the system was purged with a flow of hydrogen instead
of N2 to obtain the spectra of aldehyde/amine/H2 mixture. After a stable spectrum was
obtained, the system was purged with a flow of N2 again, and the desorption spectra were
recorded toward the desorption time until there was no change in the band intensity. Other
catalysts were then tested in a similar manner.

3.6. Computational Details

The structural optimization and the frequency analysis were performed at the GFN-
xTB level of the xTB package [66,67]. Stationary points were optimized without symmetry
constraint, and their nature was confirmed by vibrational frequency analysis. Unscaled
vibrational frequencies were used to correct the relative energies for zero-point vibrational
energy (ZPVE) contributions. Intrinsic reaction coordinate (IRC) [68–70] calculations were
also performed to link transition structures with the respective intermediates; to achieve
this, a Gaussian interface to the xTB code “gau_xtb” was employed [71].

4. Conclusions

In summary, a highly selective Pd catalyst designed specifically for the preparation of
sterically hindered amine was reported. The selectivity of diisopropylbutylamine was up
to 97%, and the yield of product amounted to 73%. The catalyst was characterized using
FTIR, XRD, XPS, SEM, TEM, and TG, indicating that the active metal was well dispersed
on g-C3N4 and stabilized by the hydroxyl group. The in situ ATR-FTIR measurement,
together with the theoretical calculations, reveal that the generation of a key intermediate
hemiaminal was facilitated by the proton exchange process, and the preferential adsorption
of the hemiaminal enabled the selective reduction amination of diisopropylamine to steri-
cally hindered amine. Here, the bifunctionality of the hydroxyl group mattered. An imine
mechanism was thus justified for the generation of sterically hindered tertiary amines.
Our work shed light on the catalytic mechanisms of reductive amination; in particular, the
critical role of the hydroxyl group in the generation of sterically hindered tertiary amine
was revealed. Hopefully, this may be instructive for the construction of amine moieties in
specific molecules.
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Abstract: The adsorption of atmospheric dinitrogen (N2) on transition metal sites is an important
topic in chemistry, which is regarded as the prerequisite for the activation of robust N≡N bonds
in biological and industrial fields. Metal hydride bonds play an important part in the adsorption
of N2, while the role of hydrogen has not been comprehensively studied. Herein, we report the
N2 adsorption on the well-defined Y2C4H0,1

− cluster anions under mild conditions by using mass
spectrometry and density functional theory calculations. The mass spectrometry results reveal that
the reactivity of N2 adsorption on Y2C4H− is 50 times higher than that on Y2C4

− clusters. Further
analysis reveals the important role of the H atom: (1) the presence of the H atom modifies the charge
distribution of the Y2C4H− anion; (2) the approach of N2 to Y2C4H− is more favorable kinetically
compared to that to Y2C4

−; and (3) a natural charge analysis shows that two Y atoms and one Y
atom are the major electron donors in the Y2C4

− and Y2C4H− anion clusters, respectively. This work
provides new clues to the rational design of TM-based catalysts by efficiently doping hydrogen atoms
to modulate the reactivity towards N2.

Keywords: N2 adsorption; mass spectrometry; density functional theory calculations

1. Introduction

More than 99% of the global nitrogen exists in the shape of gaseous dinitrogen (N2) in
the atmosphere, yet most organisms can only metabolize nitrogen-containing substances
such as NH3 rather than N2 directly. Although N2 is the main nitrogen source for most
natural and artificial nitrogen-containing compounds, the high bond dissociation energy
(9.75 eV) and the large HOMO–LUMO gap (10.8 eV) render its adsorption and activation
an enormous challenge in chemistry [1–4]. Scientists regularly rely on transition metal (TM)
centers to catalyze the nitrogen conversion processes [5–7]. The initial and critical step in the
complicated reduction of dinitrogen is the adsorption of N2 molecules at the TM center [8,9].
The fixation of nitrogen in industry is carried out at metal-based (Fe− or Ru−) catalysts
under extremely high temperatures (300–500 ◦C) and high pressures (100–300 atm), involv-
ing the disadvantages of large energy consumption and greenhouse gas emission [10–12].
Thus, it is vital to develop mild, energy-saving, and environment−friendly catalytic sys-
tems for N2 fixation at ambient conditions. The activation of nitrogen by transition metal
compounds with the involvement of hydrogen atoms is of particular interest, while the
most common feature of N2 hydrogenative cleavage is the participation of metal hydride
bonds [13–15]. A literature survey [13] shows that metal hydride bonds have several im-
portant roles: (1) as a hydrogen source; (2) as an electron source for N2 reduction; (3) as a
powerful reducing agent for the removal of activated nitrogen atoms; and so on.
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As an ideal model of condensed-phase systems, gas-phase clusters can study chemical
reactions and reveal related mechanisms at the strictly molecular level by simulating active
sites. [16–19]. Several theoretical and experimental studies have reported the reactivity of
metal species with nitrogen, however, only a few metal species such as, Sc2 [20], Ta2

+ [21],
V3C4

− [22], Ta2C4
− [23], NbH2

− [24], Ta3N3H0,1
− [25], Sc3NH2

+ [26], FeTaC2
− [27], and

AuNbBO− [28] have been characterized to cleave the N≡N triple bond completely. It
can be seen that for the studies on N2 adsorption in the gas phase, there are few metal
species, and they mainly focus on the early transition metals. In the previous work, we
found that a suitable number of hydrogen atoms has an influence on the reactivity of
transition metal-containing clusters with N2 [24–26,29,30]. Sc3NH2

+ [26] can effectively
realize the activation of N2 by H2, which is based on the regulation of N2 reduction by
two H atoms. Ta3N3H0.1

− is an example that highlights the importance of the assisted
reactivity of a single hydrogen atom, and the reactivity of Ta3N3H− is higher by a factor
of five compared with that of Ta3N3

− due to the hydrogen atom changing the charge
distribution and geometry [25]. How can hydrogen atoms be efficiently doped to modulate
the reactivity of TM-containing systems towards N2 at the molecular scale? Considering
the previous exploration of the Sc systems and the fact that Sc and Y belong to the same
group, Y2C4

− and Y2C4H− cluster anions were synthesized, and the reactivity towards
N2 was investigated by mass spectrometry and DFT calculations, to answer this question.
This work clearly revealed that Y2C4H0,1

− anions can adsorb N2, and the hydrogen atom
greatly enhances the reactivity of Y2C4H− towards N2.

2. Results and Discussion

The time-of-flight (TOF) mass spectra of laser ablation-generated, further mass-elected
Y2C4

− and Y2C4H− cluster anions reacting with N2 under thermal collision conditions
in a linear ion trap (LIT) reactor are shown in Figure 1. The mass spectra for the gen-
eration of Y2C4H0,1

− clusters has been given (Supplementary Figure S1). Upon the in-
teractions of Y2C4

− and Y2C4H− with N2, two adsorbed complexes that are assigned as
Y2C4N2

− and Y2C4HN2
− are observed (Figure 1b,d), suggesting the following channels in

Equations (1) and (2):
Y2C4

− + N2 → Y2C4N2
− (1)

Y2C4H− + N2 → Y2C4HN2
− (2)

Compared with Y2C4
−, Y2C4H− shows a higher reactivity towards N2 under the same

reaction conditions in Figure 1f. Besides the major products, two weak peaks in Figure 1
are assigned to Y2C4OH− and Y2C4O2H−, generated from the reaction of Y2C4H0,1

−

anions with water impurities in the LIT. The pseudo-first-order rate constants (k1) for
the reactions one and two are estimated to be (3.7 ± 0.8) × 10−12 cm3 molecule−1 s−1

and (6.2 ± 1.3) × 10−14 cm3 molecule−1 s−1, which are based on a least-square fitting
procedure, corresponding to reaction efficiencies (Φ) [31,32] of 0.6% and 0.01%, respectively.
Additionally, the signal dependence of product Y2C4H0,1N2

− ions on N2 pressures was
obtained, which are derived and fitted with the mass spectrometry experimental data
(Supplementary Figure S2).

BPW91 calculations are performed to investigate the structures of reactant Y2C4H0,1
−

anion clusters (Supplementary Figure S3), as well as the reaction mechanisms between
Y2C4H0,1

− and N2. The lowest-energy isomer of Y2C4
− (doublet, 2IA1, Supplementary

Figure S3), which is 0.08 eV lower than its quartet isomer, is a Cs−symmetric six−membered
ring, with the Y-Y bond as the symmetry axis and two C2 ligands bonded to the two Y
atoms. Moreover, the most stable isomer of Y2C4H− (1IA2) has a hydrogen atom binding to
the Y1 atom in the six-membered ring, similar to the Y2C4

− (2IA1), and it is 0.07 eV lower
than the triplet state in energy (Supplementary Figure S3). Since the energies of the isomers
are very close, their reaction paths are calculated. The results show that, in the reaction
coordinates, the energies of the doublet and singlet stationary points and the products in
the Y2C4

−/N2 and Y2C4H−/N2 systems are lower than those of the corresponding quartet

152



Int. J. Mol. Sci. 2022, 23, 6976

and triplet analogues, respectively (Supplementary Figure S4). Enthalpy and Gibbs free
energies along with electronic and zero-point correction energies are added (Supplementary
Table S1). The concentration of dinitrogen adducts in the gas phase is relatively low, so it
is difficult to collect and continue to measure Raman spectra. Currently, it is difficult to
characterize structures due to technical and instrumental limitations. Infrared multiple
photon dissociation may be applied to reveal such types of anions. We have added the
calculated infrared spectra (Supplementary Figure S5), and the vibrational frequencies may
be used for future experimental identification of these clusters.
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Figure 1. TOF mass spectra for the reactions of (a) mass-selected Y2C4
− with He and (b) N2 for 6 ms,

