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Developing efficient and green catalytic systems is highly desired in the syntheses of alicyclic amines via
hydrogenation of nitroaromatics. Herein, we developed Ru—Pd dual active site catalysts in which Ru and
Pd species were anchored and highly dispersed on air-exfoliated carbon nitride (Ru—Pd/CzNy4-air). As-
prepared catalysts were employed in the hydrogenation of nitrobenzene (NB) to cyclohexylamine (CHA).
Compared with single Ru or Pd based catalysts, Ru—Pd dual active site catalysts obtained a higher CHA
production rate of 26.7 mol CHA mol™ Ru-Pd h~! at 80 °C and 3 MPa H,. The activation energy for the
hydrogenation of the nitro group and benzene ring was calculated as 26.26 kJ mol™* and
66.30 kJ mol™?, respectively. Intrinsic kinetic studies demonstrated that Pd was the dominant metal for
hydrogenation of nitro group, while Ru was dominant for benzene ring. Thereinto, the corresponding
non-dominant metals enhanced activation and dissociation of Hj, thereby improving catalytic activity
significantly. This excellent performance of Ru—Pd catalysts could be attributed to highly dispersed Ru—
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investigation showed that the performance of Ru—-Pd catalysts could be essentially maintained at a high

DOI: 10.1035/d2ra07612h level. Additionally, the substrate scope could be successfully extended to hydrogenation of other
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Introduction

Alicyclic amines are critical foundational materials for the
synthesis of curing agents, coatings, dyestuff, high-end isocya-
nates, etc.,, generally produced by the hydrogenation of
nitroaromatics.’ Due to different adsorption behaviors of nitro
group and benzene ring, the production of alicyclic amine is
often divided into two hydrogenation processes and conducted
step by step in industries.*” However, multiple steps mean
different catalysts, fickle conditions, and massive equipment,
directly resulting in high cost, complex operation, and low
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nitroaromatics with different substituents.

security. Therefore, coupling multiple successive hydrogenation
processes in a single vessel or catalyst under similar and even
identical conditions is critical to efficient synthesis of alicyclic
amines, which has become a great research interest in the past
decades. Basically, Ru based catalysts have demonstrated huge
potential in one-step hydrogenation of nitroaromatics to alicy-
clic amines as well as its derivates.**** However, competitive
adsorption between the nitro group and benzene ring on single
Ru active site limits efficiency to a great extent and also requires
severe reaction conditions. A convincing explanation for this
could be scaling relationship limit (SRL)." Namely, a solo active
site determines a fixed adsorption mode, and it is almost
impossible to optimally adjust the adsorption behavior of every
intermediate on the solo site simultaneously. Therefore, intro-
ducing dual active sites is a promising solution to break the SRL
and aid in the efficient synthesis of alicyclic amines from
nitroaromatics.

For selective hydrogenation of the nitro group, some noble
metal catalytic systems with high activity of >99.9% conversion
and selectivity have been developed, including Ru, Pt, and
Pd."*™ Among them, Pd based catalysts have been demon-
strated to have prominent catalytic activity and product selec-
tivity for hydrogenation of nitro group under mild conditions
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even at room temperature.'*™ These mild catalytic systems lead
to a rather green process, but more efficient systems are still
highly desired to be developed. By contrast, the key to the
hydrogenation of benzene ring is to regulate electronic prop-
erties of active centre and adsorption behavior of substrate.
Generally, the electronic structure and properties of benzene
ring could be influenced by substituent groups. Particularly, for
aromatic amines, the formed p-m conjugation via nitrogen in
amino and benzene ring has a relatively high energy barrier,
which makes activation of benzene ring more difficult.?® Dual-
active site synergistic catalysis is proposed to decrease the
energy barrier in the hydrogenation of benzene ring, where Ru
enhances dissociation of H, while support as an active centre to
regulate the adsorption behavior of benzene ring.** Addition-
ally, the excessive adsorption of amino groups on metal active
sites usually triggers side reactions like deamination and
condensation and even leads to the deactivation of catalyst.® In
order to inhibit these undesired side reactions and regulate the
adsorption behavior of amino groups, alkaline liquors, such as
NaOH and NaNO,, are always introduced to the catalytic system
to regulate adsorption behavior of amino groups. However, the
alkaline additives also bring potential environmental risks.*>*

In recent years, heteroatom-doped carbon materials and
a series of derivatives have attracted much attention in hetero-
geneous catalysis.” C3Ny, as a special type of N-doped carbon
material, exhibited excellent performance in aromatic ring
hydrogenation because its N species provide not only environ-
ment for metal coordination but also abundant alkaline sites
for side reaction inhibition. By virtue of the above advantages of
C;N,4, Ru nanoparticles were anchored on C3;N, to catalyse
hydrogenation of 4,4"-diaminodiphenylmethane (MDA) in an
alkali-free system.*® The alkali species on this solid alkali
support exhibited equivalent effects as hydroxyl, which is
regarded as an environmentally friendly substitute for tradi-
tional alkali liquors.

Herein, a highly dispersed Ru-Pd dual active site catalyst was
prepared by facile ultrasonic-assisted impregnation, where air-
exfoliated C3N, was used as support with Pd and Ru as active
sites for the hydrogenation of nitro group and benzene ring,
respectively (Scheme 1). Catalyst textural properties and
morphological features were characterized by BET and SEM to
show the superiority of air thermal exfoliation. TEM and EDS
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Scheme 1 Schematic illustration of catalyst preparation via sequential
anchoring of Ru—Pd dual metal sites on CsN4 nanosheets.
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were employed to elucidate the particle distribution of Ru and
Pd on the catalyst surface. The interactions between metals and
support were investigated by XPS. Additionally, the ability of
dissociation and activation of H, under mild conditions was
characterized by H,-TPD. Based on the above analysis, the
structure-performance relationship was analysed. By operando
IR, the hydrogenation pathway of NB to CHA was investigated.
Kinetic experiments systematically calculated the activation
energy of tandem hydrogenation and revealed the phenomenon
of metal-assisted hydrogenation. Eventually, the stability and
versatility of the Ru-Pd catalyst were studied.

