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Based on the experimental and DFT calculation results, here for the first time we built preferential
adsorption sites for nitroarenes by modification of the supported Cu catalysts surface with 1,10-
phenathroline (1,10-phen), by which the yield of aniline via reduction of nitroarene is enhanced three
times. Moreover, a macromolecular layer was in-situ generated on supported Cu catalysts to form a
stable macromolecule modified supported Cu catalyst, i.e., CuAlOx-M. By applying the CuAlOx-M, a wide
variety of nitroarene substrates react smoothly to afford the desired products in up to > 99% yield
with > 99% selectivity. The method tolerates a variety of functional groups, including halides, ketone,
amide, and C = C bond moieties. The excellent catalytic performance of the CuAIOx-M can be attributed
to that the 1,10-phen modification benefits the preferential adsorption of nitrobenzene and slightly
weakens adsorption of aniline on the supported nano-Cu surface.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

Aniline and its derivatives are widely applied in the production
of pharmaceuticals, agrochemicals, dyes, polymers, surfactants,
and biologically active compounds [1]. Among the available prepa-
ration procedures [2,3], the selective reduction of nitroarenes with
H, represents economical and environmentally friendly alternative
for the synthesis of anilines [4]. In the past decades, a series of
heterogeneous noble metal catalysts, such as Au [5-9], Ru [10-
12], Pd [13-17], Pt [18-22], and Rh [5,23] et al. have been devel-
oped. However, high cost and limited availability of these precious
metals [1,24-26] impeded the further industrial application.
Besides, other reducible groups containing carbon-carbon or
carbon-heteroatoms multiple bonds, carboxylic acid derivatives,
halogen atoms or heterocycles, can be hydrogenated simultane-
ously in the presence of noble metal catalysts [27-29]. Therefore,
great efforts have been paid for the application of non-noble met-
als such as Fe [1 30-37], Co [38-44], Ni [27-29,45-47], and Cu [48]
in selective hydrogenation of nitro-compound with H,.
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Compared with Co, Ni, and Fe catalysts, Cu-based catalysts have
better stability and safety. In this context, M. Gupta and co-
workers developed Cu/N-CNTs using acetic acid as additive [49],
and Kustov et al. also reported copper-based catalysts for the
hydrogenation of dinitrobenzene at 145 °C [50,51]. Recently, Beller
and co-workers made important progress and developed sup-
ported copper catalysts for general and chemo-selective hydro-
genation of nitro compounds to amines in 66-96% yields under
5 MPa H, at 140 °C for 48 h [52]. Despite these achievements, rel-
atively demanding reaction conditions such as acid additive, or
high temperature (>140 °C) and long reaction time (up to 48 h),
are usually required to obtain satisfactory results. Thus, it is
appealing to develop a new method to enhance the catalytic activ-
ity of supported Cu catalyst and selectivity of desired products in
nitroarene hydrogenation.

As is well known, enzymes has the characteristics of high effi-
ciency, high specificity, mild reaction conditions and adjustability,
which is one of the most remarkable catalysts in nature [53]. In the
key process of enzyme catalysis, metals as the active center are
coordinated with the macromolecular ligands in order to realize
the coupling or transfer of electrons and energy [54]. Next, some
weak interactions, including hydrogen bonds, van der Waals forces
and so on, can promote the interaction between active site and
reactant molecules [55]. Eventually, the high efficiency and


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcat.2021.06.025&domain=pdf
https://doi.org/10.1016/j.jcat.2021.06.025
mailto:wanghl@licp.cas.cn
mailto:fshi@licp.cas.cn
https://doi.org/10.1016/j.jcat.2021.06.025
http://www.sciencedirect.com/science/journal/00219517
http://www.elsevier.com/locate/jcat

D. He, T. Wang, T. Li et al.

specificity of enzyme catalysis is achieved through construction of
an energy-based preferential entrance channel, i.e., preferential
adsorption sites to reactants, such as molecular recognition, func-
tional groups effects, size or shape matching, energy advantages,
etc [56]. Inspired by the basic principle of enzyme catalysis, mimic
enzymes structure by surface modification of supported Cu cata-
lysts would be a feasible strategy to enhance their catalytic activity
for reduction of nitroarenes to amines. The crucial point about the
surface macromolecular modification is constructing a selective
adsorption and desorption surface which benefit preferential
adsorption of nitroarenes and not influence desorption of aniline
on the catalyst surface, thus it can obviously improve the catalytic
performance in hydrogenation of nitroarenes to anilines. In this
way, we envisioned that specific functional macromolecular mod-
ification of supported nano-Cu catalysts might tailor an effective
Cu based catalyst for reduction of nitroarenes to anilines. In addi-
tion, strong adsorption is not conducive to substrate reaction and
product desorption. Some weak interaction, for example hydrogen
bonds, should be considered on process of adsorption or desorp-
tion for progress of catalytic reaction smoothly. For this reason,
we chose N-heterocyclic ligands to study the interaction between
organic ligands and CuAlOx.

