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Herein, an active and stable nanocatalyst based on copper nanoparticles embedded into nitrogen-doped carbon
fiber felts (N—CFFs) was fabricated through a co-assembly protocol. The catalytic performance of Cu (20 wt.
%)/N—CFF was contributed to its structural and morphological features, which were studied by various char-
acterization techniques. The data illustrated that the catalyst showed reasonable activity and excellent selectivity
in oxidation of benzene-to-phenol (25.2 and 100% for yield and selectivity respectively) in the presence of an
environmentally-friendly oxidant. Furthermore, the microscopic catalyst kept its long-term performance until

nine successive runs, which turns it into a bulk alternative in large-scale schemes.

1. Introduction

Carbon Fiber Felts (CFFs) refers to a type of monolithic supports
containing straight channels, which can be covered by stable oxides or
metallic nanoparticles [1,2]. CFFs, due to conspicuous features such as
chemical, mechanical, and thermal stabilities have been considerably
regarded as bulk supports for large-scale catalyst synthesis [3-6]. Hav-
ing a sizeable amount of parallel walls together with a porous frame-
work has provided these structures with a potential for depositing
catalytic active sites [7,8]. These properties enable CFFs to overcome
intra-particle mass transfers and eliminate diffusions during the reaction
process. In comparison to conventional networks, CFFs have higher
flexibility in terms of surface functionalization [9]. In addition, the
macroscopic nature of these structures facilitates their separation from
the reaction mixture after the catalytic profile, which can improve their
recyclability in further runs. Therefore, bulk CFFs can be considered a
cost-effective and eco-friendly alternative for metallic and ceramic
monolithic matrixes [10]. Despite these advantages, CFFs suffer signif-
icantly from their large dimensions and low surface area, which even-
tually results in reduced activity. Moreover, the ununiform distribution
of CFFs pores will eventually result in a declined rate of durability in the
case of final catalyst [11,12].

The idea of developing nitrogen-doped carbonaceous supports has
been suggested for some time now, in an attempt to improve the CFFs’
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surface area and enhance their chemical activity [13-15]. Nitrogen
atoms doped in carbonic materials, by having free lone pair electrons,
can provide active coordination sites for metal nanoparticles through
hydrophilicity, conductivity, and basicity inducing [16-18]. That is to
say, the nitrogen species in modified CFFs are envisioned to create
strong locations for better immobilization of metallic nanoparticles,
leading to the suppression of unwanted aggregations [19]. Furthermore,
the introduction of nitrogen atoms into the carbonaceous matrixes can
potentially balance the electronic characteristics, handle the band gap
energies, and charge density to the large extent [20,21]. Park and
co-authors reported the immobilization of Cu-Pd alloy nanoparticles on
the surface of graphitic carbon nitride by implementing the sol-gel
method, by which high uniform dispersion of nanoparticles on the sur-
face of g-C3Ny4 was achieved. The homogeneous distribution of particles
together with the synergic effect between the support and active metals
resulted in better hole-electron separation, which ultimately resulted in
high solar energy conversion [22]. In-situ construction of
nitrogen-doped CFFs during the direct incorporation of metallic nano-
particles has been regarded as an efficient technique in the construction
of reusable bulk nanocatalysts. For example, in our previous work, we
reported the construction of Co/N—CFF@TiO2-SiO5 nanocatalyst by
using nitrogen-doped CFFs, which induced better textural, mechanical,
and chemical properties in the final architecture. Besides, our synthetic
strategy has significantly improved the electrical conductivity and
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hydrophobicity of the optimized catalyst, which consequently the high
selectivity and reasonable yield of acetophenone achieved upon aerobic
ethylbenzene oxidation [23]. Copper-based catalysts containing CFFs
decorated with nitrogen species exhibited good activity in pollutant
reduction at room temperature, which was reported earlier. The study
explained how modification of CFFs by impregnation method results in
uniform distribution of copper nanoparticles. Employing green tech-
niques and starting materials will enable the preparation of a final
composite as a sustainable alternative and ideal platform for industrial
wastewater treatment [24].