Experimental section
Materials

Ruthenium(m) chloride anhydrous (RuCls), sodium tetra-
chloropalladate (Na,PdCl,), nitrobenzene (NB, 99%), tetrahy-
drofuran (THF, 99%), N,N-dimethylformamide (DMF, 99%),
cyclohexane (99%), ethanol (99%), methanol (99%), aniline (AN,
99.5%), cyclohexylamine (CHA, 99.5%), o-nitrotoluene (99%),
m-nitrotoluene  (99%),  p-nitrotoluene  (99%), 4-ethyl-
nitrobenzene (99%), 2,6-dimethylnitrobenzene (99%), o-nitro-
phenol (99%), p-nitrophenol (99%), 3-nitroaniline (99%), and 4-
nitroaniline (99%) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. Sodium borohydride (99%)
and urea (99%) were supplied by Sinopharm Chemical Reagents
Co., Ltd., China. All chemicals were directly used as received
unless otherwise specified.

Catalyst preparation

Preparation of bulk C3N,. 200 g urea was placed in crucible
with cover, which was placed in muffle furnace and calcined
under air atmosphere at 600 °C for 4 h. The obtained yellow
solid was washed with deionized water and ethanol three times
to remove all residual species like ammonia absorbed on the
surface. After filtering and drying at 110 °C for 12 h, bulk C;N,
was obtained.

Exfoliation of C3N,. 4 g of prepared bulk C;N, was placed in
a crucible without any covers and then was calcined in tube
furnace at 550 °C for 2 h. The obtained solid was denoted as
C;Ny-air.

Preparation of Ru-Pd/C;Nj,-air. All catalysts were prepared by
ultrasonic-assisted impregnation method. Ru and Pd species
were anchored on C;N,-air successively. Typically, a dosage of
RuCl; was dissolved in deionized water to obtain 10 mL Ru**-
contained precursor, while 10 mL Pd*'-contained precursor was
obtained after dissolving a dosage of Na,PdCl,. A certain
amount of C;N,-air was dispersed in deionized water by ultra-
sonic treatment for 0.5 h to form a suspension, where the ob-
tained Ru**-contained precursor was added and proceeded with
ultrasonic treatment for 1 h to obtain Ru**-contained suspen-
sion. Subsequently, excessive NaBH, was dissolved in deionized
water and added to the above Ru’*'-contained suspension
dropwise and proceeded with ultrasonic treatment for 2 h to
reduce Ru’". In the same way, the previously obtained Pd**-
contained precursor was added into the above suspension and
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reduced Pd** by an excessive dosage of NaBH, solution after the
same ultrasonic treatment. After filtration and drying at 100 °C
for 12 h, Ru-Pd/C;N,-air catalyst was obtained. According to
different mass fractions of supported Ru and Pd, the catalysts
were denoted as “x%Ru-y%Pd/C;N -air” (where x and y stand
for the mass fraction of Ru and Pd, respectively). The Ru/C3N,-
air and Pd/C;N,-air were prepared following the same proce-
dures, but only a single metal precursor was added. In addition,
Ru-Pd/C3;N, was prepared also using the same procedures,
except C3Ny-air was replaced by bulk C3N,.

Catalyst characterization

N, physical adsorption-desorption was carried out on Quan-
tachrome Autosorb Adsorption Instrument to measure the
specific surface area, pore volume, and pore diameter of cata-
lysts. Before measurement, the sample was subjected to
a degassing procedure at 200 °C in vacuum for 4 h to remove
possible physically adsorbed impurities. The composition and
crystal structure of the catalyst was investigated by X-ray
diffraction (XRD) conducted on the Panalytical Empyrean
diffractometer. The morphology of catalysts and supports were
investigated by scanning electron microscope TESCAN MIRA4
(SEM) and transmission electron microscope (TEM), as well as
TEM-HAADF, EDX element mapping, and line-scanning carried
out on field-emission transmission electron microscopy (FEI
Talos F200x) operating at 200 kV. X-ray photoelectron spec-
troscope (XPS) was used to analyze the chemical state of
elements on the sample surface, which was conducted on an
ultrahigh vacuum using an ESCALAB 250Xi spectrometer with
Al Ko radiation (hv = 1486.6 eV) and a multichannel detector.
The ability of the catalyst for H, activation and dissociation was
studied by H,-TPD carried out on a temperature-programmed
chemisorption instrument equipped with low temperature
attachment (AutoChem II 2920). The operando IR was carried
out in a tailor-made autoclave, and all FTIR spectra were
collected on a Mettler Toledo ReactIR 15 equipped with a liquid
N, detector and a 9.5 mm AgX fiber probe. The detected IR
spectra were recorded every 5 s and analyzed by ICIR 7.1
software.

Catalyst performance

The catalyst performance was evaluated in a 50 mL autoclave.
Typically, nitrobenzene (1 mmol), THF (10 mL), and catalyst
(25 wt% based on the substrate) were added to an autoclave and
sealed. After that, the autoclave was flushed with N, three times
to remove air, then charged with 3 MPa H, at room temperature.
The hydrogenation reaction was carried out at 80 °C for 4 h
under magnetic stirring (550 rpm). In particular, the kinetic
experiments of hydrogenation of nitro group and benzene ring
were carried out in a 250 mL autoclave, which can ensure
continuous charge with H, in the case of pressure loss caused
by batch production of the reaction liquid. It was worth noting
that once the pressure was lower than that desired during the
experiment, H, was supplemented as soon as possible. To
guarantee the experiments were carried out in intrinsic kinetic
control, for hydrogenation of the nitro group, typically,
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nitrobenzene (70 mmol), THF (105 mL), and 1.5%Ru-1.5%Pd/
C3N,-air (1 wt% based on the substrate) were added into an
autoclave and sealed. After that, the autoclave was flushed with
N, three times to remove the air and then heated to the desired
temperature under stirring conditions (550 rpm). When the
temperature was stabilized, 1 MPa H, was charged into the
autoclave. The reaction liquid was collected at appropriate
intervals, and the composition was detected by GC-MS. The
kinetic experiments of benzene ring hydrogenation were almost
the same as that of the nitro group. Hence, only considering the
hydrogenation of benzene ring, aniline was used as substrate.
Typically, aniline (10 mmol), THF (100 mL), and 1.5%Ru-1.5%
Pd/C;3;Ny-air (25 wt% based on the substrate) were added into
the autoclave and then charged with 3 MPa H,.