(c) mass-selected Y2C4H− with He and (d) N2 for 14 ms, and (e) the coexisting Y2C4
− and Y2C4H−

clusters with (f) N2 for 10 ms, respectively. The effective reactant gas pressures are shown. The
asterisked peaks (*) are Y2C4OH− and Y2C4O2H−, due to the reactions with residual water in the
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The potential energy surfaces (PESs) of the most favorable reaction pathways are
given in Figure 2. The N2 molecule is initially captured by the Y1 atom in both Y2C4

− and
Y2C4H− to form the end-on-coordinated complexes 2I1 and 1I4. Notably, 2I1 (−0.71 eV)
in Figure 2a is as stable as 1I4 (−0.70 eV) in Figure 2b, suggesting that the N2−adsorbed
intermediates 2I1 and 1I4 are not the final products in the Y2C4

–/N2 and Y2C4H–/N2
systems. As for the Y2C4

−/N2 system, the coordination mode of N2 is further changed
from η1 in 2I1 to η2 in 2I2 via 2TS1. During this process, the N-N bond length is elongated
from 110 pm in free N2 to 119 pm in 2I2. Subsequently, the adsorbed N2 unit is anchored
by two Y atoms via 2TS2, forming a Y-N-N-Y bridge; at the same time, a longer N-N bond
of 123 pm is generated in 2P1. Note that the rupture of the N-N bonds encounters a high
energy barrier (2TS3, +2.46 eV with respect to the separated reactants), so that further
activation of N2 is hampered in this system.

The reaction of Y2C4H−/N2 (Figure 2b) follows the similar mechanism. The complex
is coordinated laterally to form a Y-N-N-Y bridge like 2P1 by overcoming a negligible barrier
1TS4, and the activation energy (∆Ea, i.e., the energy difference between the encounter
complex and the transition state) is lower than that of 2I2→ 2TS2 (∆Ea = 0.23 eV) in Y2C4

−.
In the step of 1I4→ 1P2, an elongation of the N–N bond from 115 to 121 pm occurs. Further
cleavage of N–N is also hindered due to the positive energy barrier of 4.89 eV (1TS5).
In addition, another adsorption of N2 on the Y2 atom (Supplementary Figure S6) that is
not bonded with the hydrogen atom can be eventually trapped in 1P2 by generating the
η2-mode intermediate 1I7. In conclusion, the reactions of Y2C4H− and Y2C4

− with N2
result in the formation of bridging adsorption products 2P1 and 1P2, and the adsorbed N2
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molecules are in the η1:η2 mode. As shown in Figure 3, the potential energy curves reveal
that the adsorption process of Y2C4H−/N2 is more favorable kinetically compared to that
of Y2C4

−/N2, since it is barrier−free for Y2C4H−/N2. A small barrier exists in the shallow
entrance channels when N2 approaches Y2C4

−, which further explains the experimental
observed low reaction rate constant for the dehydrogenated Y2C4

−/N2.
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(b) with N2. The zero-point vibration-corrected energies (∆H0K in eV) of the reaction intermediates
(I1–I4), transition states (TS1–TS4), and products (P1, P2), with respect to the separated reactants,
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and H atoms, respectively. Spin multiplicity is located in superscript.
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Figure 3. The BPW91-calculated relaxed potential energy curves of N2 approaching Y2C4
− and

Y2C4H− anions.

Frontier orbital analysis shows that the immobilization of the N2 ligand, as well as the
formation of 2P1 and 1P2, involve d-electrons transfer from the single-occupied molecular
orbital-1 (SOMO-1) of Y2C4

− and the HOMO orbital of Y2C4H− to the antibonding π*-
orbitals of N2 (Supplementary Figure S7). The presence of hydrogen atoms enhances the
reactivity of the cluster cations toward N2 since it changes the charge distribution. As
shown in Figure 4a, the Y1 linked to the hydrogen atom on the Y2C4H− cluster has more
negative charges compared to Y2C4

−, and it promotes π-back-donation. Note that the
energy differences between the transition states and the separated reactants, which is the
apparent barrier (∆E‡), matters in gas−phase studies. The apparent barrier for Y2C4H−/N2
(∆E‡ =−0.70 eV) is lower than that of Y2C4

−/N2 (∆E‡ =−0.48 eV), and the energy of 1P2 is
lower than that of 2P1 (−1.61 eV vs. −1.35 eV). According to the Rice-Ramsperger-Kassel-
Marcus (RRKM) theory [33], the internal conversion rate of I4 → TS4 (8.49 × 1011 s−1)
is 32 times larger than that of I2 → TS2 (2.65 × 1010 s−1). These theoretical results are
consistent with the experiments.
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To further improve the understanding of Y2C4H0,1
−/N2 systems, NBO analysis along

reaction coordinates was performed (Figure 4b,c). The charge details were added (Supple-
mentary Table S2). In the adsorption processes IA1→ I1 and IA2→ I4 of Y2C4H0,1

−/N2,
the yttrium atoms transfer 0.37 e and 0.29 e to the N1 atom, respectively, leading to the
formation of the Y-N1 bonds, while two N2 atoms in Y2C4− and Y2C4H− only increase by
0.11 e. In the subsequent steps I2→ P1 and I4→ P2 for the formation of the N2-Y2 bonds,
more electrons are stored in the two nitrogen atoms, resulting in the gradual elongation
of the N-N bonds. Overall, the electrons required for the N2 adsorption by the Y2C4

−

and Y2C4H− clusters are mainly provided by Y atoms with total transferred amounts of
0.88 e and 0.78 e, respectively. Differently, two and one Y atoms are the electron donors in
Y2C4

− and Y2C4H−, respectively. The active Y1 atom in Y2C4
− (IA1) has more 5s electron

occupancies (5s1.10 4d1.03), which causes an unfavorable approach and a high σ-repulsion
on the N2 molecule. When one hydrogen atom on the Y2C4

− (2IA1) cluster bonds to form
Y2C4H− (1IA2), the natural charge on the Y1 increases from 0.79 e to 1.48 e; at the same
time, more 4d and less 5s electron occupancies are located (5s0.38 4d1.12), which can make
N2 more accessible to the Y2C4H− cluster anions. The values of bond orders of Y-Y bond in
Y2C4H0,1

− anions are an important indicator for the ability of storing electrons, which in-
creases from 0.55 in Y2C4

− (2IA1) to 0.66 in Y2C4H− (1IA2). Therefore, although hydrogen
appears to be a bystander in N2 adsorption, its presence indeed stores more electrons in
the Y-Y bond and facilitates N2 adsorption. It can be concluded that the hydrogen atom
in the Y2C4H− cluster significantly affects the charge distribution and electronic structure,
and a suitable number of hydrogen atoms can enhance the reactivity towards N2.

3. Methods
3.1. Experimental Methods

The metal carbide clusters were generated by laser ablation metal target (made of
pure yttrium powder) (Jiangxi Ketai New Materials Co. Ltd, Jiangxi, China) seeded at 2‰
CH4(Beijing Huatong Jingke Gas Chemical Co. Ltd, Beijing, China) in a helium carrier gas
(backing pressure 4 atm). The pulsed laser is a 532 nm laser with 5–8 mJ/energy pulses
and 10 Hz repetition rate (140 Baytech Drive, San Jose, CA, USA). Y2C4

− and Y2C4H−

anion clusters were mass-selected by a quadrupole mass filter (QMF) (China Academy
of Engineering Physics, Mianyang, Sichuan, China) [34] and subsequently entered into a
linear ion trap (LIT) reactor (homemade) [35]. After being confined and thermalized by
the pulsed gas He for about 2 ms, they interacted with N2 for about 6 ms and 14 ms, at
room temperature, respectively. The anion clusters were ejected from the LIT and then
detected by a reflection time-of-flight mass spectrometer (TOF-MS) [36]. The rate constants
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of the reactions between Y2C4H0,1
− cluster anions and N2 were described [37]. A schematic

diagram of the experimental apparatus is shown in ref [34].

3.2. Computational Methods

All DFT [38] calculations were formed using the Gaussian 09 [39] program package
to explore the structures of reactant clusters Y2C4H0,1

− and the mechanistic details of
Y2C4H0,1

− with N2. To give the best interpretation of the experimental data, we calculated
the dissociation energies of the Y-Y Y-C, N-N and C-C (Supplementary Table S3) bonds
using 20 methods. The results show that BPW91 functional [40–42] performs very well. For
application of basis sets in reaction systems, the def2-TZVP [43] basis set was used for the
Y atom, and the 6 − 311 + G * basis sets [44,45] were selected for the C, H, and N atoms,
which were applied in other systems containing these elements [24,27,46]. The zero-point
vibration corrected energies (∆H0K in eV) in unit of eV are reported. Vibrational frequency
calculations must be performed for the geometric optimization of the reaction intermediates
(IMs) and transition states (TSs) [47]. Intrinsic reaction coordinate [48] calculations were
employed to ensure whether each TS was connected to two appropriate local minima.
DFT-D3 correction for the complexes were contained in the system. Natural population
analysis was performed using NBO 6.0 [49], and the orbital composition was analyzed by
the method of natural atomic orbitals employing the Multiwfn program [50].