Herein, we report that modification of supported nano-Cu cata-
lyst with 1,10-phen, and also the in-situ generated macromolecu-
lar layer on catalyst surface, can significantly enhance its
catalytic performance in selective reduction of nitro compounds
to the corresponding amines (Fig. 1). The goal of this work is to
show how to construct a heterogeneous catalyst via the inspiration
from homogeneous catalysis, i.e., 1,10-phenatroline was used as
the monomer to construct a stable “polymer ligand” or a “hetero-
geneous ligand” on the surface of supported copper catalysts
(CuAlOx-M) for enhancing the catalytic performance of reduction
of nitroarene substrates.

2. Experimental section
2.1. Catalyst preparation

All solvents and chemicals were obtained commercially and
were used as received.

Preparation of CuAlOx. 0.15 g (0.6 mmol) of Cu(NOs3),-3H,0 and
4.3 g (11.4 mmol) of Al(NOs3);-9H,0 were added into 100 mL deion-
ized water at room temperature in a 250 mL flask. Then, 40 mL of
Na,COs3 solution (0.93 mol/L) was added dropwise into the solution
under vigorous stirring and the mixture was stirred for a further
5 h at room temperature. The reaction mixture was centrifuged
and washed with water to remove the base until the pH value of
the aqueous solution was ~ 7. Next, the solid was dried at 100 °C
for 12 h, calcined at 350 °C for 5 h, and then reduced under hydro-
gen flow at 350 °C for 3 h. Subsequently, black powder was
obtained and denoted as CuAlOx.

Preparation of CuAlOx-M. A mixture of nitrobenzene (1 mmol)
and 1,10-phenanthroline (0.1 mmol) was added to a glass tube
which was placed in a 100 mL autoclave then the autoclave was
sealed and exchanged with H, three times and reacted at 120 °C
under 1.5 MPa H, for 8 h using CuAlOx as the catalyst. After the
reaction, the autoclave then cooled down to room temperature.
Next, the catalyst was separated from the reaction mixtures by
centrifuging and washed with methylbenzene for three times.
Finally, the catalyst dried in the air and named CuAlOx-M.

2.2. Catalyst characterization

For TEM investigations, the catalysts were dispersed in ethanol
by ultrasonication and deposited on carbon-coated copper grids.
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Fig. 1. Schematic diagram of nitrobenzene hydrogenation with CuAlOx.

TEM analysis was carried out on a FEI G2 F20 transmission electron
microscope operating at 200 KeV.

XRD measurements were conducted by a STADIP automated
transmission diffractometer (STOE) equipped with an incident
beam curved germanium monochromator selecting Cu Ko1 radia-
tion and a 6° position sensitive detector (PSD). The XRD patterns
are scanned in the 20 range of 10-80°. For the data interpretation,
the software WinXpow (STOE) and the database of Powder Diffrac-
tion File (PDF) of the International Centre of Diffraction Data
(ICDD) were used.

XPS was obtained using a VG ES-CALAB 210 instrument
equipped with a dual Mg/Al anode X-ray source, a hemispherical
capacitor analyzer, and a 5 keV Ar + iron gun. The electron binding
energy was referenced to the C 1s peak at 284.8 eV. The back-
ground pressure in the chamber was less than 10-7 Pa. The peaks
were fitted by Gaussian-Lorentzian curves after linear background
subtraction. For quantitative analysis, the peak area was divided by
the element-specific Scofield factor and the transmission function
of the analyzer.

Thermogravimetric analysis (TGA) was performed on a MET-
TLER TOLEDO simultaneous thermal analyzer in an air or N, atmo-
sphere from 30 °C to 1000 °C and then maintained at 1000 °C for
60 min.

The contents of Cu in the catalysts were measured by induc-
tively coupled plasma-atomic emission spectrometry (ICP-AES),
using an Iris advantage Thermo Jarrel Ash device.