Results and discussion
Catalyst characterization

The surface properties were studied here by N, physisorption.
Fig. 1 shows the N, adsorption-desorption isotherms and pore
size distribution. The sorption isotherm of C3N, and C;N,-air
both exhibited typical IV curves with H3 hysteresis loop in the P/
P, range of 0.8-1.0 and no obvious saturated adsorption plat-
form was observed, which means C;N, was a kind of meso-
porous material with lamellar structure (Fig. 1a). For pore
diameter, the mesoporous proportion of C;N,-air in the range of
2-4 nm was significantly larger than that of C;N,, which could
be attributed to the lamella separation caused by air thermal
exfoliation, resulting in formation of many slit pores. After Ru
and Pd species were loaded, 1.5%Ru-1.5%Pd/C;N, and 1.5%
Ru-1.5%Pd/C;N,-air still maintained IV curves, which indicated
that introducing metals did not destroy the mesoporous struc-
ture of C;N,. However, 1.5%Ru-1.5%Pd/C;N,-air showed an H4
hysteresis loop indicating the existence of narrow slit pores®®
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Fig.1 N, adsorption—desorption isotherms and pore size distribution.
(@) CsN4 and C3Ng4-air, (b) 1.5%Ru-1.5%Pd/CsN4 and 1.5%Ru-1.5%Pd/
C3N4—air.
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(Fig. 1b). From the pictures of catalysts, it was visible that C3N,-
air was fluffier and showed an increase in volume after air
thermal exfoliation (Fig. S1f). Table S1{ summarized the
structural properties of supports and Ru-Pd catalysts. Clearly,
the air thermal exfoliation led to a noteworthy increase in
specific surface area from 85.48 m* g~ of C;N, t0 137.22 m* g "
of C;Ny,-air. With the emergence of abundant slit pores, the
average pore diameter decreased from 22.24 nm of C;N, to
13.65 nm of C;N,-air. Moreover, due to the occupation of Ru
and Pd patrticles, the pore volume decreased from 0.47 cm® g™*
of C3;N,-air to 0.23 cm® g™ of 1.5%Ru-1.5%Pd/C;N -air. Thus,
air thermal exfoliation could increase the specific surface area
leading to better accessibility of the substrate to active sites.
The crystal structure of catalysts was studied by X-ray
diffraction (XRD), as shown in Fig. 2. The 1.5%Ru-1.5%Pd/
C;3Ny-air and 1.5%Ru-1.5%Pd/C;N, both presented two typical
C;N, characteristic peaks centered at 13.1° and 27.7°. The peak
of 13.1° could be ascribed to the repeated tri-s-triazine unit in
the C;N, plane, while 27.7° is the inter-planar stacking peak of
conjugated heptazine units of C;N, material.>”*® The results
indicated that the loading of Ru and Pd as well as air thermal
exfoliation did not destroy the inherent graphite-like lamellar
structure of C;N,. Additionally, no other distinguishable char-
acteristic peaks of Ru or Pd were observed, which implied high

———1.5%Ru-1.5%PdIC;N -air|
——1.5%Ru-1.5%PdIC,N,

134°(100)

Intensity(a.u.)

10 20 30 40 50 60
20 (degree)

Fig. 2 XRD patterns of 1.5%Ru-15%Pd/CsN4 and 1.5%Ru-1.5%Pd/
C3Ny-air.

Fig. 3 SEM images with different resolutions. (a and b) CzNy, (c and d)
CzNy-air.
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dispersion of Ru and Pd species. A similar phenomenon was
also observed and reported by Liu et al.*®

Scanning electron microscope (SEM) was employed to char-
acterize morphological features of supports and catalysts. As
shown in Fig. 3, C;N, appeared as a large dense particle with
lots of sheets stacked and squeezed together, resulting in a few
exposed pores (Fig. 3a and b). Nevertheless, after air thermal
exfoliation, C3Ny-air exhibited a structure of nanosheets sepa-
rated from each other (Fig. 3c and d). Due to the bending and
stacking of nanosheets, plenty of disordered connected pores
with different sizes were formed, leading to the increase in the
specific surface area of C;N,-air, which was consistent with the
results of N, physisorption. Because of ultrasonic-assisted
impregnation, the dense particle structure of C3;N, was
partially destroyed to form many pores, but some massive
structures still remained (Fig. S2+t).

