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ABSTRACT

Selective hydrogenation of aromatic amines, especially chemicals such as aniline and bis(4-
aminocyclohexyl)methane for non-yellowing polyurethane, is of particular interests due to the
extensive applications. To conquer the existing difficulties in selective hydrogenation, the Ru®-Ru®*/Ce0,
catalyst with solid frustrated Lewis pairs was developed for aromatic amines hydrogenation with
excellent activity and selectivity under relative milder conditions. The morphology, electronic and
chemical properties, especially the Ru®-Ru®* clusters and reducible ceria were characterized by X-ray
diffraction (XRD), transmission electron microscopy (TEM), scanning electronic microscopy (SEM), X-ray
photoelectron spectroscopy (XPS), CO, temperature programmed desorption (CO,-TPD), H, temperature
programmed reduction (H,-TPR), H, diffuse reflectance Fourier transform infrared spectroscopy (H,-
DRIFT), Raman, etc. The 2% Ru/CeO,, catalyst exhibited good conversion of 95% and selectivity greater than
99% toward cyclohexylamine. The volcano curve describing the activity and Ru state was found. Owning
to the "acidic site isolation" by surrounding alkaline sites, condensation between the neighboring amine
molecules could be effectively suppressed. The catalyst also showed good stability and applicability for
other aromatic amines and heteroarenes containing different functional groups.

© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

Catalytic hydrogenation of aromatic compounds is one of the
important organic transformations process in chemical industry
[1,2]. The hydrogenated aromatic amines can be exploited in a
variety of applications. For instance, cyclohexylamine (CHA),
which is produced by hydrogenation of aniline, can be used in
the synthesis of dyestuff, plasticizers, emulsifier and rubber
vulcanizing additives. Its derivative, bis(4-aminocyclohexyl) meth-
ane (H{;MDA) is an important diamine intermediate for synthe-
sizing various high-value added compounds, like non-yellowing
polyurethane. Unfortunately, hydrogenation of aromatic amines
usually requires expensive catalysts and harsh conditions. For
example, Ru/C catalyst with assistance of alkali additives was
applied in the methylenedianline (MDA) hydrogenation reaction
under conditions of 18 MPa and 190 °C [3]. Furthermore, under
such conditions, it generates many undesirable by-products, which
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would deteriorate product quality of polymers, especially in
chroma and fiber strength.

To overcome these problems, supported precious metal
catalysts have been developed for hydrogenation reactions,
such as Ir, Pt, Rh and Ru usually have higher catalytic
performance than non-precious metal. Among them, Ru based
catalysts have attracted much attention due to their relative
low cost (ca. 1/7~1/6 of Pd) and potential excellent catalytic
performance by careful modulation of Ru NPs and its interaction
between the supports [4,5]. Ceria has been recognized recently
as suitable supports in various catalytic processes, owning to its
peculiar nature [6], such as surface-bound defects (oxygen
vacancy), reducible character, strong interaction between the
support and metal. In addition, there are solid frustrated-
Lewis-pair sites (FLPs) over ceria [7], which possessed the ability
of H—H bond dissociation and expectantly could be advanta-
geous in the hydrogenation reactions [8]. To the best of our
knowledge, there are only very limited works reported on
hydrogenation of aniline and the derivatives like MDA over Ru/
CeO, catalysts.
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Herein, the Ru®-Ru®*/Ce0, catalyst with solid frustrated Lewis
pairs was developed for aromatic amines hydrogenation with
excellent activity and selectivity. The morphology, electronic and
chemical properties, especially the Ru®-Ru’* clusters and reducible
ceria were characterized by X-ray diffraction (XRD), transmission
electron microscopy (TEM), scanning electronic microscopy (SEM),
X-ray photoelectron spectroscopy (XPS), CO, temperature pro-
grammed desorption (CO,-TPD), H, temperature programmed
reduction (H,-TPR), H, diffuse reflectance Fourier transform
infrared spectroscopy (H,-DRIFT), Raman spectrometry, etc. The
volcano curve describing the activity and Ru loading amount was
found. And the "acidic site isolation" by surrounding alkaline sites
effect was proposed for the high selectivity.