Herein, we implemented again the strategy to immobilize copper
nanoparticles into the microfibers of CFFs during modification of fibers
by nitrogen atoms, aiming to suppress active site leaching and achieve
better catalyst separation. In this method, heteroatoms can be encap-
sulated into the CFFs through the thermal pyrolysis of a mixture of
melamine and a widely-used cobalt (salen) complex. In the as-prepared
composite, the nitrogen atoms have a superior ability to interact with
CFFs through the formation of a conjugate & system. Generally, loading
nitrogen atoms into the CFFs will induce a unique possibility, by which
the support and deposited metal can interact effectively, and as a result,
the redox transfers can be properly adjusted. In the following, the per-
formance of the catalyst was examined in the benzene oxidation by
using hydrogen peroxide as a green oxidant in mild conditions. Owing to
the synergic effects between functionalized CFFs and copper species, the
newly-fabricated nanocatalyst has prestigious physical and chemical
properties alongside the desired catalytic activity. This profile can be
extended as a novel route for the synthesis of embedded bulk catalysts
for large-scale destinations. We believe that the macroscopic nature of
the nanocatalyst gives it a unique capability for separation after suc-
cessive reactions.

2. Experimental section
2.1. Chemicals and materials

Benzene, copper(Il) nitrate hexa-hydrate Cu(NOgs),. 6H20, ethyl-
enediamine (NH2CH;CHNHy), 2,5-dimethylfuran (CgHgO), salicy-
laldehyde and melamine (2,4,6-triamino-1,3,5-triazine) were purchased
from the Merck company. Carbon fiber felts (CFFs) was commercially
obtained from the OJS Company (Belarus). Dichloromethane, acetoni-
trile (anhydrous, 99.8%), and hydrogen peroxide 25% were provided
from Sigma-Aldrich. Ethanol and other solvents were used in analytical
grade without any extra refinement.

2.2. Synthesis of N, N'-bis (salicylidene) ethylenediamine copper (II), Cu
(salen) complex

N, N'-bis (salicylidene) ethylenediamine, known as salen ligand, was
prepared according to the reports available in the literature [25]. For
this purpose, 2 mmol of ethylenediamine were added dropwise into a
round-bottom flask containing a mixture of 4 mmol of salicylaldehyde
and 5 mL of ethanol at boiling point, which was followed by stirring for
2 h. After that time, the reaction mixture was cooled to obtain yellow
crystals, filtered and purified by ethanol, and then dried in a vacuum
oven at 60 °C overnight.

For the synthesis of Cu(salen) complex, on the one hand, a solution of
0.03 mol/L Cu(NO3),. 6H30 in ethanol was prepared. On the other
hand, the specific amount of newly-fabricated N, N-bis ethylene diamine
(salen ligand) was dissolved in dichloromethane. Next, both solutions
were mixed for 4 h under a nitrogen atmosphere. After completion, the
precipitates were collected and washed with ethanol several times, and
then the prepared sample was dried at 60 °C overnight.

2.3. Synthesis of Cu/N-CFF

Nitrogen-doped carbon network containing copper nanoparticles
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(Cu/N—CFF) was fabricated by the following method: Firstly, the pris-
tine CFFs were washed in a mixture of water and ethanol under ultra-
sonic conditions, aiming to remove carbonic impurities, pollutants, and
powdery residues from their surface. After cleaning, the bulk CFFs were
dried at 80 °C for hours, and then were used as a firm support for copper
complex stabilization. For this purpose, 500 mg of dry CFFs was shopped
down into smaller pieces and distributed over 100 ml of water/ethanol
(50/50) solution containing 12.5 g of the Cu (salen) complex and 250
mg of melamine. After stirring at 60 °C for 12 h, the solvent was then
completely evaporated based on a well-known wet-impregnation
method. After complete solvent evaporation, the solid was collected,
calcined under nitrogen atmosphere at 550 °C temperature for 4 h, and
finally named as Cu (20 wt%)/N—CFF nanocatalyst. Samples with
copper contents of 10 and 40% were synthesized by a similar method-
ology, which were labeled as Cu (10 wt%)/N—CFF and Cu (40 wt
%)/N—CFF catalysts respectively.