Transmission electron microscope (TEM) further supple-
mented the morphology features of catalysts, as shown in Fig. 4,
1.5%Ru-1.5%Pd/C;N,-air emerged as nanosheet-shaped arrays
with cataphracted stack and crimp, which was beneficial for
increasing the specific surface area (Fig. 4a). The particle size
was calculated as 2.8 £ 0.6 without any agglomerations
observed (Fig. 4b). The HR-TEM image of 1.5%Ru-1.5%Pd/
C;3Ny-air clearly showed the lattice fringe of 0.206 nm and
0.224 nm, which were attributed to the (1 0 1) facet of Ru and (1
1 1) facet of Pd, respectively (Fig. 4c). EDS mapping of 1.5%Ru-
1.5%Pd/C;N,-air demonstrated that C, N, Ru, and Pd were the
main elements and highly dispersed (Fig. S31). Under
ultrasonic-assisted impregnation, Pd species and Ru species
were uniformly distributed on the C;Ny-air surface (Fig. 4d-g).
By comparing the HAADF-STEM image with the results of
element mapping, the Ru NPs and Pd NPs could be identified
and marked as a yellow circle and blue circle, respectively,
where a distance of 5 nm between Pd NPs and Ru NPs was
measured (Fig. 4h). It was reported that the phenomenon of H,
spillover between two different species at a nano-scale distance
of less than 15 nm could occur.***' Hydrogen spillover is well-
known in heterogeneous catalytic hydrogenation, wherein the
migration of hydrogen atoms between multiple components is
supposed to enhance the mass transfer of H,, thereby facili-
tating the whole catalysis process.**

X-ray photoelectron spectroscope (XPS) was employed to
elucidate the surface composition of the catalyst and valence
states of elements, and the results are shown in Fig. 5. The N 1s
high-resolution spectra of C;N,-air was deconvoluted into four
peaks at around ~398.5 eV, ~399.9 eV, ~401.1 eV, and
~404.2 eV, which could be assigned to the heterocyclic N in
triazine also named as pyridine N (C=N-C), tertiary nitrogen
group or bridged N (N-(C);), amino functional group (-NH,),
and charge effect (m-excitation), respectively**>* (Fig. 5a).
Thereinto, the emergence of -NH, was from the incomplete
polymerization of urea. Notably, compared with ~398.5 eV of
C;3Ny-air, the pyridine N characteristic peaks of 3%Ru/C;N -air,
3%Pd/C;N,-air, and 1.5%Ru-1.5%Pd/C;N,-air are all centred at
~398.2 eV. This 0.3 eV binding energy (BE) decrease after metal
anchoring suggested strong interactions between metals and
C;3Ny-air due to electron shift from the metal species to

RSC Adv, 2023, 13, 2024-2035 | 2027
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Fig. 4 Morphology characterization of 1.5%Ru—-1.5%Pd/C3sN4-air. (a) TEM image, (b) particle size distribution, (c) HR-TEM image, (d—g) EDS

element mapping, (h) HAADF-STEM.

pyridine N. Therefore, the Ru-N, and Pd-N, active sites were
likely to be formed.*”**** The metal-N bonding is reported as
a kind of Strong Metal-Support Interaction (SMSI), which could
confine metal species on the support, thereby immobilizing
metals in their original positions and restraining their
agglomeration and mobility.**** Additionally, the peak of
~398.2 eV might include the contribution from nitrogen in
metal-N bonding, which was assigned to Ru-N, and Pd-N,.
Because the binding energy of nitrogen in metal-N bond is
similar to pyridine N, it is difficult to differentiate them quan-
titatively. Moreover, Fig. 5b shows the high-resolution spectrum

of Ru 3p. The peaks of ~462.3 eV and ~465.8 eV were attributed
to Ru® 3ps, and Ru®" 3p;.,, while those of ~484.5 eV and
~487.5 €V were corresponding to Ru® 3py;, and Ru®" 3py,,
respectively.>>3¢37

The XPS fitting data are summarized in Tables S2-S4.1 The
ratio of Ru’/Ru® was 1.96 in both 3%Ru/C;N,-air and 1.5%Ru-
1.5%Pd/C;N,-air, which indicated that the introduction of Pd
species hardly influenced Ru species. Ru was first anchored on
C;3Ny-air to form Ru-N,. Subsequently, the Pd was introduced
and coordinated with pyridine N to form Pd-N,. Fig. 5¢ shows
the high-resolution spectra of Pd 3d. The peaks of ~335.4 eV,
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Fig. 5 XPS spectrum of catalysts.
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Fig. 6 Hx-TPD profiles of 1.5%Ru—1.5%Pd/C3N4-air, 3%Ru/CsN4-air,
and 3%Pd/CsNg4-air.

~340.6 eV, ~337.3 eV, and ~342.5 eV correspond to Pd® 3ds,,
Pd** 3ds,, Pd° 3d;,, and Pd** 3d,),, respectively.'®7?® There
was no credible electron shift observed in 3%Pd/C;N,-air and
1.5%Ru-1.5%Pd/C;N,-air. Besides, the ratio of Pd’/Pd*" in 3%
Pd/C;N,-air and 1.5%Ru-1.5%Pd/C;N,-air were rather close,
1.32 and 1.37, respectively. Therefore, Ru-N, and Pd-N, are
relatively independent dual metal sites, which were conducive
to high dispersion of Ru and Pd species at a nanoscale distance
consistent with the results of TEM.

It was universally reported that H,-TPD is convinced in
evaluating the ability of the catalyst to dissociate and activate
H,.*" As displayed in Fig. 6, H, was desorbed from the catalyst
surface at a mild temperature, which indicated H, could be
activated and dissociated easily by the catalysts. 3%Ru/C3;N,-air
and 3%Pd/C;N -air exhibited desorption peaks centred at 28.9 °©
C and 36.2 °C, respectively. By contrast, the desorption peak of
1.5%Ru-1.5%Pd/C3N,-air was centred at 33.5 °C, which implied
the interaction between H, and catalyst in 1.5%Ru-1.5%Pd/
C;Ny-air was stronger than 3%Ru/C;N,-air but weaker than 3%
Pd/C;N,-air. In addition, the integration of the desorption peak
area describes the amount of chemisorbed hydrogen quantita-
tively. Ru-Pd catalyst exhibited a relatively higher peak area,
which suggested that Ru-Pd catalyst enabled activation and
dissociation of more H, than single Ru and Pd based catalysts
under the same conditions.