4. Conclusions

In summary, the reactions of Y2C4H− and dehydrogenated Y2C4
− cluster anions with

N2 have been investigated experimentally and theoretically. The experimental results
indicate that the reaction rate constant of Y2C4H−/N2 is higher by a factor of 50 compared
with that of Y2C4

−/N2. DFT calculations indicate that the differences are caused by the
different charge distributions and the bonding of the additional hydrogen atom to the
yttrium atom in the Y2C4H− cluster, resulting in more 4d electron occupancies and thus
more efficient π-back-donation bonding with N2 molecules. The electron donor atoms of
Y2C4

− and Y2C4H− anion clusters are different, for Y2C4
−, two Y atoms donate electrons,

while only one Y atom donates electrons in Y2C4H−. Storing more electrons in the Y-Y
bond is also an important influence of the hydrogen atom on the reactivity of Y2C4H−

to N2. This study clearly reveals the significance of hydrogen-assisted reactions in N2
adsorption processes. Attaching an appropriate number of hydrogen atoms on active sites
can enhance the N2 adsorption rates, providing a new strategic direction for the rational
design of TM-based energy-efficient nitrogen fixation catalysts.
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Abstract: Carbon monoxide (CO) oxidation performance heavily depends on the surface-active
species and the oxygen vacancies of nanocomposites. Herein, the CuOx/Cu1.5Mn1.5O4 were fabri-
cated via solid-state strategy. It is manifested that the construction of CuOx/Cu1.5Mn1.5O4 nanocom-
posite can produce abundant surface CuOx species and a number of oxygen vacancies, resulting in
substantially enhanced CO oxidation activity. The CO is completely converted to carbon dioxide
(CO2) at 75 ◦C when CuOx/Cu1.5Mn1.5O4 nanocomposites were involved, which is higher than
individual CuOx, MnOx, and Cu1.5Mn1.5O4. Density function theory (DFT) calculations suggest that
CO and O2 are adsorbed on CuOx/Cu1.5Mn1.5O4 surface with relatively optimal adsorption energy,
which is more beneficial for CO oxidation activity. This work presents an effective way to prepare
heterogeneous metal oxides with promising application in catalysis.

Keywords: solid-state synthesis; CuOx/Cu1.5Mn1.5O4 nanocomposites; surface CuOx species;
oxygen vacancies; CO oxidation

1. Introduction

Transition metal oxide catalysts for eliminating carbon monoxide (CO) at lower tem-
peratures have attracted enormous attention in the past decades for their inexpensive cost
and wide applications in catalytic applications and environmental protection [1–3]. Many
techniques, such as morphology control [4–7], engineering defects [8–10], and construction
of composite oxides [11–13] have been developed to improve the CO oxidation perfor-
mance of transition metal oxide catalysts. Particularly, heterogeneous metal oxides that
have exhibited excellent performances in CO oxidation fields [14–16] are the most widely
studied because of their interactions of components [17]. Previous works have gradually
demonstrated that heterogeneous metal oxides with synergistic interactions between two
components are crucial for promoting catalytic performances [12,18,19]. The catalytic
activity of nanocomposites depends significantly on surface active species and oxygen
vacancies [20]. Therefore, the manipulation of the surface-active species and the oxygen
vacancies of nanocomposites by simple strategy to optimize their catalytic performance is
of great importance to meet the application in practice.

In the past few decades, many transition metal oxide catalysts have been devel-
oped, mainly including CeO2 [13,21,22], MnO2 [23–25], Co3O4 [26–28], CuO [29–31],
Fe2O3 [32–34] et al., Co3O4-CeO2−x [16,35], Cu-Mn [36], Ce-Cu [37,38], and Ce-Mn [39,40]
composite oxides. Different active metals and carriers will result in different interactions
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between metals and carriers and different exposed active sites, thus making them have dif-
ferent reactivity for CO catalytic oxidation. Yu [16] synthesized the catalyst of Co3O4-CeO2
nanocomposite, which showed good catalytic activity due to its special hollow multishell
structure and the interaction between the two components. Chen [41] constructed CuOx-
CeO2 nanorods and explained the relationship between reduction treatment and catalytic
activity, indicating that reduction treatment accelerates the generation of active sites. In
our previous works, we fabricated a CuOx-CeO2 catalyst via the solid-state method [22],
and investigated the influence of heating rate on catalytic performance. It was demon-
strated that the heating rate can regulate the surface dispersion of CuOx on CeO2 surface,
resulting in enhanced catalytic performance. Copper-manganese mixed oxide catalyst is
a typical transition metal-based catalyst in the CO oxidation reaction, which is known for
its high activity at high temperature and low cost [36,42]. However, current commercial
copper–manganese catalysts exhibit relatively low catalytic activity at low temperatures
for CO oxidation. Furthermore, specific deactivation frequently occurs during the catalytic
process [43,44]. The catalytic performance of heterogeneous catalysts is closely associated
with their synergistic interactions and oxygen vacancies. In addition, many controllable
synthetic strategies, such as direct calcination [30] and hydrothermal/solvothermal syn-
thesis [45,46], have been developed for the fabrication of heterogeneous catalysts with the
active two-phase interface, controllable size, shape, and composition in view of the purpose
of improving catalytic performance. These synthetic routes are usually low-producing,
time-consuming, and high-energy-consuming [47,48]. Solid-state synthesis integrated the
advantages of low cost, eco-friendly and large-scale and have aroused wide concern in
recent years [49–53].

Herein, a solid-state synthesis was developed to fabricate the CuOx/Cu1.5Mn1.5O4,
which was implemented by the straightforward grinding of copper salt, manganese salt,
and potassium hydroxide at ambient conditions. The metal oxide catalysts fabricated by
solid-state synthesis are considered a simple and economical approach because they are
without complicated procedures and organic solvents. The as-prepared CuOx/Cu1.5Mn1.5O4
exhibit significant advantages compared to other methods. The catalytic performance was
obviously promoted, which can be attributed to the surface CuOx species and the number of
oxygen vacancies. More importantly, this work presents us with an effective way to prepare
heterogeneous metal oxides with outstanding catalytic performance.

2. Results and Discussion

The preparation process of CuOx/Cu1.5Mn1.5O4 is schematically illustrated in Scheme 1.
The CuOx/Cu1.5Mn1.5O4 can be efficiently synthesized by the solvent-free strategy. The
corresponding X-ray powder diffraction (XRD) patterns of CuOx/Cu1.5Mn1.5O4 are exhib-
ited in Figure 1. The peaks detected at 2θ = 18.55, 30.51, 35.94, 37.60, 43.69, 54.23, 57.81,
and 63.51 degrees were indexed to Cu1.5Mn1.5O4 spinel solid solution (JCPDS No:70-0262).
The diffraction peak at 38.92 degrees attributes to the isolated CuO phases. These results
demonstrate the successful synthesis of CuOx/Cu1.5Mn1.5O4 nanocomposites by solid-
state strategy. As shown in Figure 1b, compared with individual CuO species, the major
diffraction peaks of the products with different Cu/Mn mole ratios were slightly shifted to
a higher degree, which can be ascribed to the change of the lattice parameters. In addition,
XRD patterns show the characteristic peaks of CuO and MnOx, as shown in Figure S1.
The ratios of Cu2+/Cu+ in Cu2O/CuO can be controlled by adjusting the types of copper
salts. The energy-dispersive X-ray spectrum (EDS) mapping analyses was implemented to
identify the elementary composition of the CuOx/Cu1.5Mn1.5O4. The Cu/Mn molar ratio
in the as-prepared samples is close to 1.0 (Figure S2), which has no significant difference
compared to the theoretical value during synthesis.
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Scheme 1. Schematic illustration of the construction of CuOx/Cu1.5Mn1.5O4 nanocomposite with
different surface CuOx species.

Figure 1. (a) The powder XRD patterns of CuOx/Cu1.5Mn1.5O4; (b) partially enlarged profiles.

The scanning electron microscope (SEM) and transmission electron microscopes (TEM)
images as shown in Figure 2 further prove that the nanoparticles with 11–16 nm (Figure 2e)
existed in CuOx/Cu1.5Mn1.5O4. Additionally, the interplanar spacing of 0.250 nm and
0.232 nm, revealed by the high-resolution transmission electron microscopes (HRTEM)
image (Figure 2i), correspond to (311) and (111) planes of Cu1.5Mn1.5O4 and CuO, respec-
tively. The element mapping results are exhibited in Figure 2, confirming that the Cu and
Mn elements are uniformly dispersed on the surface of CuOx/Cu1.5Mn1.5O4. These results
further confirm the successful synthesis of CuOx/Cu1.5Mn1.5O4 by solid-state strategy.
Furthermore, the morphologies of CuOx/Cu1.5Mn1.5O4 prepared by adjusting the molar
ratios of Cu/Mn were also acquired (Figure S3), displaying agglomerated nanoparticles.
The morphologies of CuO, Cu2O-CuO, and MnOx are shown in Figures S4–S6, which also
exhibit ir-regular nanoparticles.