The experimental section, including chemicals, catalysts
preparation (synthesis of Ru/Ce0,), characterization, catalytic
hydrogenation experiments can be found in Supporting informa-
tion

The XRD patterns were given in Fig. 1. As shown, the
characteristic diffraction peaks with 26 at 28.5°, 33.1°, 47.5°,
56.3°, 59.1°, 69.4° and 76.7°, which can be indexed to the (111),
(200), (220), (311), (222), (400) and (331) planes of face-centered
cubic phase ceria (space group Fm-3m, ref. 01-081-0972),
appeared in the patterns. However, the peaks for Ru species were
not observed even the loading amount reached 4%. This may be
caused by small size of Ru clusters, disordered lattice structure, and
high dispersion of Ru species due to an interaction with ceria
support [9].

Pyridine adsorption IR patterns (Fig. 1b) showed Lewis acidic
nature of ceria surface, indicated by IR bands at 1441, 1570 and
1592 cm ! appearance [10]. CO,-TPD showed the alkaline nature of
ceria surface (Fig. 1¢) and the strength of the base was enhanced
after Ru loading. The coexistence of acidic and alkaline sites can be
explained by solid frustrated-Lewis-pair sites on ceria surface [7].

SEM, HAADF-TEM microscopy and EDX spectroscopy were used
to study the morphologies and elemental distribution of Ru/CeO,
catalyst. As shown in Fig. 2, the catalyst was comprised of
nanoparticles staking together, and the elemental mapping
showed that Ce, O and Ru species were in good dispersion
throughout the catalyst, possibly due to interfacial anchoring by
immobilization effect of surface oxygen vacancies [10]. Ru clusters
mainly deposited on the (111) surface of ceria. Some Ru clusters
with diameter of 2~3 nm could be observed, exposing their hcp
(101) planes with lattice spacing of 0.21 nm. Ru loading amount
would influence the size of Ru clusters. 4% Ru loading leading to
formation of relative large nanoparticles (ca. 5~8 nm) and there
were hardly countable Ru nanoparticles were found in 0.5% Ru/
CeO, and 1% Ru/CeO, TEM images (Fig. S4 in Supporting
information). Some crystal plane structures of the Ru clusters
were disordered (Fig. 2c), indicating part of Ru clusters were
oxidized to form disordered Ru’* layers due to interfacial Ru-O-Ce
anchoring. Some oxygen in ceria with high mobility may also
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Fig. 2. Morphological and elemental analysis of 2%Ru/CeO,: (a) SEM image; (b) TEM
image; (c) HRTEM image; (d) elemental mapping.

transfer to Ru clusters, while simultaneously, ceria layers at the
perimeter of the particles would be reduced, [11,12] which turned
out to be an interaction effect. The chemical nature change of Ru
clusters, oxidation of the Ru clusters accompanying reduction of
Ce?" to Ce>" cations, would consequently influence the activity as it
will be showed in the catalytic performance results.

The interaction strength can be reflected in the reducibility. H,-
TPR was performed and the results are shown in Fig. 3a. There are
two peak regions in the TPR profiles, with region I at low
temperatures and region II at high temperatures, attributed to the
reduction of Ru species with different interaction strength with
support [10,13]. In the 2% Ru/SiO,, the reduction peaks at 133 °C
and 246 °C for both two regions were higher than 2% Ru/CeO,. The
reducibility was not only affected by support types but also the Ru
loading amount. In the ceria supported catalysts, region I could be
ascribed to reduction of partially oxidized Ru particles that had
weak interaction with support. This peak region I shift from 160 °C
to 105 °C when the Ru loading amount increased from 1% to 2%.
Further raising Ru amount to 4% did not result a lower reduction
temperature but led to region I splitting into 3 consecutive peaks,
corresponding to the stepwise reduction of supported ruthenium
oxides. With regards to the 2% Ru/CeO,, the region I initiated from
55°C and ended at 172°C. The high reducibility indicated the
interaction between Ru clusters and ceria was relative weak with
this loading amount, which was also verified by Raman character-
ization.
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Fig. 1. (a) XRD patterns for different Ru-based catalysts. (b) Pyridine adsorption IR of Ru/CeO, catalysts. (c¢) CO,-TPD curves of 2% Ru/CeO- catalyst and CeO, support.
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Fig. 3. Supported Ru catalysts (a) H>-TPR profiles, (b) in-situ H,-DRIFTS spectra, (c) Raman spectra and (d) XPS spectra of Ru 3p3,.