Catalyst evaluation

The catalyst performance for hydrogenation of nitroaromatics
to alicyclic amines was evaluated by NB to CHA as the probe
reaction. As reported, the side reactions in the hydrogenation of
nitroaromatics  included dehalogenation, deamination,
condensation, etc. Based on GC-MS analysis, the main by-
products in this work were detected as dicyclohexylamine
(DCHA) and cyclohexanol (Fig. S47). Some intermediates and
a few products were collected as others. Systematically, the
effects of Ru and Pd loading, solvent, temperature, pressure,
and time were investigated. Firstly, the loading of Ru and Pd
was studied. In most cases, 3 wt% active component loading
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was appropriate for noble metal supported catalysts; therefore,
the total loading of Ru and Pd for all prepared catalysts was
3 wt%, as shown in Fig. S5.f Notably, compared with single
3 wt% Ru and Pd catalysts, as well as physically mixed 1.5%Ru/
C3Ny-air and  1.5%Pd/C;Ny-air, 1.5%Ru-1.5%Pd/C;N,-air
showed superiority in tandem hydrogenation from NB to CHA
with 100% NB conversion, 96.8% CHA selectivity, and CHA
production rate (defined as mole number of generated CHA per
mole active component per h, i.e., mol CHA/mol Ru-Pd/h) of
26.70 h™" (Fig. 7), which is consistent with the literature re-
ported that the synergistic effect was optimum when the ratio of
Ru to Pd was 1:1.*® Therefore, 1.5%Ru-1.5%Pd/C;N,-air was
used in the following investigation. It was worth noting that the
physically mixed Ru-Pd catalyst showed a CHA production rate
of 16.90 h™", which was higher than both Ru and Pd based
single metal catalysts but lower than the Ru-Pd catalyst. This
elucidated the proposed dual active sites were practical for the
sequential hydrogenation of NB to CHA, and there was an
interaction between Ru and Pd that enhances the hydrogena-
tion process. Considering the possible effect of protons, several
commonly used polar aprotic solvents (DMF, cyclohexane, THF)
and polar protic solvents (ethanol, methanol, water) were
selected to investigate the solvent effect for hydrogenation of NB
to CHA (Fig. S6at). CHA was the major product except for DMF
as the solvent, which is consistent with previously reported.”
The formylation of DMF might be the reason why CHA is not
produced. As for cyclohexane, the selectivity of generated by-
product DCHA reached as high as 7.6% with that of desired
product CHA reduced to 79.5%.° In terms of alcohol solvents,
ethanol showed a higher CHA selectivity of 90.1% than 68.8% of
methanol, which was attributed to higher H, solubility in
ethanol. The CHA selectivity in water was 80.7% because of
deamination between water and CHA. By contrast, the highest
CHA selectivity of 96.8% could be obtained in THF because of
good solubility of H, in it. Then, the effect of reaction param-
eters, e.g., reaction temperature, pressure, and time, on tandem
hydrogenation of NB was further investigated, and the results in

- n N [
[ =3 o =]
T T T T

CHA production rate (h™)
>

Fig. 7 CHA production rate of Ru—-Pd catalyst, single Ru/Pd based
catalyst, and physically mixed Ru and Pd based catalyst.
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Fig. S6b-dT showed that under the optimum conditions of 80 °C
and 3 MPa H, for 3 h, 1.5%Ru-1.5%Pd/C;N,-air exhibited
excellent performance with 100.0% NB conversion and 96.8%
CHA selectivity.

Structure-performance relationship

Clearly, 1.5%Ru-1.5%Pd/C;N,-air performed best in the
hydrogenation of nitrobenzene. So, aiming at 1.5%Ru-1.5%Pd/
C;3Njy-air, the structure-performance was studied here. Support
modification is a promising way to enhance catalyst perfor-
mance. As shown in Table S1,7 a series of Ru-Pd catalysts with
different supports were evaluated. Compared with 100.0% NB
conversion and 34.6% CHA selectivity of 1.5%Ru-1.5%Pd/C3Ny,
100.0% NB conversion and 96.8% CHA selectivity was obtained
over 1.5%Ru-1.5%Pd/C;N,-air catalyst. For all catalysts, the NB
conversion and CHA selectivity increased after air thermal
exfoliation, as shown in Fig. 8, which confirmed the universality
of air thermal exfoliation in promoting activity. The structural
properties of C3Ny-air could be responsible for this. Similar to
previous results of N, physisorption, SEM, and TEM charac-
terization, the bulk C;N, appeared as a large dense particle with
stacked and squeezed nanosheets, while C;Ny-air exhibited
a lamella-separated nanosheet structure with higher specific
surface area and numerous connected slit pores with different
sizes, resulting in high dispersion of active sites and further
facilitating contact between substrates and active sites. By
contrast, 1.5%Ru-1.5%Pd/C showed 100.0% NB conversion but
only 7.5% CHA selectivity, which could be attributed to side
reactions caused by excessive adsorption of amino groups. So,
alkaline liquors were always added to regulate the adsorption
behavior of amino groups in industry. It has been reported that
C;N, is a kind of solid alkali rich in alkaline N sites, which could
provide an alkaline environment to inhibit side reactions like

[ Others [_] Cyclohexanol [l DCHA [l AN [I] CHA—@— Conversion

Air thermal exfoliation

No any treatment

<2}
o

Conversion & Selectivity (%)
B

Fig. 8 Effects of air thermal exfoliation. Reaction conditions: 1 mmol
NB, 25 wt% catalyst (based on the substrate), 10 mL THF, 80 °C, 3 MPa
Ho, 4 h.
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deamination, condensation, etc. Moreover, XPS suggested the
existence of Pd-N, and Ru-N,, which were crucial for successive
hydrogenation of nitro group and benzene ring. The dispersion
of Ru and Pd species should also be taken into consideration.
Anchoring multiple metals in nano-scale is expected to facilitate
the activation and dissociation process of H, via H, spillover
taking place on the catalyst surface.*” Thus, highly dispersed Ru
and Pd species at a nanoscale distance made H, spillover
possible on the C;N, surface. To be precise, the Ru-Pd catalyst
had ternary active sites rather than merely dual active sites. Pd-
N, and Ru-N, active sites catalyze hydrogenation of nitro group
and benzene ring effectively. Meanwhile, the alkaline N site
played a synchronous role in side reaction inhibition. Because
our previous studies have given an insight into the superiority of
C;N, as support, we focused more on the effects of Ru-Pd dual
active sites herein.