The CO catalytic performance of the as-obtained CuOx/Cu1.5Mn1.5O4 were firstly
evaluated. As shown in Figure S7a,b, the best CO catalytic activity is CuOx/Cu1.5Mn1.5O4
with Cu/Mn molar ratio of 1:1 calcined at 400 ◦C. The CuOx/Cu1.5Mn1.5O4 can completely
convert CO to CO2 at 75 ◦C, especially at low temperatures. T50 (the temperature of 50%
of CO conversion) is only 41 ◦C. The CO2 yield in the CO oxidation has been shown in
Figure S8a, which presents nearly 100% yield. Moreover, they have been compared with
previous works (Table S1), which also presents a better catalytic property. Other samples
exhibit a relatively lower catalytic activity performance with higher T100 (the temperature
of 100% of CO conversion) and T50 (the temperature of 50% of CO conversion) in Figure 3.
The 100% CO conversion was accomplished for individual CuO, Cu2O-CuO, and MnOx
samples at 140 ◦C, 130 ◦C, and 200 ◦C, respectively. The individual CuOx and MnOx
particles show poorer performance than CuOx/Cu1.5Mn1.5O4, implying that the synergistic
effect between CuOx and MnOx may promote its catalytic activity that is not presented
in the individual components. As shown in Figure S8b, the sample of physical mixing of
CuOx + MnOx was also prepared, which exhibits the poor catalytic performance for CO
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oxidation. The stability of the CuOx/Cu1.5Mn1.5O4 was also tested at 60 ◦C. The negligible
decline of activity can be observed during 30 h testing from Figure S9, which implies the
excellent stability of CuOx/Cu1.5Mn1.5O4 for CO oxidation reaction.

Figure 2. (a,b) the SEM images; (d,e,h) TEM images; (i) HRTEM image; and (c,f,g,j) the corresponding
element mapping patterns of CuOx/Cu1.5Mn1.5O4.

Figure 3. (a,b) The CO conversion performances on various catalysts.

The X-ray photoelectron spectra (XPS) were used to investigate the chemical states
of samples. The XPS spectrum in Figure 4 and Figure S10 indicate the coexistence of the
Cu, Mn, and O elements. Two peaks at about 931.1 and 950.9 eV, respectively, shown in
Figure 4a refer to the Cu+ or Cu◦ due to the fact that their binding energies are basically
the same [31,54]. Cu◦ is unstable at room temperature and easily oxidized to copper
oxide. The CuOx/Cu1.5Mn1.5O4 nanocomposites were acquired after being calcined at high
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temperature in air. Therefore, the peak is assigned to Cu+ because of the successful synthesis
of CuOx/Cu1.5Mn1.5O4 nanocomposites. The two main peaks have small shoulder peaks
that appeared at 933.3 and 953.4 eV, relating to the Cu2+ [55–58]. The XPS analysis results
imply that Cu+ and Cu2+ coexist on the surfaces of the CuOx/Cu1.5Mn1.5O4. As shown in
Figure 4b, the asymmetrical Mn 2p spectra of individual MnOx catalysts could be fitted
into four components based on their binding energies. The binding energies of 640.2 eV,
641.2 eV, 642.5 eV, and 646.0 eV correspond to Mn2+, Mn3+, Mn4+ species, and the satellite
peak, respectively [59]. The O 1s XPS spectrum of samples can be divided into three
single peaks (Figure 4c), corresponding to surface lattice oxygen (Oα), surface adsorbed
oxygen (Oβ), and adsorbed molecular water species (Oγ), respectively [14,60–62]. The
CuOx/Cu1.5Mn1.5O4 demonstrates the highest surface adsorbed oxygen, which is beneficial
to the adsorption of O2 molecules, and thus help to improve catalytic performance.

Figure 4. (a) Cu 2p; (b) Mn 2p; (c) O 1s spectra of MnOx, CuOx/Cu1.5Mn1.5O4, and CuO catalysts, respectively.

As shown in Figure 5a, the reduction property of prepared samples was investigated
by hydrogen temperature-programmed reduction (H2-TPR). A peak at 200 ◦C–400 ◦C
was presented for an individual CuO sample, attributing to the gradual reduction of
copper oxide [30]. In addition, two H2 reduction peaks at 245 ◦C and 364 ◦C occurred
for an MnOx sample, which correspond to the gradual reduction of MnO2 →Mn3O4 →
MnO [23,39,59]. For CuOx/Cu1.5Mn1.5O4 nanocomposite, the first peak at below 158 ◦C
refers to the reduction of fine CuO to Cu or MnO2 to Mn3O4. Other peaks at 174 ◦C
and 201 ◦C correspond to the gradual reduction of Cu1.5Mn1.5O4 oxides [63]. The lower
reduction temperature for CuOx/Cu1.5Mn1.5O4 compared with individual CuOx and MnOx
indicates the strong synergistic effect between CuOx and MnOx. The strong interactions
in CuOx/Cu1.5Mn1.5O4 are often related to the abundant oxygen vacancies, which can
promote catalytic performance. The oxygen storage capacity (OSC) of catalysts was assessed
by oxygen temperature-programmed desorption (O2-TPD). In Figure 5b, the temperature
below 200 ◦C is due to the desorption of surface oxygen species (Oβ) [64]. The second peak,
appearing at 250–550 ◦C, corresponds to the overflow of surface lattice oxygen (Oα). The
high-temperature zone at above 550 ◦C is related to the bulk lattice oxygen species [63]. The
CuOx/Cu1.5Mn1.5O4 shows the highest amount of adsorbed oxygen species compared with
other samples, confirming the higher oxygen capacity that is conducive to the promotion
of catalytic performance.

To elucidate the effects of surface CuOx species and the oxygen vacancies in CuOx/
Cu1.5Mn1.5O4 in detail, the Cu1.5Mn1.5O4 was fabricated by changing the types of copper
salt in the synthesis process to investigate the structure-activity relationships. The Cu2+

and Mn4+ proportion was evaluated by XPS (Figure 6d). It indicates that the ratio of
Cu2+ and Mn4+ in CuOx/Cu1.5Mn1.5O4 is higher than Cu1.5Mn1.5O4 sample. The higher
contents of Cu2+ and Mn4+ are beneficial to the formation of Cu2+-O2−Mn4+ entities at
the two-phase interface [36]. As reported in the studies [63,65], the presence of abundant
Mn4+ proportion can create many adsorbed oxygen species [63]. In addition, the ratios of
Cu+/Cu2+ in different samples show a change by altering the types of copper salts in the
synthetic process (Table S2). The CuOx/Cu1.5Mn1.5O4 exhibits a higher Cu2+ ratio than
Cu1.5Mn1.5O4, which corresponds to XRD results that the CuOx/Cu1.5Mn1.5O4 shows the
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higher intensity of the CuO diffraction peaks. The XPS results indicate that the Cu2+ and
Mn4+ proportion can be engineered by changing the component of Cu-based oxides in the
synthetic process.

Figure 5. (a) H2-TPR; (b) O2-TPD profiles of MnOx, CuOx/Cu1.5Mn1.5O4, and CuO catalysts, respectively.

Figure 6. (a) Cu 2p; (b) Mn 2p; (c) O 1s spectra; (d) the contents of Cu2+ and Mn4+ in Cu1.5Mn1.5O4,
and CuOx/Cu1.5Mn1.5O4, respectively.

As shown in Figure 7a, there are obvious differences in catalytic performance after
changing the copper salts. The Cu1.5Mn1.5O4 exhibits poor catalytic activity compared with
CuOx/Cu1.5Mn1.5O4 at the same condition. Herein, the performance of catalysts can be
meaningfully boosted by altering the surface CuOx species and the oxygen vacancies in
CuOx/Cu1.5Mn1.5O4. As shown in Figure S11a,b, the Cu1.5Mn1.5O4 exhibited ir-regular
nanoparticles morphology. The Cu and Mn elements are homogeneously dispersed on
the surface of Cu1.5Mn1.5O4, and their molar ratio is close to 1.0 (Figure S2), which has no
significant difference with CuOx/Cu1.5Mn1.5O4. The XRD diffraction patterns indicate the
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formation of Cu1.5Mn1.5O4 containing some CuOx (Figure 7b), while the catalytic perfor-
mance showed obvious differences. The CuOx/Cu1.5Mn1.5O4 exhibits the higher intensity
of the CuO diffraction peaks than Cu1.5Mn1.5O4. In our previous work [31], the individual
Cu2O/CuO nanocomposites and CuO can be fabricated by tuning the types of copper salt
in the synthesis. The Cu1.5Mn1.5O4 with different surface CuOx types were fabricated by al-
tering the types of copper salts (+1, +2 valence state) in the synthetic process. Therefore, the
different surface types in Cu1.5Mn1.5O4 depend on the types of copper salts (+1, +2 valence
state) in the synthetic process used. The higher content of CuO in CuOx/Cu1.5Mn1.5O4
can significantly enhance redox reaction between Cu and Mn species, promoting charge
transfer in nanocomposites, and thus achieving a stronger interaction. From Figure 7c,
the CuOx/Cu1.5Mn1.5O4 shows a lower reduction temperature than Cu1.5Mn1.5O4, im-
plying the better reducibility. The peak areas for different samples were estimated from
the H2-TPR results. In Table S3, the higher peak areas of first peak α is presented for
CuOx/Cu1.5Mn1.5O4, indicating the ratio of Cu2+ and Mn4+ in CuOx/Cu1.5Mn1.5O4, which
is consistent with XPS results. Therefore, we can confirm that CO oxidation activity is heav-
ily dependent on the surface CuOx species in CuOx/Cu1.5Mn1.5O4. In addition, as shown in
Figure 7d, the amounts of oxygen desorption (Oβ) over the obtained CuOx/Cu1.5Mn1.5O4
are greatly changed by adjusting the surface CuOx species. The CuOx/Cu1.5Mn1.5O4 shows
the highest amount of adsorbed oxygen species compared with Cu1.5Mn1.5O4, confirming
the higher oxygen capacity that is conducive to the promotion of catalytic performance.
The H2-TPR analysis results indicate that the interaction of nanocomposites could be ma-
nipulated by changing the surface compositions of CuOx/Cu1.5Mn1.5O4. The O2-TPD
results further identify the presence of abundant surface-adsorbed oxygen on the surface of
CuOx/Cu1.5Mn1.5O4. Therefore, the construction of CuOx/Cu1.5Mn1.5O4 with abundant
surface CuOx species not only strengthens the interactions in CuOx/Cu1.5Mn1.5O4, but also
facilitates the absorption and activation of surface oxygen species.