2.4. Catalytic performance reactions

Thermal oxidation of benzene-to-phenol was carried out by using
hydrogen peroxide (25%) in a 50 mL autoclave batch system equipped
with a digital gage and a thermometer to adjust the nitrogen pressure
and temperature respectively. The reactor had also relevant input and
output vents for charging and discharging the inert gas respectively.
Typically, 50 mg catalyst and 5 ml acetonitrile as solvent were loaded
into the reactor, followed by adding 2 ml of benzene and 2 ml of
hydrogen peroxide (25%). Next, the reactor was pressurized up to 5 bar
of N gas to prevent the thermal decomposition of oxidant at the desired
temperature and after adjusting the temperature to 80 °C, the oxidation
was carried out for 6 h. After completion, the bulk catalyst was removed
and the flask mixture was diluted by adding ethanol and a specific
amount of an internal standard (acetophenone). Finally, the kind and
the amount of products were evaluated by Gas Chromatography-Mass
spectrometry and Gas Chromatography respectively.

2.5. Characterization

The XRD patterns of as-prepared nanocatalysts were measured by
using an X-ray diffraction (XRD) equipment (Netherland) with Cu anode
(40 kV, 30 mA) connected to a DACO-MP microprocessor using the
Diffract-AT software in the range of 20 = 10°—90° Field emission
scanning electron microscopy (FESEM) alongside with energy dispersive
X-ray spectrometry (EDX) and mapping were recorded by implementing
a TESCAN MIRA3 instrument (Japan). For such analysis, the bulk
samples in their powdery forms were dusted on the surface of a tape and
coated with a layer of gold to diminish charge turbulence. Thermogra-
vimetric Analysis (TGA) was investigated by utilizing a TGA instrument
(STA503 TA tool, Germany) in an argon atmosphere in the scanning
range of 50-800 °C with a heating rate of 10 °C/min. BET-surface area
measurements, as well as Ny adsorption-desorption isotherms, were
obtained at 77 K by applying a Micromeritics Digisorb 2600 system
(Japan) instrument. The copper contents in the samples were deter-
mined by inductively-coupled plasma optical emission spectroscopy
(ICP-OES) using a Shimadzu ARL 34,000 (Japan) instrument. In this
case, the amount of 100 mg of catalyst (fresh sample or re-used catalyst)
was digested in 50 mL of HNO3/HCI (1/3 molar ratio) solution. The
precise size, morphology, and distribution pattern of the Cu nano-
particles were determined by using a Philips CM-120 microscopy TEM
instrument with an accelerating voltage of 150 kV. X-ray photoelectron
spectroscopy (XPS) was performed by VG ESCALAB 3 MK II equipment.
The measurement chamber pressure was <10-9 Torr and the samples
were excited by using a monochromatic source of Mg Ko (1253.6 eV)
radiation (operated at 300 W), having an instrument resolution of 0.7
eV. Moreover, the component peaks were separated by the Origin-pro
software.
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3. Results and discussion
3.1. FESEM and TEM

Field Emission Scanning Electron Microscopy (FESEM) surface
graphs were measured to investigate the morphological features of pure
CFFs and the distribution pattern of Cu (X wt.%)/N—CFF (X = 10, 20
and 40) catalysts. As can be seen from Fig. S1, pristine CFFs have smooth
surfaces and fibers with micrometric diameters in different orientations.
After Cu (20 wt.%)/N—CFF nanocatalyst construction, an un-uniform
coverage of a carbonic network containing nano-metric spots was
observed around the fibers (Fig. 1). Regarding EDX and mapping mea-
surements, a uniform distribution of copper and nitrogen elements can
be detected over the surface of CFF, which confirms the good potential
of N—CFF for homogeneous dispersion of metallic sites. Plus, nitrogen
atoms exist together with copper nanoparticles in the modified carbonic
framework (Fig. S2).