Hydrogenation mechanism

In order to explore the catalytic hydrogenation mechanism,
operando infrared (IR) was employed to understand the
hydrogenation process of NB to CHA. As displayed in Fig. 9,
distinctly, two strong peaks at 1350 cm ™' and 1531 cm ™" were
assigned to the symmetric and asymmetric C-NO, stretch in
NB,* whose intensity decreased dramatically in 15 min, indi-
cating NB was fully converted in such a relatively short period of
time. With characteristic peaks of nitro group weakening, the
double peaks of primary amine at 1606 cm ' and 1630 cm™*
emerged and increased significantly, which demonstrated the
conversion of -NO, to -NH,.* Therefore, AN was the direct
hydrogenation product of NB at this moment. Besides, the
conversion of nitro group was too rapid to capture any charac-
teristics of intermediates like nitroso compounds, which indi-
cated considerably high activity of Ru-Pd catalyst in the
hydrogenation of nitro group. However, with further hydroge-
nation after 15 min, the characteristic peaks of -NH, at
1606 cm ' and 1630 cm ' decreased gradually, which implied
the hydrogenation from benzene ring to naphthene.* The
double peaks at 1606 cm™ ' and 1630 cm ' also contained the
contribution of benzene ring skeleton vibration.**> Therefore,
the skeleton vibration became weaker with the hydrogenation
of benzene ring, which reflected as characteristic peaks weak-
ening at peaks of 1606 cm ™" and 1630 cm ™", i.e., hydrogenation
of AN to CHA. The intensity of the above characteristic peaks
varying with time is shown in Fig. 10. Clearly, the hydrogenation
of NB to CHA was proved as a tandem process. Besides, the
hydrogenation of nitro group was prior to the hydrogenation of
benzene ring, which was the rate-determining step in this
tandem process. Fig. 11 showed the yields varied with time. The
conversion of NB was also completed in approximately 15 min
consistent with the results of operando IR.

Based on the results of operando IR and the GC-MS results of
an incomplete hydrogenation (Fig. S77), a reaction pathway was
proposed as in Fig. S8.7 Through the breaking of N-O bond and
formation of N-H bond, nitro group was converted into amino,
and AN was generated first. With further hydrogenation of
benzene ring, AN was converted into CHA. The whole

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Characteristic peaks of operando IR spectrum.
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Fig. 10 Effect of time on operando IR characteristic peak strength.
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Fig. 11 Effect of time on product yields (reaction condition: 10 mmol
NB, 25 wt% catalyst (based on substrate), 100 mL THF, 80 °C, 3 MPa H,.
Reaction was carried out in a 250 mL autoclave.).
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hydrogenation process was accompanied by the deamination of
AN and condensation of CHA. Accordingly, cyclohexanol and
DCHA were the main side products that could be detected in the
catalytic system.

Hydrogenation kinetics

First and foremost, the effects of diffusion should be eliminated
before starting the experiments of intrinsic kinetics. Basically,
catalyst particle size is regarded as the main factor of internal
diffusion, while agitation speed determines external diffusion.
Therefore, the prepared catalysts were sieved into different
particle sizes to investigate the size effect on nitrobenzene
conversion, as well as the effect of agitation speed, shown in
Fig. S9.f Clearly, the internal diffusion was obviously the
dominant factor in mass transfer. Hence, when particle size was
less than 150 um and agitation speed was 550 rpm, the effects of
internal and external diffusion were deemed to be negligible. As
for the kinetics model, Pandit et al,*” Milian et al,* and Yu
et al.*® have reported that the hydrogenation of nitrobenzene is
a first-order reaction, which could be expressed in the form of
—In(1 — X) = kt that fitted our system. In order to obtain
intrinsic kinetic data, the hydrogenation of nitro group was
carried out under 20, 30, 40, and 50 °C, respectively. Fig. S10af
shows the plots of —In(1 — X) vs. time of NB hydrogenation,
presenting a linear relationship. The results of the linear fit of
—In(1—X) vs. time are summarized in Table S5.} All the obtained
linearly dependent coefficients R* were larger than 0.99, which
meant the proposed kinetic model was valid. The slope of the
regression equation obtained by linear fitting stood for rate
constant k at different temperatures. With increasing temper-
ature, the value of k increased, which meant a faster hydroge-
nation process consistent with the optimization of temperature.
Fig. 12a shows the plot of In kvs. T~ *; according to the Arrhenius
equation, the slope of the line was the value of —E,/R, and the
intercept was In A. Therefore, the activation energy E, could be
calculated as 26.26 k] mol " and pre-exponential factor A was
2.84 x 10* h™'. Furthermore, the relationship between rate
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25k y=-7974.4x+21.393
R?=0.9974

30 Ea=66.30 kd/imol
A=1.95%10° ™!

42k y=-3158.6x+6.1604
R?=0.9925

44l Ea=26.26 kJ/mol
A=2.84x10% h"!