Figure 7. (a) The CO conversion performances; (b) the powder XRD patterns; (c) H2-TPR; (d) O2-TPD
profiles of Cu1.5Mn1.5O4 and CuOx/Cu1.5Mn1.5O4, respectively.
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Density functional theory (DFT) calculations were implemented to understand the in-
trinsic reason about the mechanism of CO and O2 adsorption and the subsequent oxidation
process for CuOx/Cu1.5Mn1.5O4. The adsorption configurations of CO and O2 molecules
on the CuO, Cu1.5Mn1.5O4, and CuOx/Cu1.5Mn1.5O4 are shown in Figure 8. It is found that
CO is adsorbed on the surface of CuO and Cu1.5Mn1.5O4 with the adsorption energy of
−0.316 eV and −0.164 eV, respectively. The adsorption energy of CO molecules adsorbed
at the CuOx/Cu1.5Mn1.5O4 surface is −1.346 eV, which are lower than that on CuO and
Cu1.5Mn1.5O4. In addition, the adsorption energy of O2 molecules on CuOx/Cu1.5Mn1.5O4
surface is −1.018 eV, which is much lower than the 0.026 eV and −0.962 eV for CuO
and Cu1.5Mn1.5O4. The lower adsorption energy indicates that gas molecules are easier
to adsorb on the surface of CuOx/Cu1.5Mn1.5O4. In summary, DFT calculation showed
that construction of CuOx/Cu1.5Mn1.5O4 nanocomposite with abundant surface CuOx
species and oxygen vacancies significantly improved the adsorption capacity of CO and O2
molecules, and thus is more beneficial for CO oxidation activity.

Figure 8. The side views of CO and O2 adsorption on the surfaces of CuO, Cu1.5Mn1.5O4, and
CuOx/Cu1.5Mn1.5O4, respectively.

The effects of surface CuOx species and the oxygen vacancies in composite oxide can be clar-
ified based on the above results. In Figure 9, the catalytic property of the CuOx/Cu1.5Mn1.5O4 is
improved compared to Cu1.5Mn1.5O4, which confirms the important role of surface CuOx species
and oxygen vacancies. After construction of CuOx/Cu1.5Mn1.5O4 nanocomposite with abun-
dant surface CuOx species and oxygen vacancies, the abundant Cu2+ and Mn4+ proportions
in CuOx/Cu1.5Mn1.5O4 are higher than in Cu1.5Mn1.5O4, which facilitated the formation
of more (Cu2+-O2−-Mn4+) entities at the two interfaces. In addition, the construction of
CuOx/Cu1.5Mn1.5O4 nanocomposites is beneficial for enhancing the synergetic interaction
between MnOx species and CuOx species, which promotes the massive production of
surface adsorbed oxygen species [36]. In CO oxidation, surface CuOx species and oxygen
vacancies play significant roles in catalytic activity. The abundant surface CuOx species and
oxygen vacancies could preferentially adsorb CO and O2 molecules [22], and the adsorbed
O2 reacts with CO to form CO2, which ultimately enhances catalytic activity.
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Figure 9. Reaction mechanisms of CuOx/Cu1.5Mn1.5O4 toward CO oxidation.

3. Materials and Methods
3.1. Materials

Copper (II) chloride (CuCl2, AR), cuprous (I) chloride (CuCl, AR), manganese (II) chloride
(MnCl2, AR), and potassium hydroxide (KOH, AR) were purchased from Tianjin Zhiyuan
Chemical Reagents Co., Ltd. (Tianjin, China), which were used without further refinement.

3.2. The Preparation of CuOx/Cu1.5Mn1.5O4 Nanocomposite with Various Surface CuOx Species
and the Oxygen Vacancies

As shown in Scheme 1, in a typical procedure, 1.70 g of CuCl2 (10 mmol) and 1.25 g of
MnCl2 (10 mmol) were mixed well in an agate mortar by grinding. Then 4.49 g of KOH
(60 mmol) was added into the agate mortar. After continuous grinding for about 1 h, the
resulting solid products were sufficiently washed with deionized water and anhydrous
ethanol to clear the residual Cl or K species, and then dried at ambient temperature
overnight. The final CuOx/Cu1.5Mn1.5O4 nanocomposites were acquired after calcining
the mixtures in the air at 400 ◦C for 2 h (5 ◦C/min). In addition, the CuOx/Cu1.5Mn1.5O4
with different Cu/Mn mole ratios (Cu/Mn = 1:2 and 2:1) were calcined at 300 ◦C or 500 ◦C.

The Cu1.5Mn1.5O4 nanocomposite (containing some CuO) was also obtained, and only
the CuCl2 was replaced by CuCl during the solvent-free synthesis route.

3.3. The Preparation of MnOx

As a comparison, the individual MnOx particles were also fabricated by straightfor-
ward grinding MnCl2 with KOH under a similar process.

3.4. The Preparation of Cu2O/CuO and CuO

The Cu2O/CuO nanocomposite was fabricated according to our previous work [31].
The 0.99 g of CuCl (10 mmol) and 1.68 g of KOH (30 mmol) were ground in the agate
mortar for 1 h. The other parameters are consistent with the CuOx/Cu1.5Mn1.5O4 nanocom-
posite above.

In addition, the CuO was also prepared by mixing CuCl2 and KOH in the agate mortar.
The sample of physical mixing of CuOx + MnOx was also prepared by straightforward
grinding CuO and MnOx, and then calcining the mixtures in the air at 400 ◦C for 2 h
(5 ◦C/min).

3.5. The Characterization and Testing Processes of Catalyst

XRD, SEM, HRTEM, EDS, XPS, H2-TPR, and O2-TPD were implemented to inves-
tigate the morphology and structure of CuOx/Cu1.5Mn1.5O4 nanocomposites. Detailed
characterization and testing processes are presented in the Supplementary Materials.
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4. Conclusions

In summary, the Cu1.5Mn1.5O4 with different surface CuOx types were fabricated by
altering the types of copper salts (+1, +2 valence state) in the synthetic process. The higher
content of CuO in CuOx/Cu1.5Mn1.5O4 can significantly enhance redox reaction between
Cu and Mn species, promoting charge transfer in nanocomposites, thus achieving a stronger
interaction. In addition, the higher ratio of Cu2+ and Mn4+ is beneficial to the formation
of Cu2+-O2−-Mn4+ entities at the two-phase interface, which produced abundant surface
CuOx species and oxygen vacancies. DFT calculations suggest that CO and O2 molecules
are adsorbed on the CuOx/Cu1.5Mn1.5O4 surface with relatively optimal adsorption energy,
resulting in the highest CO oxidation activity. The as-synthesized CuOx/Cu1.5Mn1.5O4
delivers excellent CO catalytic performance compared with individual CuOx and MnOx
particles. The CO is completely converted to CO2 at 75 ◦C when CuOx/Cu1.5Mn1.5O4 is
involved. This work opens new avenues for the efficient and sustainable production of
heterogeneous metal oxides with an outstanding catalytic performance.
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Abstract: Aniline (AN) is one of the most important compounds in the chemical industry and is
prepared by the catalytic hydrogenation of nitrobenzene (NB). The development of novel, multifunc-
tional catalysts which are easily recoverable from the reaction mixture is, therefore, of paramount
importance. Compared to conventional filtration, magnetic separation is favored because it is cheaper
and more facile. For satisfying these requirements, we developed manganese ferrite (MnFe2O4)–
supported, magnetically separable palladium catalysts with high catalytic activity in the hydrogena-
tion of nitrobenzene to aniline. In addition to high NB conversion and AN yield, remarkable aniline
selectivity (above 96 n/n%) was achieved. Surprisingly, the magnetic support alone also shows mod-
erate catalytic activity even without noble metals, and thus, up to 94 n/n% nitrobenzene conversion,
along with 47 n/n% aniline yield, are attainable. After adding palladium nanoparticles to the support,
the combined catalytic activity of the two nanomaterials yielded a fast, efficient, and highly selective
catalyst. During the test of the Pd/MnFe2O4 catalyst in NB hydrogenation, no by-products were
detected, and consequently, above 96 n/n% aniline yield and 96 n/n% selectivity were achieved. The
activity of the Pd/MnFe2O4 catalyst was not particularly sensitive to the hydrogenation temperature,
and reuse tests indicate its applicability in at least four cycles without regeneration. The remarkable
catalytic activity and other favorable properties can make our catalyst potentially applicable to both
NB hydrogenation and other similar or slightly different reactions.