Nitrogen adsorption-desorption isotherms were measured at
77 K using American Quantachrome iQ2 automated gas sorption
analyzer. The pore-size distribution was calculated by Barrett, Joy-
ner, and Halenda (BJH) method from desorption isotherm.

Element analyses (EA) were performed with an Elementar Var-
ioEL instrument.

Extended X-ray absorption fine structure (EXAFS) experiments
were performed at the Beijing Synchrotron Radiation Facility
(1W1B BSRF) in the Institute of High Energy Physics, Chinese Acad-
emy of Sciences with a storage ring energy of 2.5 GeV and a beam
current between 150 and 250 mA. The Cu K edge absorbance of
powder catalysts was measured in transmission geometry at room
temperature. The energy was scanned from —200 eV below to
800 eV above the Cu K edge (8979 eV). EXAFS data analysis was

carried out using iffeffit analysis programs (http://cars9.uchicago.

edu/ifeffit/).

2.3. Catalytic performance test and procedure for recycling test

Catalytic Performance Test. A mixture of nitroarenes (1.0 mmol),
catalyst (80 mg, 3.8 wt%) were added to a glass tube which was
placed in a 100 mL autoclave. Then the autoclave was purged
and charged with H, (1.5 MPa) three times. The reaction mixture
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was stirred at 120 °C for 12 h. Then, the autoclave was cooled to
room temperature and the pressure was carefully released. Subse-
quently, the reaction mixture was diluted with 10 mL toluene for
quantitative analysis by GC-FID (Agilent 7890B-5977A).

Procedure for recycling test. The used catalyst of the N-doped car-
bon/CuAlOx was separated from the reaction mixtures by cen-
trifuging, washed three times using methylbenzene. After being
dried in air at room temperature, it was recovered and directly
recharged into the autoclave for the next run.

3. Results and discussion
3.1. Screening of different ligands

At first, the hydrogenation of nitrobenzene was chosen as a
model reaction to study the effects of organic ligands on the cat-
alytic performance of supported Cu catalyst, i.e., CuAlOx (Table 1).
As shown in Table 1, we can see that only 27% yield of aniline was
obtained by CuAlOx lack of ligands and some ligands would inhibit
the catalytic hydrogenation performance of copper, like pyridine
and dipyridine, but some ligands, especially 1,10-phen, could sig-
nificantly improve the catalytic performance with 81% yield
(Table 1, Entry 1, 11). It should be noted that the catalytic perfor-
mance was possibly related to the position or distance of two N-
atoms in organic ligand.

3.2. DFT calculation

To validate our hypothesis further and get some insights into
the different catalytic performances between clean Cu and Cu dis-
posed by 1,10-phen, we performed DFT studies to compare the
adsorption energies of ArNO, and ArNH, on clean Cu and Cu dis-
posed by 1,10-phen.

It revealed that the adsorption of ArNO; on 1,10-phen_Cu(111)
surface (—1.27 eV) was much stronger than on clean Cu (111) sur-
face (—0.72 eV), which indicated a higher concentration of reactant
on the surface and eventually enhanced activation of the reactant.
The adsorption energy of ArNO; on 1,10-phen_Cu (111) surface
(=1.27 eV) is also much stronger than 1,10-phenathroline
adsorption energy (—1.01 eV). In this respect, full coverage of
1,10-phenathroline is not competitive at all in the presence of
nitrobenzene. Therefore, we concluded that the partial precovering
of 1,10-phenathroline on Cu surface is beneficial for nitrobenzene
adsorption. Close inspections showed that the enhanced adsorp-
tion strength came from the formation of H-bonds between ArNO,
and phen as shown in Fig. 2c. However, the adsorption of the
ArNH, was slightly weaker on 1,10-phen_Cu (111) surface
(—0.89 eV) than the clean Cu (111) surface (—0.91 eV). Therefore,
we attributed the better performance of 1,10-phen_Cu catalyst in
this reaction partially to the enhanced adsorption strength of reac-
tant as well as desorption of product. Furthermore, we also evalu-
ated the abilities of these two catalysts in H, activation, and the
potential energy diagram, as well as structures of H, dissociation.
The results were shown in Figs. S1 and S2. The 1,10-phen_Cu
(111) surface has a higher H, dissociation energy barrier than Cu
(111) surface, indicating the slightly weaker activity in H,
activation.