31 32 33 34 28 29 3.0 34
1/T x 1000 (1/K) 1/T x 1000 (1/K)

Fig. 12 Plot of Ink vs. T over 1.5%Ru—1.5%Pd/C3N4-air catalyst. (a)
Nitrobenzene hydrogenation, (b) aniline hydrogenation.

constant k and temperature T (20-50 °C) could be expressed in
the form of the Arrhenius equation: k = 2.84 x 10" exp(—3158.6
T '). Compared with other reported hydrogenation of nitro-
benzene to aniline, 1.5%Ru-1.5%Pd/C3N4-air significantly
decreased the activation energy. The relevant results are listed
in Table S6.1 Accordingly, for hydrogenation of benzene ring,
the experiment was carried out at 50, 60, 70, and 80 °C,
respectively. Fig. S10bt shows the plots of —In(1—X) vs. time of
aniline hydrogenation, and Table S7{ lists the results of the
linear fit, where all the values of R* were larger than 0.99. Briefly,
as shown in Fig. 12b, the value of —E,/R equals to —7974.8, and
InA equals to 21.393. Therefore, the activation energy can be
calculated as 66.30 k] mol~', and the pre-exponential factor is
1.95 x 10° h™". The Arrhenius equation of rate constant k and
temperature T (50-80 °C) could be expressed as: k = 1.95 x 10°
exp(—7974.4 T~ ). The relevant kinetic data of hydrogenation of
aniline suggested the activation energy of aniline was generally
50-80 kJ mol %, as collected in Table S8.1 So, the above calcu-
lated result of 66.30 k] mol ! is reasonable.

Here, metal-assisted hydrogenation was testified by the
kinetics of single metal-based catalysts and Ru-Pd catalyst.
Based on the kinetics of hydrogenation of NB (Fig. S11%),
Fig. S12at showed the plots of —In(1—X) versus time, and linear
fit results of rate constants are listed in Table S9.7 Fig. 13 shows
the comparison of the hydrogenation rate constant over

Hy
ey ()

v ()

~ O

k (h™")

Fig. 13 Hydrogenation rate constant of nitro group (k;) and benzene
ring (k) over different catalysts.
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Fig. 14 |lllustration of metal-assisted hydrogenation in one-pot
synthesis of NB to CHA.

different catalysts. Clearly, 3%Pd/C;N,-air manifested a higher
rate constant of 1.548 h™', while 3%Ru/C;N,-air showed poor
activity in the hydrogenation of nitro group with a rate constant
of 0.030 h™. Therefore, Pd species were deemed to be condu-
cive to the hydrogenation of nitro groups. Conventionally,
higher metal loading means more active sites exposed; thus, the
rate constant will be relatively higher. Interestingly, the rate
constant of 1.5%Ru-1.5%Pd/C;N -air was as high as 1.572 h™*
and even slightly higher than that of 3%Pd/C;N,-air. The results
of H,-TPD have confirmed that Ru species could activate and
dissociate H, under mild temperatures in both single Ru based
catalyst and bimetallic catalysts. These results illuminated the
role of 1.5%Ru in 1.5%Ru-1.5%Pd/C;N,-air assisted in acti-
vating and dissociating H, instead of any chemisorption effects
on the substrate, while Pd as the dominant metal played a role
in chemical adsorption and desorption of substrate as well as
activation and dissociation of H,. Therefore, H, was dissociated
via Ru, and the H, spillover effect probably took place simul-
taneously from Ru to Pd, which facilitated the nitro hydroge-
nation mainly on Pd nanoparticles. This process was called
metal-assisted hydrogenation, illustrated in Fig. 14. For the
hydrogenation of aniline, the same phenomenon was also
observed, shown as Fig. S11b and Fig. 12b, Table S107 lists the
results of linear fitting of rate constant. On the contrary, 3%Ru/
C;N,-air catalyst showed a significantly higher rate constant of
0.246 h™' than 0.012 h™' of 3%Pd/C;N,-air catalyst, which
elucidated Ru based catalyst was a better choice for hydroge-
nation of benzene ring. Equally, the rate constant of 1.5%Ru-
1.5%Pd/C;N,-air reached 0.300 h™*, almost the same, even
slightly higher than that of 3%Ru/C;N,-air. Thus, the 1.5%Pd in
1.5%Ru-1.5%Pd/C;N,-air assisted the metal and Ru was the
dominant one. This metal-assisted hydrogenation was regarded
as the critical factor in enhancing catalytic activity in tandem
hydrogenation.

Catalyst recyclability and versatility

Under optimal reaction conditions of 80 °C, 3 MPa H,, the
recyclability of 1.5%Ru-1.5%Pd/C;N,-air was investigated in
batch-wise recycling. The results are shown in Fig. 15. It was
worth noting that 1.5%Ru-1.5%Pd/C;N,-air virtually remained

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Recyclability of 1.5%Ru-1.5%Pd/C3N4-air. Reaction condi-
tions: 1 mmol substrate, 25 wt% catalyst based on substrate, 10 mL
THF, 80 °C, 3 MPa Hy, 3 h.

unchanged at a high level of 100.0% NB conversion in 8-time
recycles, which demonstrated Ru-Pd catalyst had superior
activity in hydrogenation of nitro group. By contrast, the selec-
tivity of CHA gently decreased from an initial 95.2% to a final
87.3%, but it was still at a relatively high level. According to the
TEM image of the used catalyst (Fig. S137), this slight decrease
could be ascribed to a small part of agglomeration at the edge of
the catalyst. Overall, the Ru-Pd catalyst exhibited excellent
activity and good selectivity in the sequential hydrogenation of
NB to CHA, which could be attributed to the strong metal-
support interaction between Ru-Pd and C;Ny-air that could
reduce the possibility of huge agglomeration of active metal and
maintain the catalytic activity.**