Transmission Electron Microscopy (TEM) images of Cu (20 wt.
%)/N—CFF nanocatalyst in Fig. 2, in addition, illustrate the homoge-
neous dispersion of nano-scale particles of copper with different sizes
(dark spots) over the surface of nitrogen-doped CFFs. Some particles
with an average size of less than 100 nm can be detected, which prob-
ably contributed to the metallic copper nanoparticles or metal oxide (see
Section 3.6 for XPS data) deposited on the nitrogen-doped carbon ma-
trix. In Fig. 2 the bright background can be related to the modified CFFs,
whereas the salient spots that appeared on the CFFs surface are possibly
concerned with copper nanoparticles. It is claimed that through thermal
condensation, the copper nanoparticles decorated into the N-doped
framework, were completely attached to the underlying support,
through nitrogen coordination, which leads to the prevention of metal
leaching during the catalytic test (see Fig. S2 and Table S1). Despite the
Cu (20 wt.%)/N—CFF nanocatalyst, the sample with larger amounts of
copper metal didn’t show the homogenous distribution of copper
nanoparticles. Figure S3 demonstrates the FESEM graphs of Cu (40 wt.
%)/N—CFF catalyst (c-d) alongside the images of Cu (10 wt.%)/N—CFF
sample (a-b) in different magnifications. By treating the carbon fibers
via 10 wt.% of copper-containing ligands, nitrogen-doped matrixes
appeared on the surface of microfibers without changing the integrity of
CFF structure (Fig. 3) Based on these graphs, the networks penetrate into
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the matrix of fibers and are just deposited on the CFFs as a smooth
surface. By enhancing the weight percentage of Cu(salen), big agglom-
erates of Cu-N units were locally investigated on the surface of CFFs.
This claim can be approved by investigating the morphology of catalysts
by TEM characterization, by which the immobilization of copper par-
ticles with larger diameter (mean size of 26.22 nm) in the Cu (40 wt.
%)/N—CEFF catalyst can be observed (Figs. S4 and S5).

3.2. BET analysis

Textural properties and nitrogen adsorption-desorption isotherm of
pristine CFFs and Cu (20 wt.%)/N—CFF nanocatalyst were examined by
Brunauer-Emmett-Teller (BET) measurement. There is a steady increase
in the N adsorption-desorption of CFFs isotherm during the enhance-
ment of P/Py amount, which is the characteristic feature of CFFs macro-
porous structures. This is the direct result of complete single-layers and
multi-layers’ adsorption without any hysteresis loop. According to the
IUPAC standards, CFFs could be classified as macro-porous material
(Fig. S6) [26]. Considering the Cu (20 wt.%)/N—CFF nanocatalyst, the
adsorption started at low pressure with a slight uptake, followed by a
sharp rise in the adsorption at higher pressures. Having Hy type hys-
teresis loop as well as the isotherm of IV type recommends a mesoporous
structure for optimized Cu (20 wt.%)/N—CFF nanocatalyst (Fig. S7).
Furthermore, the results of BET analysis show that the optimized Cu (20
wt.%)/N—CFF nanocatalyst has an improved rate of surface area and
pore volume compared to the pristine CFFs (Table S2). This improve-
ment in textural properties can be related to the modification of CFFs
through the nitrogen doping process. The enhanced surface area that is
resulted from the modification strategy is of paramount importance for
catalyst performance during oxidation reaction as well as improving the
adsorption and desorption of reactants and products to and from cata-
lytic sites respectively.

3.3. Raman shift analysis

This measurement was performed to collect the Raman spectra of
pure CFFs and catalysts containing different percentages of copper
nanoparticles. The investigation has a great potential to evaluate the
amount of orders and disorders in modified carbonic material near the

Fig. 1. FESEM images of Cu (20 wt.%)/N—CFF nanocatalyst in different magnifications (a-d).
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Fig. 2. TEM graphs of Cu (20 wt.%)/N—CFF nanocatalyst.
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Fig. 3. XRD patterns of CFFs (blue), Cu(salen) (green), Cu/N—C (red), Cu (10
wt.%)/N—CFF (yellow), Cu (20 wt.%)/N—CFF (purple), and Cu (40 wt.
%)/N—CFF (turquoise) (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.).

surface. Due to the stress experienced at various carbonic moieties and
crystalline size, two separate bands with distinguished frequency and
intensity is expected. As it can be seen from Fig. S8, the pure CFFs in the

range of 1000-1800 cm ! exhibited D band at 1361 cm ™! which shows
the carbonic moieties with amorphous phase containing activated
functional groups and structural defects. Another peak at 1592 cm™!
which is known as G band, belongs to the carbon atoms with S3 hy-
bridization. This peak has the vibrational characteristic of S3 carbon
atoms connected to the graphite layers. After functionalization and
catalysts construction, it can be clearly observed that the position of
major peaks for CFFs has not changed, which explains that the nitrogen
doping strategy cannot alter the final morphology and whole integrity of
the CFFs. The amount of disorders in the Cu (X wt.%)/N—CFF (X = 10,
20 and 40) was found to be slightly larger after metal loading and
thermal treatment, when compared to the pristine CFFs. Looking at the
details, there is an increase in the Ip/Ig ratio of catalysts by growing in
the amount of copper percentage, meaning that the Cu (40 wt.
%)/N—CFF catalyst has the lowest amount of orders (Table S3). The
data confirms appearing of more disorders or probably more interaction
between CFFs and Cu/N—C unites after thermal condensations, which
agrees properly with our previous characterizations (see Section 3.1 for
microscopy analysis).