The Raman spectroscopy (Fig. 3b) showed that there was a peak
at 978 cm~ !, which can be attributed to Ru-O-Ce [10,14], but the
intensity was quite weak due to the relative low defects density of
stable (111) planes of ceria [15]. The broad TPR peak region II at
high temperature can be attributed to the reduction of Ru species
which strongly interact with ceria. The reduction peak shifted to
lower temperature with increase of Ru content. This peak
decreased from 292 °C to 238 °C when the Ru amount increased
from 1% to 4%. These Ru species were oxidized to a greater extent
by the higher affinity of oxygen which was provided by supports
(i.e., higher absorption enthalpy of oxygen)[16]. And thus, these Ru
species, which strongly interact with support, are relatively not
easy to be reduced.

In the reduction process, the spill-over of hydrogen from the
metal to the support could be observed by the H,-DRIFT (Fig. 3c).
Hydrogen may be adsorbed on surface oxygen after dissociation,
resulting to formation of —OH groups. Comparing with the curve
of sample pretreated at 200 °C in vacuum, after H, injection, new
absorption bands at range of 3620-3720cm™! appeared since
50°C, which are attributable to —OH species [17,18]. Especially,
bands at 3681 cm~' was supposed as doubly bridging OH species
(denoted as OH(II*-A)) when ceria surface was exposed to H, and
bands at 3648 cm ! was supposed to be doubly bridging OH
species related to abundant oxygen vacancy (denoted as OH(II*-B))
[18]. These results illustrated that Ru species could be partially
reduced at low temperatures and spill-over of hydrogen from Ru
clusters to support could take place after Hy, dissociation. The
hydroxylation of oxide surfaces driven by molecular H, dissocia-
tion could play an important role in redox reactions [19]. In this
work, the reaction temperature was 100-150 °C, which was higher
than the initial activation temperature, the hydrogenation reaction

could benefit greatly from the H, readily dissociation and
transferring by spilling-over.

The chemical state of the supported Ru catalysts was
investigated by XPS. As indicated in Ru 3ps; signal (Fig. 3d and
Fig. S5 in Supporting information), the peak at bind energy (BE)
462.2 eV can be attributed to Ru®, while the peak at higher BE can
be assigned to positively charged Ru (BE 464.8 eV) [13,20]. As
shown, the electronic state of Ru can be readily tuned by changing
Ru loading amount. The relative atomic ratio of Ru®/Ru®* was
quantified by fitted Ru 3p peaks. As found, the Ru®/Ru®* ratio
increased from 0.23 to 1.45 when the Ru amount increased from
0.5% to 2%. The ratio only slightly increased to 1.47 while further
double Ru amount to 4%. Because the electronic state of Ru
variation reflects the chemical interfacial Ru-O-Ce bonding
interaction between Ru clusters and ceria support [13], the Ru®/
Ru’* ratio variation trend suggested that the electronic interaction
was weakened by increasing Ru loading amount from 0.5% to 2%.
Since Ru®/Ru®* ratio could not be significantly raised when the Ru
loading amount was higher than 2%, to investigate the case of high
Ru®/Ru’* ratio, we deliberately reduced the sample of 2% Ru/CeO,
at 500 °C in H, atmosphere. As seen in Fig. 4, the Ru®/Ru®* ratio was
raised to 3.57. However, Ru species were still not completely
reduced due to the interaction between Ru clusters and ceria. The
XPS spectra of Ce 3d and O 1s were well analyzed (Fig. S6 in
Supporting information).

Hydrogenation of aniline was carried out with prepared
catalysts (Table 1). As shown, the 2% Ru/CeO, catalysts had a
good catalytic performance, providing as high as conversion of 95%
and selectivity of 99% toward cyclohexylamine (entry 3). The side-
products by hydrodealkylation or condensation reaction (e.g.,
dicyclohexylamine) were not observed in the reaction. Comparing
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Table 1
Hydrogenation performance using various catalysts.

NH, Ru cat. (0.1 mol%) NH, H
2 MPa Hy, 100 °C, 200 min__ " :
1 4-dioxane, 3 mL
0.5 mmol 1
1 a b

Entry Catalyst Con. (%) Sel. (%)°

a b
1 0.5% Ru/CeO, 18 >99.9 -
2 1% Ru/CeO, 37 >99.9 -
3 2% Ru/Ce0, 95 >99.9 -
4 4% Ru/Ce0, 66 >99.9 -
5 2% Ru/Al,03 70 99 1
6 2% Ru/SiO, 56 98 2
7 2% Ru/TiO, 33 99 1
8 2% Ru/MCF 44 95 5
9b Ru/C 56 60 40
10¢ 2% Ru/Ce0,-500H 28 >99.9 -
114 2% Ru/Ce0,-3000 0 - -

2 Conversion and selectivity were determined by GC, biphenyl as calibrated
internal standard.

> Commercial Ru/C catalyst purchased from Aladdin.