The general substrate scope of 1.5%Ru-1.5%Pd/C;N,-air
catalyst was investigated for sequential hydrogenation of
nitroaromatics ~ with  electron-donating and electron-
withdrawing substituents. The results are listed in Table 1
and Fig. S14.7 Definitely, the efficiency of tandem hydrogena-
tion varied with different substituent groups. For extended
nitroaromatics with alkyl-substituted including methyl, ethyl,
and even dimethyl, >97.0% yield was obtained over 1.5%Ru-
1.5%Pd/C;N,-air catalyst (Entries 2-6, Table 1). Therefore,
compared with only nitro-substituted nitrobenzene, alkyl
nitrobenzene could also achieve tandem hydrogenation of nitro
group and benzene ring but took more time. For other nitro-
aromatics with strong electron-donating groups like nitro-
phenol, the dehydroxylation reaction occurred easily and the
main by-product CHA could be detected. However, 1.5%Ru-
1.5%Pd/C;Ny-air still performed well with >90.0% product yield
(Entries 7 and 8, Table 1). Another typical nitroaromatic with
a strong electron-donating group was nitroaniline. The hydro-
genation of nitroaniline was relatively more difficult. However,
>90.0% yield was still obtained for 3-nitroaniline and 4-nitro-
aniline over Ru-Pd catalyst (Entries 9 and 10, Table 1). This was
probably because of the strong interaction between the amino
group and catalyst, which resulted in some of the active sites
were occupied by the amino group reducing the hydrogenation
rate of benzene ring. As for nitroaromatics with electron-
withdrawing groups, typically like chlorine and carboxyl, 1.5%

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Versatility of 1.5%Ru-1.5%Pd/C3N4-air catalyst on tandem
hydrogenation of nitroaromatics®

Entry  Substrate Product T(h) Conv.” (%) Sel.” (%)
NO, NH,
1 ©/ O/ 3 100.0° 96.8°
CHy CH,
2 @/’”‘ @/“"’ 8  100.0 99.0
HiC. NO, HC NH,
3 \©/ U 8 100.0 97.5
NO, NH,
4 /©/ /O/ 8  100.0 98.7
HyC HyC
o, L
5 /O/ /O/ 10 100.0 97.3
HyCHC HyCH,C
CH, CH,
NO; NH;
6 d C( 14 100.0 98.0
'CHy CHy
OH OH
7 ©/"°‘ @/""’ 12 100.0 94.6
NO, N
8 /©/ /O/ 12 100.0 90.1
HO' HO'
HN. NO, HN. NH,
9 U \O/ 18 100.0 93.9
NO, N,
10 /O/ /O/ 24 100.0 91.1
HaN HN
c NO, ol NHy
11 \O/ \O/ 2 100.0 72.1
NO, NH,
12 /©/ /O/ 8  100.0 96.2
HOOC HOOC

¢ Reaction conditions: 1 mmol substrate, 25 wt% catalyst (based on the
substrate), 10 mL THF, 80 °C, 3 MPa H,. b Conversion of substrate and
selectivity of the product were detected by GC-MS. ¢ Only the results of
nitrobenzene were calculated by the internal standard method, the
others by the area normalization method.

Ru-1.5%Pd/C;N,-air showed excellent performance only in the
hydrogenation of nitro group. For the hydrogenation of 3-
nitrochlorobenzene, the main product was 3-chloroaniline ob-
tained by hydrogenation of nitro group and by-products were
aniline and cyclohexylamine (Entry 11, Table 1). Therefore, it
could be considered that the hydrogenation of benzene ring
would occur after the dehalogenation side reaction. The reason
might be that the activation energy of dehalogenation is lower
than that of benzene ring hydrogenation. Moreover, for the
hydrogenation of 4-nitrobenzoic acid, the detected main
product was 4-aminobenzoic acid, with a selectivity of 96.2%
(Entry 12, Table 1). The only by-product was from the conden-
sation reaction, and no hydrogenation product of hydrogena-
tion was detected. The nitro and carboxyl, as electron
withdrawing groups, might make it more difficult to activate the
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benzene ring. All the above results indicated good versatility of
as-prepared Ru-Pd catalyst in tandem hydrogenation of nitro-
aromatics to alicyclic amines.

Conclusion

In summary, a Ru-Pd/C;N,-air with Ru and Pd dual active sites
as well as alkaline N sites was prepared by facile ultrasonic-
impregnation, which enabled sequential hydrogenation of
nitroaromatics to alicyclic amines under mild conditions. Air-
exfoliated C;N,-air nanosheets showed higher specific area
than bulk C;N,, which increased the catalyst activity. The
particle size of the Ru-Pd catalyst was 2.8 + 0.6 nm, where Pd
NPs and Ru NPs were highly dispersed at a nano-scale distance.
The formed Ru-N, and Pd-N, species were conducive to high
dispersion of Ru and Pd. Ru-Pd catalyst enabled the activation
and dissociation of H, at 33.5 °C, which was beneficial to metal-
assisted hydrogenation. Under optimum reaction conditions,
prepared 1.5%Ru-1.5%Pd/C;N;,-air exhibited excellent perfor-
mance with the almost completed conversion of NB and 96.8%
selectivity of CHA, which could be attributed to highly dispersed
Ru-N, and Pd-N, species. C3N, as support was beneficial to
reduce by-products, mainly including cyclohexanol and DCHA,
which could be ascribed to the existence of alkali N species.
Moreover, the hydrogenation of NB to CHA was demonstrated
as a tandem process with aniline as an intermediate by oper-
ando IR, and hydrogenation of the nitro group was prior to the
benzene ring. Intrinsic kinetic studies demonstrated that the
activation energies of nitro group and benzene ring were
26.26 k] mol™* and 66.30 k] mol ', respectively, which directly
gave evidence that hydrogenation of the benzene ring was the
rate-determining step. Importantly, kinetics also revealed the
phenomenon of metal-assisted hydrogenation. Thereinto, Pd
and Ru were the dominant metals for hydrogenation of the nitro
group and benzene ring, respectively; meanwhile, the corre-
sponding non-dominant metal could enhance activation and
dissociation of H,, thereby improving catalytic activity. Addi-
tionally, the stability of Ru-Pd catalyst essentially remained at
a high level after recycling for 8 times, and its substrate scope
could be extended to other nitroaromatics with different
substituent groups. This work is expected to provide an envi-
ronmentally friendly catalytic system for the selective hydroge-
nation of nitroaromatics to alicyclic amines.
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