Keywords: manganese ferrite; spinel; aniline; nanoparticles; Pd/MnFe2O4; nitrobenzene

1. Introduction

The global aniline market reached a volume of 8.93 million tons in 2021 and is expected
to reach 12.47 million tons by 2027. This huge production volume is a clear indicator that
aniline is one of the most important bulk chemicals, with wide applications in the manu-
facture of herbicides, dyes, pigments, pharmaceuticals, and polymers (e.g., polyurethanes,
~75% of world production) [1–5]. Aniline is produced industrially by the catalytic hydro-
genation of nitrobenzene carried out either in the gas or liquid phase. In most cases, the
liquid phase process is performed in an organic solvent, such as methanol [6], ethanol [7],
or isopropanol [8]. Heterogeneous catalysts, such as Raney nickel [9], copper [10], gold [11],
platinum [12], and palladium [13], are commonly used in the hydrogenation of nitroben-
zene. Recently, a number of palladium-based catalysts have been developed and used in
industrial processes due to their high activity and selectivity. Recovery of homogeneous Pd
catalysts from the reaction medium is cumbersome, time-consuming, and limits recycling;
therefore, the development of heterogeneous catalysts has received much attention [14].
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Among the various substrates, clays with high thermal and mechanical stability were one
of the most facile [15]. Large specific surface area (a = A/V, m2/m3) is a key factor in
heterogeneous catalysis since the reaction happens on the catalyst surface. Larger surface
yields higher rate of reaction, hence the application of nanoparticles is favored. Moreover,
nanoparticles with different geometries can also be combined. For example placing palla-
dium on poly-dopamine-decorated halloysite nanotubes hybridized with N-doped porous
carbon monolayer (Pd@Hal-pDA-NPC) yielded a hybrid catalyst which proved to be very
effective in C–C coupling (Sonogashira, Heck and Suzuki reactions) and the hydrogenation
of nitro compounds with high recyclability [16]. The adhesion between the catalyst and
the clay support can be further enhanced by decoration and support with various ligands,
such as dendrimer (PAMAM) [17], different diamines [18], or multi-dentate ligands [19].
Instead of clay, natural polymers, such as ligand-decorated chitosan, can also be used
as support [20]. Using these supports has the advantages of easy catalyst recovery and
reusability without losing catalytic activity and with little Pd dissolution; however, they
are difficult to make, and therefore cheaper alternatives, such as activated carbon, are still
in use.

Palladium catalysts on activated carbon are the main types, although their separa-
tion from the reaction medium is difficult and time-consuming due to their very small
(several 10–100 nm) particle size. The use of magnetic materials as catalyst supports is
a novel approach in the hydrogenation of NB [21–24]. Magnetic materials allow easy
and efficient separation of the catalyst using an external magnet or magnetic field, avoid-
ing complicated and time-consuming additional separation operations such as filtration
and centrifugation [25]. Spinel ferrites (MFe2O4, M = Mn, Co, Cu, Ni, etc.) appear as
new and promising heterogeneous catalysts due to their ferromagnetic properties and
stable mineral structures. They are widely used in information storage, ferrofluid tech-
nology, electronic devices, biomedical applications, and catalysis [26–29]. Manganese(II)
ferrite (MnFe2O4) has an inverse spinel structure, high adsorption capacity, and excep-
tional chemical stability. MnFe2O4 nanoparticles can be prepared by a variety of methods,
such as hydrothermal [30,31], solvothermal [32,33], coprecipitation [34,35], sol-gel [36],
microemulsion [37], combustion [38], and sonochemical synthesis [39].

Sonochemical synthesis has a few advantages compared to conventional methods.
Catalysts are generally prepared in several steps. During the activation step, metal ions
(e.g., palladium ions), oxides, and complex ions are reduced with hydrogen gas to a catalyt-
ically active form, namely the metal phase; however, this reduction step is generally time-
and energy-consuming. In contrast, using ultrasonic cavitation, the catalyst preparation
process is simplified, and no post-activation in hydrogen is required as the precious metals
are present in the elemental state on the support.

In our work, we used a simple process to prepare novel, magnetic MnFe2O4-supported
Pd catalysts, the performance of which was tested in nitrobenzene hydrogenation at four
different temperatures. Important catalytic properties, such as conversion, yield, selectivity,
ease of separation (magnetically), and reusability were also investigated in detail.

2. Results and Discussion
2.1. Synthesis and Characterization of the Developed Magnetic Catalysts

For the economical production of aniline, the price of the catalyst is a key factor.
One of the most facile and cheapest methods for the preparation of the magnetic support
nanoparticles is sonochemical activation combined with combustion. During the first step,
upon the action of ultrasound, highly dispersed metal hydroxide nanoparticles formed
from the metal nitrate precursors in polyethylene-glycol-based dispersion. PEG400 was
used in this study since it is a viscous liquid at room temperature, and it yielded the desired
small (metal oxide/hydroxide) particle size. The chemical effects of ultrasound irradiation
are, primarily, attributed to its acoustic cavitation: the formation, growth, and implosive
collapse of bubbles in the irradiated liquid. During the collapse, there is a high energy
density from the conversion of the kinetic energy of the liquid’s motion into the heating
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of the contents of the bubble, which can cover the energy requirements of the chemical
reactions, such as the formation of metal hydroxides from their nitrate precursors in the
polyol phase. Iron(III) was added to Mn(II) in a 2:1 molar ratio (16 mmol vs. 8 mmol) to
obtain the favored spinel structure with the following formula: MFe2O4 (where M stands
for Mn, Cd, Co, Ni, Cu, Zn, etc.). Deviation from the stoichiometric form of the spinel
structure may result in the formation of undesirable, non-magnetic metal oxides.

In the second step, during the combustion method, the PEG-based colloid system
of the iron and manganese hydroxides was heated in a furnace in the presence of an air
atmosphere at 573 K, 623 K, and 673 K. The duration of the heat treatment was 3 h in each
case. After burning of the PEG and the dehydration of the metal hydroxide nanoparticles,
the expected spinel structures with magnetic properties formed. These MnFe2O4 samples
were used as magnetic catalyst support for the preparation of palladium-decorated spinel
catalysts. Palladium was also deposited on the surface of the support using a sonochemical
step. During the process, elemental palladium nanoparticles formed from the Pd(II) ions
and the alcohol (patosolv), which acted as the reducing agent. The synthesis, properties,
and further application of the catalyst nanoparticles are summarized in Figure 1 and Table 1.
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Figure 1. Scheme of the preparation and application of the magnetic Pd/MnFe2O4 catalyst.

Table 1. Summary table for the physical and chemical properties of the magnetic nanoparticles pre-
pared: mean particle sizes and the phase composition of the manganese ferrite and magnetite based
on XRD results, the palladium contents based on ICP-OES analysis, ADA specific surface area deter-
mined by the Dubinin–Astakhov (DA) method. Xmax, Ymax and Smax are the maximum conversion,
yield, and selectivity values determined at the time and temperature indicated in parentheses.

MnFe2O4 Fe3O4 Pd ADA
m2/g Xmax, (t) (%) Ymax.(t) (%) Smax.(t) (%)

d (nm) wt% d (nm) wt% d (nm) wt%

MnFe2O4 (573 K) 11 ± 3 100 ø ø ø ø ø 34.3 a 4.90 a n/a

MnFe2O4 (623 K) 12 ± 2 61.1 14 ± 3 38.9 ø ø ø 93.4 a 47.0 a n/a

MnFe2O4 (673 K) 13 ± 2 41.8 12 ± 3 48.2 ø ø ø 94.8 a 42.5 a n/a

Pd/MnFe2O4 (573 K) 10 ± 3 89.1 35 ± 5 3.3 4 ± 1 4.20 74
99.9

(180 min)
(303 K)

94.8
(60 min)
(323 K)

94.6
(120 min)
(323 K)

Pd/MnFe2O4 (623 K) 8 ± 2 66.0 15 ± 3 25.7 4 ± 1 4.64 69
99.9

(40 min)
(323 K)

96.7
(240 min)
(283 K)

96.8
(240 min)
(283 K)

Pd/MnFe2O4 (673 K) 10 ± 3 64.3 13 ± 2 20.3 6 ± 1 4.61 78
99.9

(120 min)
(323 K)

95.7
(180 min)
(293 K)

95.8
(180 min)

(293K)
a These parameters were measured at 240 min and 323 K.

Surface polarity and the presence of functional groups on the surface are important
factors which determine the dispersibility of the nanoparticles in the liquid phase. Fur-
thermore, the functional groups could serve as potential anchor points for the catalytically
active metals on the supports. On the other hand, surface polarity, and the potential binding
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centra (functional groups, crystal defect sites etc.), play a great role in the adsorption and
desorption processes of the reactant and product molecules during catalytic hydrogenation
reactions. Henceforth, it is important to determine the presence or absence of certain
functional groups and the corresponding Zeta potential of the system which contribute to
the dispersibility and colloidal stability in water or aqueous solutions. Thus, FTIR and Zeta
potential measurements were carried out in the case of the three magnetic catalyst supports
which were prepared at different temperatures (Figure 2A,B).
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Figure 2. FTIR spectra (A) and Zeta potential distributions (B) of the magnetic catalyst supports.

In the case of the manganese ferrite support synthesized at 573 K, two absorption
bands at 448 cm−1 and 568 cm−1 wavelengths were identified in the spectrum, possibly
arising from the intrinsic stretching vibration modes of the metal–oxygen bond at the
octahedral and tetrahedral sites of the MnFe2O4 [40]. Furthermore, based on the band at
1099 cm−1, C–O bonds are also located on the surface, indicating the presence of alcoholic,
carbonyl, and carboxyl functional groups. The band at 1557 cm−1 can be associated with
the νC=C vibration mode of the deposited carbon from the thermal decomposition of
the polyol (PEG). Additional carbon vibration bands are also visible at 2864 cm−1 and
2927 cm−1, which correspond to the symmetric and asymmetric stretching vibration of the
aliphatic and aromatic C–H bonds, respectively. The spectra of the samples synthesized at
higher temperatures (623 K and 673 K) clearly differ as the intensity of νC–O, νC=C and
νC–H bands decreased because of the partial oxidation of carbon as the heating occurred
in the air atmosphere. The band at 1410 cm−1 corresponds to the βOH vibration mode.
The presence of the –OH stretching vibration is further confirmed by a band at 3429 cm−1.
Furthermore, adsorbed water molecules are also detected as an OH vibration band at
1641 cm−1. At higher temperatures, distinct shoulders can be found on the bands of the
metal–oxygen vibrations at 642 cm−1 and 726 cm−1 due to the formation of a new phase,
the magnetite beside MnFe2O4.