To get more insights into the roles of different ligands in affect-
ing the catalytic performances of Cu catalyst, we performed sys-
tematic DFT computations and all the computational details
could be found in supporting information. As a start, we compared
the adsorption energies of ArNO, (reactant) and ArNH, (product)
as well as H, dissociation energy barriers on clean and different
ligands modified Cu (11 1) surfaces (Fig. 3).
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It revealed that each ligand had quite different effects on the
adsorptions of reactant and product. As proposed in the Sabatier
principle [57], the binding strength between the reaction interme-
diates and catalyst is essential in determining the catalytic perfor-
mance of a catalyst. An optimal catalyst should have neither too
strong nor too weak binding strength of reaction species, and ide-
ally should be strong enough to activate the reactant but weak
enough to release the product smoothly. Based on this principle,
we can find that 1,10-phen modified Cu catalyst has such advan-
tages, i.e.,, this catalyst has much stronger ArNO, adsorption
strength than the clean Cu catalyst, indicating a strong ability in
activating the reactant. Meanwhile, it has slight weaker adsorption
strength of ArNH, than pure Cu, which indicates a more favorable
desorption of the product. Similarly, 4,7-phen also enhances the
adsorption strength of ArNO, while weakens the ArNH; adsorption
despite that the enhancement is smaller compared with 1,10-phen.

In contrary, ligand-2 weakens the adsorption of the ArNO,,
which will potentially reduce the ability in activating the reactant
and eventually affect the performance of Cu catalyst. Additionally,
we evaluated the effects of these ligands in H, activation, 4,7-phen
and 1,10-phen have similar energy barriers with clean Cu catalyst
in H, dissociation, whereas ligand-2 has much higher H, dissocia-
tion energy barrier indicating its potentially lower hydrogenation
activity. Our simulations reveal that 1,10-phen has the most posi-
tive effect in ArNO, hydrogenation to ArNH, because of the
enhanced ability in both reactant activation and product desorp-
tion, followed by 4,7-phen while 1,7-phen shows a negative effect.
Indeed, all the simulated results are in reasonable agreement with
the experimentally detected yields as listed in Table 2, i.e., 1,10-
phen modified Cu has highest yield followed by ligand-3 and clean
Cu, while 1,7-phen modified Cu catalyst has lowest yield. In addi-
tion, we found that 2,2’-Bipyridine has a quite different manners
compared with 1,10-phenathroline. As shown in entry 5 of Table 2,
the 2,2’-Bipyridine ligand enhanced the adsorptions of both reac-
tant and product for nitrobenzene hydrogenation, which is differ-
ent from that for 1,10-phenathroline. This result further confirms
the special role of 1,10-phenathroline ligand in improving catalytic
activities. The above experiment and DFT characterization results
proved that our idea to manipulate the adsorption-desorption
behavior of reactants and products on CuAlOx surface through
introducing organic ligands was feasible.

3.3. Optimization of the reaction

In subsequent studies, we conducted optimization of the reac-
tion conditions (Table 3). It was found that 99% nitrobenzene con-
version and 99% aniline yield were achieved by using CuAlOx in the
presence of 1,10-phen at 120 °C with 1.5 MPa H, for 12 h (Table 3,
Entry 9). Noteworthy, the catalyst exhibited good reusability for at
least 5 runs at full conversions by simple filtration using solvent
without further addition of 1,10-phen (Fig. 4a). The recycling test
of the catalyst has also been performed at relatively low conver-
sions (17%-19%) within kinetic region, and it can be found that
the catalyst could be reused at least 5 times without obvious loss
in catalytic performance (Fig. 4b).

Moreover, we try to construct CuAlOx-M as catalyst for the
reduction of nitroarenes (Table S5). Clearly, the best catalytic per-
formance was obtained by treatment of CuAlOx with 1,10-phen in
the presence of nitrobenzene for 8 h (Table S5, entry 11). With the
macromolecular modification of supported Cu catalysts (CuAlOx-
M) in hand, the scope and limitation of reduction of nitroarenes
were investigated. As shown in Table 4, nitroarenes with both
electron-withdrawing and electron-donating groups on the aro-
matic ring were effectively reacted to afford the desired products
in 98-99% yields (2a-2i). It was found that the electronic and steric
properties of the aryl substituents on the aromatic ring have little
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Table 1