¢ 2% Ru/CeO, catalyst pretreated at 500 °C in H, atmosphere.

4 2% Ru/CeO, catalyst pretreated at 300 °C in air.

with oxide support or commercial activated carbon, the ceria
showed better both activity and selectivity. The catalyst was also
effective for MDA hydrogenation process. As shown in Table S1
(Supporting information), comparing with the existing catalysts
(or catalyst systems), the 2% Ru/CeO, catalyst in this work
exhibited quite high catalytic efficiency and selectivity under
milder conditions. The catalyst also showed good stability and
applicability of other aromatic compound with different functional
groups (Figs. S7 and S8 in Supporting information).

In addition, the effect of Ru loading amount was investigated. To
be comparable, the same Ru content was used in each reaction
entry (Ru 0.1 mol% of substance). Interestingly, the activity did not
increase monotonically with Ru loading amount and showed the
volcano curve with the optimal activity at 2% Ru, indicating that the
interaction between Ru and ceria was not the stronger the better.
Take 0.5% Ru/CeO, for example, when the Ru clusters have strong
interaction with ceria, they were highly oxidized (with Ru®/Ru®*
ratio of 0.23), as showed by the XPS results. The activity was only
less than 1/5 that of 2% Ru/CeO,. On the other side, when the ratio
of Ru®/Ru®* was raised to 1.47 (4% Ru/Ce0,), the activity showed no
further increase but slight decline. To clearly show the influence of
Ru®/Ru’* ratio, 2% Ru/CeO- was deliberately reduced at tempera-
ture as high as 500 °C in H, atmosphere. The Ru®/Ru®* ratio was as
high as 3.57 and the conversion dropped to only 28%. Finally, it goes
without saying that the particle size of Ru nanoparticles was
another key reason for the catalytic performance.

The high catalytic performance originated from the unique
properties of ceria support and the suitable interaction with Ru
clusters. When the Ru clusters anchored with ceria support by Ru—
O—Ce, part of them was oxidized to Ru®*, meanwhile, parts of Ce**
cations were reduced to Ce>" with acidic nature and some oxygen
vacancies were also created. Ru®-Ru’* clusters over ceria surface
with FLPs could facilitate H, heterolytic dissociation at low
temperatures and Lewis acids can activate aromatic compounds
[8,21-23]. When the interaction between Ru clusters and ceria was
too strong, Ru clusters may be oxidized to a high degree. The
reduction of Ru and H, dissociation was not likely to occur.
Conversely when the interaction was too weak, Ru particles would
start to grow up and the dispersion of Ru particles became worse
due to shortage of bonding anchoring. More importantly, spilling-

over and storage of H in the form of —OH may be not sufficient to a
certain degree due to lacking intimate interfacial interaction by
Ru—O—Ce bonding. density functional theory (DFT) calculations
also demonstrated that oxygen vacancies were in favor of the
stabilization of hydridic H species in ceria [24]. Both the high metal
dispersion, Lewis acid sites and the abundance of H species by Hy
dissociation could enhance the hydrogenation of aniline.

The high selectivity and low condensation side-products can be
explained by to the coexistence of solid frustrated Lewis acid-base
pair sites over ceria [7]. For a general acidic support, aniline and
cyclohexylamine molecules have strong adsorption on acidic sites
[25,26]. And condensation reaction may take place between the
neighboring molecules. However, regarding with ceria, which has a
fluorite-like cubic structure. Each cerium atom possessing the
Lewis acid nature is surrounded by the surface and subsurface
alkaline oxygen sites (and even enhanced by oxygen vacancies).
This "acidic site isolation" of Lewis acid sites by alkaline sites could
effectively suppress condensation of amines. Similar results also
observed in selective hydrogenation of alkynes [17], a low degree
of oligomerization of intermediates was found in the conversion of
alkynes to olefins over CeO,.

In summary, the well-tuned Ru/CeO, was demonstrated as
efficient catalyst for aromatic amines hydrogenation with excellent
activity and selectivity. Morphology, electronic and chemical
properties of Ru/CeO, was well were analyzed by using different
characterization techniques. Due to the special chemical nature of
Ru/Ce0,, the catalyst exhibited good conversion of 95% and
selectivity of 99.9% toward cyclohexylamine. The catalyst also
showed superior stability and applicability of other aromatic
amines and heteroarenes containing different functional groups.
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