For the identification and quantification of the different crystalline phases in the
magnetic catalyst supports and the palladium-decorated catalysts, XRD analysis was
performed (Figure 3). On the diffractograms of the magnetic ferrite samples (Figure 3A),
reflexions at 18.1◦, 29.9◦, 35.3◦, 36.8◦, 42.5◦, 52.7◦, 56.3◦, and 61.7◦ two Theta degrees were
identified, which correspond to (111), (220), (311), (222), (400), (422), (511), and (440) Miller-
indexed crystal lattices of the MnFe2O4 phase (PDF 74–2403), respectively. In the case of
the ferrite sample, which was prepared at 573 K, only one phase, manganese ferrite, was
found (Figure 3A). On the diffractograms of the magnetic nanopowders, which were made
at 623 K and 673 K, magnetite (Fe3O4) was also identified, in addition to the Mn spinel
(Figure 3B,C). The reflexions, which are characteristic for the Fe3O4 are identified at 18.2◦
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(111), 30.3◦ (220), 35.7◦ (311), 43.2◦ (400), 53.5◦ (422), 57.1◦ (511), and 62.3◦ (440) two Theta
degrees (PDF 19-629).

Int. J. Mol. Sci. 2022, 23, 6535 5 of 13 
 

 

at 40.2°, 46.3°, and 68.0° two Theta degrees which belong to the Pd (111), Pd (200), and Pd 
(220) phases (PDF 046–1043), respectively. 

 
Figure 3. XRD diffractograms of the magnetic catalyst supports prepared at 573 K (A), 623 K (B), and 
673 K (C) and the corresponding palladium-decorated catalysts (D) 573 K, (E) 623 K, and (F) 673 K. 

Based on the Rietveld analysis, only MnFe2O4 (maximum spinel phase) was identi-
fied in the sample prepared at the lowest temperature (573 K, Table 1). The average parti-
cle size was 11 ± 3 nm. By increasing the temperature to 623 K and 673 K during the heat-
ing step, the magnetite phase also formed in increasing amounts (38.9 wt% and 48.2 wt%, 
respectively) in addition to the manganese spinel. The particle sizes were similar in the 
case of the ferrite and magnetite crystallites (between 11 nm and 14 nm). The deposition 
of the palladium particles onto surface of the magnetic crystallites was carried out by high-
energy ultrasonic treatment. Due to the high energy, the manganese ferrite (jacobsite) par-
tially decomposed, and magnetite formed. Nevertheless, this does not affect separability 
since the nanopowders contain only magnetic phases in addition to metallic palladium. 
The average crystallite size of the palladium nanoparticles is between 4 nm and 6 nm. The 
real palladium contents were determined by ICP-OES measurements, and the results were 
similar (between 4.20 and 4.65 wt%) for the three catalysts (Table 1). 

Table 1. Summary table for the physical and chemical properties of the magnetic nanoparticles pre-
pared: mean particle sizes and the phase composition of the manganese ferrite and magnetite based 
on XRD results, the palladium contents based on ICP-OES analysis, ADA specific surface area deter-
mined by the Dubinin–Astakhov (DA) method. Xmax, Ymax and Smax are the maximum conversion, 
yield, and selectivity values determined at the time and temperature indicated in parentheses. 

Figure 3. XRD diffractograms of the magnetic catalyst supports prepared at 573 K (A), 623 K (B), and
673 K (C) and the corresponding palladium-decorated catalysts (D) 573 K, (E) 623 K, and (F) 673 K.

Surprisingly, magnetite was also identified in the pure manganese ferrite catalyst
support in the case of the palladium-decorated magnetic catalysts. (Figure 3D). This
phenomenon can be explained by the decomposition of the spinel upon sonication and the
subsequent phase-separation of magnetite. This phase transition could be promoted by the
high energy released during the acoustic cavitation, which was applied for the palladium
decomposition on the surface of the MnFe2O4 particles. Magnetite was also found in the
other two catalysts (Figure 3E,F). The reflexions of the elemental palladium are located
at 40.2◦, 46.3◦, and 68.0◦ two Theta degrees which belong to the Pd (111), Pd (200), and
Pd (220) phases (PDF 046–1043), respectively.

Based on the Rietveld analysis, only MnFe2O4 (maximum spinel phase) was identified
in the sample prepared at the lowest temperature (573 K, Table 1). The average particle
size was 11 ± 3 nm. By increasing the temperature to 623 K and 673 K during the heating
step, the magnetite phase also formed in increasing amounts (38.9 wt% and 48.2 wt%,
respectively) in addition to the manganese spinel. The particle sizes were similar in the case
of the ferrite and magnetite crystallites (between 11 nm and 14 nm). The deposition of the
palladium particles onto surface of the magnetic crystallites was carried out by high-energy
ultrasonic treatment. Due to the high energy, the manganese ferrite (jacobsite) partially
decomposed, and magnetite formed. Nevertheless, this does not affect separability since
the nanopowders contain only magnetic phases in addition to metallic palladium. The
average crystallite size of the palladium nanoparticles is between 4 nm and 6 nm. The
real palladium contents were determined by ICP-OES measurements, and the results were
similar (between 4.20 and 4.65 wt%) for the three catalysts (Table 1).

Sorptometric investigations revealed no significant differences (approx. 10%) between
the specific surface areas (ADA, Table 1) of the palladium-containing magnetic catalysts pre-
pared at different temperatures. It was found that, by increasing the synthesis temperature
from 573 to 623 K, the surface is slightly decreased (74 m2 g−1 for Pd/MnFe2O4-573 K and
69 m2 g−1 for Pd/MnFe2O4-623 K, respectively). However, if the temperature is further
increased up to 673 K, the surface area also increases and it becomes even larger than at
573 K (78 m2 g−1, Pd/MnFe2O4-673 K).

2.2. Catalytic Tests of the Prepared Magnetic Catalysts in Nitrobenzene Hydrogenation

To check the catalytic activity of the supports, the palladium-free manganese ferrite
samples were tested in nitrobenzene hydrogenation at 323 K temperature and 20 bar
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hydrogen pressure. All the samples turned out to be catalytically active. The highest
nitrobenzene conversion (94.8 n/n%) was reached by using the MnFe2O4 sample prepared
at 673 K. However, the aniline yield was only 42.5 n/n% (Figure 4, Table 1). Similar
results were achieved by applying the other support prepared at 623 K, but in this case,
the nitrobenzene conversion was slightly lower (93.4 n/n%), while the aniline yield was a
bit higher, at 47.0 n/n%. In the case of the MnFe2O4 prepared at 573 K, the nitrobenzene
conversion and aniline yield were only 34.3 n/n% and 4.9 n/n%, respectively (Table 1).
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Figure 4. Nitrobenzene conversions and aniline yields achieved by using the palladium-free MnFe2O4

supports prepared at 673 K, 623 K, and 573 K. (T = 323 K, p = 20 bar H2).

Despite the high (X > 90%) nitrobenzene conversions in two cases, the correspond-
ing aniline yields (Y < 50%) were unsatisfactory, and thus, the application of palladium
is necessary.

Next, the novel palladium-decorated ferrite nanoparticle catalysts were tested in
nitrobenzene hydrogenation at four different reaction temperatures (283 K, 293 K, 303 K,
and 323 K) and at constant hydrogen pressure (20 bar). Almost complete nitrobenzene
conversion (99.9 n/n%) was reached for all three Pd-decorated catalysts; however, the
reaction time varied significantly. For Pd/MnFe2O4 (623 K) it took only 40 min to reach
complete conversion, while in the case of Pd/MnFe2O4 (573 K) and Pd/MnFe2O4 (673 K)
180 min and 120 min, respectively, were necessary (Figure 5A, and Table 1).
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The change of reaction temperature does not have a significant effect on the nitroben-
zene conversions (XNB), but it does affect the aniline yield (YAN). The highest yield (96.8 n/n%)
was achieved after 240 min hydrogenation at 283 K in the case of the Pd/MnFe2O4 (623 K)
catalyst. The formation of aniline from its intermediates (azobenzene and azoxybenzene)
showed a slowing trend at lower temperatures. In contrast to the catalyst prepared at 573 K,
in the case of the two other catalysts, Pd/MnFe2O4 (623 K) and Pd/MnFe2O4 (673 K),
reaction temperature had a more pronounced effect on the nitrobenzene conversion. This
may be explained by the significantly different magnetite loading of the three catalysts,
namely the Pd/MnFe2O4 (573 K) contained only 3.3 wt% Fe3O4 phase, while the two other
samples contained 25.7 wt% and 20.3 wt% (Table 1). The corresponding palladium-free
manganese ferrites (38.9 wt%, 623 K and 48.2 wt%, 673 K magnetite content) showed
higher catalytic activity than the pure MnFe2O4-523 K (Figure 4). In summary, the different
magnetite content may be able to influence the catalytic activity and temperature sensitivity
of the tested palladium-decorated ferrite catalysts.