Catalytic hydrogenation of nitrobenzene with CuAlOx in the presence of different ligands.®
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Entry Ligands Conversion (%) Selectivity (%) Yield (%)
1 None 28 99 27
2 N 21 99 20
S
| =
3 N N— 28 99 27
7N
—/ 7/
4 N —N 24 99 23
7\
/) \/
5 N _ 7 98 6
7N N
_ N
6 N N 24 99 23
70 N
— N\ 7/
7 7\ — 24 99 23
N o \ /N
8 N _ 17 98 17
/
\ N
9 — — 35 99 35
\ V.
N N
’ DWW, 8 ) 7
N\ 7
N—N
11 —N N— 81 99 81
\ Y

The data in Table 1 is the average of the results between the two groups of parallel reaction. * Nitrobenzene (1 mmol), CuAlOx (80 mg, 3.8 wt% Cu), ligand (10 mol%), toluene
(4 mL), 1.5 MPa Ha, 150 °C, 1.5 h. ® Conversions of nitrobenzene and yields of aniline were determined by GC-FID using diphenyl as the internal standard material. © Selectivity

was determined by GC-MS.

(b)

(c)

Fig. 2. Adsorption configurations of ArNO, and ArNH, on clean Cu (11 1) surfaces (a, b) and phen_Cu (11 1) surface (b, c), respectively. The numbers in (c) denote the lengths
of H-bonds between ArNO, and phen. (H atom in white, C in black, O in red, N in blue and Cu in pink). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 3. The adsorption configurations of ArNO, and ArNH, on ligands doped Cu (111) surface.

Table 2
Adsorption energies (eV) of ArNO,, ArNH, and H, dissociation energy barriers (eV) on different catalysts.
Entry Catalyst Ligands Yield (%) E.as (ArNOy)/eV E.as (ArNH;)/eV E,(H,)/eV
1 CuAlOx None 27 -0.72 -0.91 0.45
2 CuAlOx N _ 17 -0.57 -0.77 0.81
\ N
3 CuAlOx — — 35 -091 -0.83 0.48
\
N N
4 CuAlOx —N N— 81 -1.27 -0.89 0.54
5 CuAlOx N N=— 28 -1.25 —-1.49 0.50
720\

effect on the observed reactivity and selectivity of the reaction. In
addition, a variety of substrates containing sensitive functional
groups, such as amino, halogen, ketones, esters, amides, and olefins
was well-tolerated without being reduced to any substantial
extent (2j-2v). Furthermore, dinitro-compounds were also success-
fully converted to the corresponding diamines in good yields (2w
and 2x).

3.4. Catalyst characterization

In order to investigate the relationship between structure and
activity of CuAlOx catalyst after being used with the addition of
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1,10-phen, a series of characterizations including X-ray photoelec-
tron spectroscopy (XPS), X-ray powder diffraction (XRD), transmis-
sion electron microscope (TEM), Fourier transformed Cu K-edge
EXAFS, inductively coupled plasma-atomic emission spectrometry
(ICP-AES), elemental analysis (EA), and N, adsorption — desorption
instruments have been performed for fresh CuAlOx catalyst and
the CuAlOx being treated by ligands, nitrobenzene and H,.

The XPS spectra presented two main peaks of fresh CuAlOx and
treated CuAlOx catalysts at 933.1 eV and 953.1 eV, which were cor-
responding to the Cu 2p*? and 2p'? binding energy of Cu(Il),
respectively (Fig. 5A). Furthermore, the chemical state of Cu in
CuAlOx catalysts was analyzed by Fourier transformed Cu K-edge
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Table 3

Catalytic hydrogenation of nitrobenzene under different reaction conditions with 1,10-phenanthroline as ligand.?
Entry Reaction temperature (°C) Reaction time (h) Conversion (%) Selectivity (%)° Yield (%)°
1 150 15 82 99 82
2 150 2 >99 99 >99
3 140 3 79 99 78
4 130 4 86 99 85
5 120 4 52 99 51
6 120 6 64 99 64
7 120 8 85 99 84
8 120 10 95 99 95
9 120 12 >99 99 >99
10 110 12 16 98 15

The data in Table 3 are the average of the results between the two groups of parallel reaction.
Nitrobenzene (1 mmol), CuAlOx (80 mg, 3.8 wt% Cu), 1,10-phenanthroline (10 mol%), toluene (4 mL), 1.5 MPa H,. ® Conversions of nitrobenzene and yields of aniline were
determined by GC-FID using diphenyl as the internal standard material. € Selectivity was determined by GC-MS.
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Fig. 4. Recycling test of CuAlOx-M for the hydrogenation of nitrobenzene. (A) at full conversion of nitrobenzene. (B) at relatively low conversions (17%-19%) of nitrobenzene.
Reaction conditions: nitrobenzene (1 mmol), toluene (4 mL), 1.5 MPa H,, 120 °C. All conversions of nitrobenzene and yields of aniline were determined by calibrated GC-FID
using diphenyl as the internal standard material and selectivity was determined by GC-MS. (Conversion in red, yield in blue, selectivity in black). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

EXAFS spectra (Fig. 5B). Clearly, two signal peaks at 1.56 and 2.23 A
were observed in CuAlOx catalysts samples being used for 1, 3 and
5 times. By comparing with standard spectra of Cu (curve a), Cu,0
(curve 1) and CuO (curve m), the two peaks can be assigned to Cu-
Cu coordination of metallic Cu (2.23 A) and Cu-O coordination CuO
(1.56 A), respectively.

The surface C and N species of the catalysts were also analyzed
by XPS (Fig. S3A, B). The XPS spectra of CuAlOx treated by 1,10-
phen display a strong peak of N 1s at 399.7 eV and other ligands
only a weak peak but not observable in fresh CuAlOx (Fig. S3C).

In XRD diffraction patterns, the fresh Al,O3; samples (Fig. 5A,
curve a) show characteristic diffraction peaks of Al,03 at 14.1°,
28.1°, 37.9°, 45.9° and 66.2° (PDF#46-1131). The CuAlOx samples
(Fig. 6A, curve b) showed XRD reflections at 43.3°, 50.4°, and 74.1°,
which can be respectively assigned to (111), (200) and (220)
reflection lines of metallic Cu (PDF#99-0034). Notably, the catalyst
of CuAlOx treated by 1,10-phen (Fig. 6A, curve c) exhibited a new
diffraction peak located at 18.0°, which was the typical diffraction
peak of N-doped carbon (PDF#51-2183) [58]. It can be inferred
that the peak of N 1s at 399.7 eV in XPS came from the newly
formed N-doped carbon. It was noticeable that this peak was also
observed in used catalysts of 1, 3 and 5 times (Fig. 6A, curves d,
e, f) and the diffraction patterns intensity increased gradually.
Obviously, the intensity at 18.0° increased gradually with the
extension of reaction time (Fig. 6B, curves a-f). These results sug-
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gested that N-doped carbon not only can be preserved after 5™
runs, but also its crystal form became better and better as time
extends, which may explain the reason why the catalyst good recy-
lability after the first run.

According to the N, adsorption-desorption isotherms, the for-
mation of a mesoporous structure of the fresh CuAlOx catalyst
was observed (Table S1). Clearly, it was composed of pores with
radius of 2.8 nm and 6.3 nm. The results showed that the porous
structure partly disappeared after the treatment of fresh catalyst
under different conditions, which should be attributed to the for-
mation of layered carbon, resulting in clogged meso-pores of the
fresh CuAlOx catalyst. The BET surface areas of the fresh and trea-
ted catalysts (Table S1) were 137.0-249.5 m?.g .

As can be seen from Fig. 7, TEM images of fresh CuAlOx mainly
contain a lattice fringe of d = 0.21 nm for Cu (111) (Fig. 7a). In con-
sideration of metallic copper in TEM characterizations, the surface
Cu (II) observed in XPS should be attributed to the air oxidation of
surface Cu (0) [52]. Compared with fresh CuAlOx, the TEM images
of treated CuAlOx on the surface of nano-Cu appeared a lattice
fringe of d = 0.28 nm that was considered to be the characteristic
lattice fringe of layered carbon (Fig. 7b, ¢, d). Thus, the TEM image
further confirmed the observations and conclusions from XPS,
EXAFS, and XRD as well as N, adsorption-desorption analysis.

Subsequently, the loadings of N-doped carbon were determined
by elemental analysis (EA). The results showed that the contents of
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Table 4

Catalytic hydrogenation of various aromatic nitro compounds.®
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NH,
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NH,
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NH,
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NH,

Q
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NH,
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(0]
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HzN@NHQ

2x, 99% (99%)4

NH,
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g

NH,
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2All conversions and yields were determined by calibrated GC-FID using diphenyl as the internal standard material. The conversions
of nitro compounds were showed below the structural formula and yields of anilines were given in parentheses. Reaction condi-
tions: 1 mmol of substrates, 80 mg of CuAlOx-M, 1.5 MPa H;, 4 mL toluene, 120 °C, 14 h. 17 h.©16 h. 9420 h.