The maximum aniline selectivity (SAN) versus reaction temperature was also deter-
mined in the case of the three Pd/MnFe2O4 catalysts (Figure 6). High selectivity values were
obtained for each catalyst/reaction temperature pairs. At 283 K, the Pd/MnFe2O4 (623 K)
catalyst showed the highest selectivity. Common by-products (e.g., N-methylaniline, or
o-toluidine) were not detected. During the reaction, the presence of intermediates, azoben-
zene and azoxybenzene, were confirmed, but these were completely converted to aniline
until the end of the reaction. At lower temperatures (283 K and 293 K), the aniline selec-
tivity was SAN > 96 n/n%. There were no significant amounts of by-products detected
during the catalytic test; therefore, the selectivity lower than 100% may be explained by the
formation of polyaniline, which could not be detected by GC–MS measurements. In all, the
prepared manganese ferrite–supported palladium catalysts are highly selective and may be
applicable in aniline synthesis.
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(573 K), Pd/MnFe2O4 (623 K), and Pd/MnFe2O4 (673 K) catalysts.

From the three developed magnetic catalysts, the one which was prepared at 573 K was
selected to carry out reuse tests because its activity was less sensitive to the hydrogenation
temperature, which may be related to the very low magnetite content. The reuse tests
were carried at four cycles at 323 K. The nitrobenzene conversion and aniline yield did not
change significantly during the time (180 min) of hydrogenation (Figure 7A,B).

During the third and fourth reuse tests, nitrobenzene conversion turned out to be
lower during the initial phase of hydrogenation. However, after 180 min reaction time,
the conversion and yield values were the same as those of the first two cycles. That is, the
catalysts were able to convert the total amount of nitrobenzene with maximum aniline yield
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in each cycle. It should be noted, however, that the catalyst was not regenerated between
the cycles, it was only washed with methanol. Thus, the developed Pd/MnFe2O4 catalyst is
applicable in at least in four cycles of hydrogenation without regeneration. In addition, the
magnetic feature of the catalyst further increases its applicability in the above commercially
important hydrogenation system.
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3. Materials and Methods

The spinel nanopowders were made from manganese(II) nitrate tetrahydrate
(Mn(NO3)2·4H2O, MW: 251.01 g/mol, Carl Roth GmbH, D-76185 Karlsruhe, Germany),
iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O, MW: 404.0 g/mol, VWR Int. Ltd., B-3001
Leuven, Belgium). As reducing agent and dispersion medium, polyethylene glycol (PEG 400,
Mw: ~400 Da, which corresponds to a chain length of approximately 8–9 links) from VWR
Int. Ltd. (F-94126 Fontenay-sous-Bois, France), was applied. Palladium(II) nitrate dihydrate
(Pd(NO3)2*2H2O, MW: 266.46 g/mol, Thermo Fisher Ltd., D-76870 Kandel, Germany) as
Pd precursor and Patosolv®, a mixture of 90 vol% ethanol and 10 vol% isopropanol (Molar
Chem. Ltd., H-2314 Halásztelek, Hungary) were used during the preparation of the
magnetic catalyst. Catalytic tests were carried out on nitrobenzene (NB, Merck KGaA,
D-64293 Darmstadt, Germany).

3.1. Preparation of the Magnetic Spinel Nanoparticles and the Final Pd Catalyst

Manganese ferrite magnetic catalyst supports were synthesized in a two-step process,
involving a sonochemical and a heat treatment step in air (Figure 1). In the sonochemical
step, 6.44 g (15.9 mmol) iron(III) nitrate nonahydrate and 2.00 g (7.97 mmol) manganese(II)
nitrate tetrahydrate were dissolved in 20 g polyethylene glycol, and the solution was
sonicated by using a Hielscher UIP1000 Hdt homogenizer for 3 min (120 W, 17 kHz).
The energy released during ultrasonic cavitation was enough to support the formation of
metal oxyhydroxide nanoparticles from the metal precursors. The reddish-brown viscous
dispersions were heated for 3 h at 573 K, 623 K, and 673 K, respectively. After elimination or
burning of the polyethylene glycol, dehydration of the oxide-hydroxides occurred, resulting
in the formation of a spinel phase. For the deposition of the palladium nanoparticles onto
the surface of the ferrite crystals, a Hielscher UIP100 Hdt homogenizer was used. First,
palladium(II) nitrate (0.25 g, 0.94 mmol) was dissolved in patosolv (50 mL) within which
ferrite sample (2.00 g) was dispersed and then was treated by ultrasonic cavitation for
two minutes.

3.2. Catalytic Tests—Nitrobenzene Hydrogenation

0.10 g magnetic spinel supported Pd catalysts were used for nitrobenzene (NB,
c = 0.25 mol/dm3 in methanolic solution) hydrogenation in an agitated (1000 rpm), Büchi
Uster Picoclave reactor of 200 mL volume. The pressure of the hydrogenation was kept
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at 20 bar in all experiments and the reaction temperature was set to 283 K, 293 K, 303 K,
and 323 K. Samples for analysis were taken after 0, 5, 10, 15, 20, 30, 40, 60, 80, 120, 180, and
240 min of hydrogenation.

3.3. Characterization Techniques

High-resolution transmission electron microscopy (HRTEM, FEI Technai G2 electron
microscope, 200 kV) was used for size and morphological characterization of the nanoparti-
cles. During sample preparation an aqueous suspension of the nanoparticles was dropped
on 300 mesh copper grids (Ted Pella Inc., Redding, CA, USA). The qualitative and the
quantitative analysis of the different oxide forms was carried out with X-ray diffraction
(XRD) measurements by applying the Rietveld method. Bruker D8 diffractometer (Cu-Kα

source) in parallel beam geometry (Göbel mirror) with Vantec detector was used. The
carbon content, which remained from the polyol, was determined by Vario Macro CHNS
element analyzer for all ferrite samples. Phenanthrene was used as standard (C: 93.538%,
H: 5.629%, N:0.179%, S: 0.453%) from Carlo Erba Inc. Helium (99.9990%) was the carrier gas,
and oxygen (99.995%) was used as oxidative atmosphere. Electrokinetic (Zeta) potential
measurements were performed on the ferrite samples by using their aqueous colloids with
Malvern Zetasizer Nano ZS equipment. The Zeta potentials were calculated based on
electrophoretic mobility measurements by applying laser Doppler electrophoresis. The
functional groups located on the surface of the prepared nanopowders were identified with
Fourier transform infrared spectroscopy (FTIR) by using a Bruker Vertex 70 spectroscope.
The measurements were carried out in transmission mode, and in each case, a 10 mg sample
was pelletized with 250 mg potassium bromide. The palladium contents of the catalyst
samples were determined by using a Varian 720 ES inductively coupled optical emission
spectrometer (ICP-OES). For the ICP-OES measurements the samples were dissolved in
aqua regia. The specific surface area of the catalysts was measured by CO2 adsorption–
desorption experiments at 273 K by using a Micromeritics ASAP 2020 sorptometer based on
the Dubinin–Astakhov (DA) method. After the hydrogenation tests, the aniline-containing
samples were quantitatively analyzed by using an Agilent 7890A gas chromatograph cou-
pled with Agilent 5975C Mass Selective detector. An RTX-624 column (60 m × 0.25 mm
× 1.4 µm) was used and the injected sample volume was 1 µL at 200:1 split ratio, while
the inlet temperature was set to 473 K. Helium was used as the carrier gas (2.28 mL/min),
and the oven temperature was set to 323 K for 3 min and it was heated up to 523 K with
a heating rate of 10 K/min and kept there for another 3 min. The analytical standards
of aniline, potential by-products, and the intermediates originated from Sigma Aldrich
(Burlington, MA, USA) and Dr. Ehrenstorfer Ltd. (Wesel, Nordrhein, Germany).

The catalytic activity of the magnetic Pd catalysts was compared based on Equation (1):

Y = X × S =
(nNB,t − nNB,0)

nNB,0
× nAN,t

(nNB,t − nNB,0)
(1)

where Y is the yield of aniline, X the conversion of nitrobenzene, S aniline selectivity, nNB, 0
the initial amount of nitrobenzene at t = 0, (nNB, t − nNB, 0) the amount of nitrobenzene
consumed after t reaction time and nAN,t the amount of aniline formed. In the main text
the % values are presented, which are obtained by multiplying Y, X, and S by 100.

4. Conclusions

Manganese ferrite–supported magnetic separable palladium catalysts (Pd/MnFe2O4)
were prepared using a simple sonochemical method starting from the corresponding metal
nitrates and consecutive heat treatment at three different temperatures of the formed
metal-(oxi)hydroxides. Each of these catalysts shows high catalytic activity in nitroben-
zene hydrogenation even without the noble metal (Pd). Catalytic activity investigations
of the Pd-free magnetic supports revealed that the noble metal–free system can reach up
to 94% nitrobenzene conversion. Due to the local hotspots during sonication, magnetite
also formed outside of the ferrite phase, which proved to be crucial for increased catalytic
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activity, since without magnetite only low (<34 n/n%) conversions were determined. How-
ever, the aniline yield was unsatisfactory in each case for the pure supports, and thus,
the inclusion of palladium was inevitable. The catalytic activity of the two nanomaterials
(MnFe2O4 and Pd) combined led to a fast, efficient, and selective catalyst. In addition
to the nitrobenzene conversion and aniline yield, the aniline selectivity of the catalysts
is also remarkable (above 96 n/n%). The increasing amount of magnetite in addition to
manganese ferrite greatly affects the temperature sensitivity of the nitrobenzene conversion.
The Pd/MnFe2O4 (573 K) catalyst’s activity had the lowest sensitivity for the hydrogena-
tion temperature, which may be related to its very low magnetite content. Reuse tests
showed that the catalyst prepared at 573 K can give the same performance in at least four
cycles without regeneration. The ease of preparation, combined with high conversion,
yield and selectivity, as well as the reusability without regeneration, make the developed
Pd/MnFe2O4 magnetic catalyst system successfully applicable in the industrially important
hydrogenation of nitro compounds.
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