C, H and N was 9-15 wt% (Table S2). According to the analysis, the
0.7-1.5 wt% N and 6.6-10.6 wt% C (Table S2), can be considered to
confirm the ratio of N and C in 1,10-phen, excluding the residual of
solvent and adsorption of CO, from the air in the drying process. EA

analysis showed that the nitrogen and carbon contents in catalyst
were consistent with the ratio of N and C in 1,10-phen. Therefore,
we speculate that the N-doped layer carbon is probably a 1,10-
phenathroline polymer. In the above discussion, with the extension
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Fig. 5. (A) Cu 2p XPS spectra of the catalysts. a, CuAlOx; b, CuAIOx reused 1 time; ¢, CuAlOx reused 3 times; d, CuAlOx reused 5 times; e, CuAlOx reaction for 4 h; f, CuAIOx
reaction for 8 h; g, CuAlOx reaction for 12 h; h, CuAlOx reaction for 16 h; i, CuAlOx reaction for 20 h; j, CuAlOx reaction for 24 h. (B) Fourier transform (FT) of Cu K-edge EXAFS.
a, Cu; b, CuAlOx; c, CuAlOx reused 1 time; d, CuAlOx reused 3 times; e, CuAlOx reused 5 times; f, CuAlOx reaction for 4 h; g, CuAlOx reaction for 8 h; h, CuAlOx reaction for
12 h; i, CuAlOx reaction for 16 h; j, CuAlOx reaction for 20 h; k, CuAlOx reaction for 24 h; I, Cu,0; m, CuO.
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Fig. 6. (A) XRD patterns of the samples. Al,03 (curve a); CuAlOx (curve b); CuAlOx after reaction of nitrobenzene reduction with 1,10-phenanthroline and H, for 12 h (curve
c); CuAlOx reused 1 time (curve d); CuAlOx reused 3 times (curve e); CuAlOx reused 5 times (curve f). (B) XRD patterns of the CuAlOx samples after reaction of nitrobenzene
reduction with 1,10-phenanthroline and H, for 4 h (curve a); 8 h (curve b); 12 h (curve c); 16 h (curve d); 20 h (curve e); 24 h (curve f).

of reaction time or the recycling times, XRD and TEM results
showed that the crystal lattice of the N-doped carbon was better
and clearer gradually. However, the weight of N-doped carbon
decreased in EA, which may be the fact that extra 1,10-phen mole-
cules deviate from the surface of the catalyst during the process of
macromolecular from disordered to ordered state.

The copper contents of catalysts and reaction solution were
tested by ICP-AES, including reused catalysts and treated catalysts
for different times (Tables S3-5S4). It was found that the Cu-load of
fresh CuAlOx and CuAlOx-M respectively was 3.8 wt% and 3.5 wt%.
The data of 3.5 wt%, 3.5 wt%, 3.4 wt% was observed for CuAlOx-M
catalysts after the first, third and fifth runs. The copper contents in
the solution after each cycle were tested by ICP-AES. The copper
content in the solution after each recycle was below the detection
limit of the instrument (0.1 ppm) at the 1% to 5 runs, which indi-
cated good stability of the CuAlOx-M catalyst (Table S4).
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4. Conclusions

In conclusion, we have developed an effective method for
enhancing the catalytic performance of supported nano-Cu catalyst
by modification with organic ligand on their surface. The in-situ
generated macromolecular modified supported copper catalyst,
i.e., CuAlOx-M, exhibits good catalytic performance in selective
hydrogenation of nitro compounds to amines with up to 99% yield
under mild conditions. A series of characterizations and DFT study
results show that the enhanced catalytic performance of supported
nano-Cu catalyst could be attributed to that the modification with
1,10-phen build preferential adsorption sites to nitroarenes and
slightly weaken the adsorption of aniline on the catalyst surface.
This work offers an effective methodology for the precise regula-
tion of the catalytic performance of heterogeneous catalysts on
molecular level.
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Fig. 7. TEM images of catalysts. a, CuAlOx; b, N-dope carbon/CuAlOx reused 1 time; c, N-dope carbon/CuAlOx reused 3 times; d, N-dope carbon/CuAlOx reused 5 times.
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