3.4. TGA and ICP-OES studies

Thermal properties of Cu (20 wt.%)/N—CFF nanocatalyst was
recorded by applying Thermogravimetric Analysis (TGA) measurement
in the range of 50-800 °C temperature in an argon atmosphere. As the
weight loss of less than 5% for Cu (20 wt.%)/N—CFF sample was
observed below 400 °C, the nanocatalyst is believed to have a good
stability in moderate temperatures. The earlier decline in the weight loss
of catalyst below 400 °C can be attributed to the water loss and organic
functional group elimination (Fig. S9). The further weight loss (less than
10%) observed in the TGA of catalyst between 400 and 600 °C is related
to the partial degradation of organic framework and condensation of N-
doped structure. The better stability of Cu (20 wt.%)/N—CFF nano-
catalyst compared to CFFs can be explained by the fact that the TGA
curve of un-modified CFFs has illustrated the weight loss of more than
30% at 600 °C under same measurements (Fig. S9). It appears to be a
reasonable conclusion that the nitrogen doping process for CFFs and
subsequent immobilization has led to the better thermal resistance than
pristine CFFs. In addition to the better thermal stability obtained by TGA
analysis, the modification technique seems to have a profound impact on
the mechanical stability of as-prepared nanocatalyst, so that the data of
inductively-coupled plasma optical emission spectroscopy (ICP-OES)
can prove our argument. Table S1 demonstrates that the Cu (20 wt.
%)/N—CFF consists of just 2.7 percentage of copper, while after nine
cycles of reaction the value has had a slight diminish. This observation
illustrates that the Cu (20 wt.%)/N—CFF nanocatalyst has kept its sta-
bility during the oxidation reaction.
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3.5. XRD studies

X-ray diffraction patterns of CFFs and Cu (X wt.%)/N—CFF (X = 10,
20 and 40) catalysts during each stage of synthetic protocol are showed
in Fig. 3. Pristine CFFs shows two broad peaks at 25° and 43°, which are
related to the (002), and (001) planes of amorphous CFFs respectively.
By the thermal condensation of Cu (salen) complex with CFF, the
decoration of copper/copper oxide nanoparticles into the carbonic ma-
trix were occurred (Cu/N—CFF). In this case the peaks in 43.3°, 50.4°,
and 74.1° can be observed, which belongs to the crystalline planes of
copper (planes of 111, 200, and 220 respectively, based on JCPDS No.
04-0836) [27-29]. The Cu/N—CFF structures shows generally an
amorphous pattern, which is highly similar to the pattern of pristine
CFFs. This observation explains that the modification strategy through
doping nitrogen atoms had no significant effect on the whole integrity of
CFFs matrix. XRD patterns including some well-recognized peaks of
catalysts containing different copper contents Cu (10, 20 and 40 wt.
%)/N—CFF are observed in Fig. 3. Obviously, by increasing the per-
centage of copper in the final catalyst an enhancement in the intensity of
Cu characteristic peaks and subsequent crystallinity can be detected.

3.6. XPS studies

X-ray photoelectron spectroscopy (XPS) was performed to study the
chemical composition of surface and determine the oxidation states of
metallic atoms in the optimized nanocatalyst. Fig. S10 and Table S4
demonstrates the wide scan survey of Cu (20 wt.%)/N—CFF nano-
catalyst as well as surface concentration of carbon, oxygen, nitrogen,
and copper elements. The deconvoluted spectra for carbon 1S illustrate
two distinguished peaks at 284-285.1 and 287.6 eV, which are related to
the C—H/C—C, and C=0 bonds respectively (Fig. 4, left). Regarding the
O 1S core, the fragments of N—C-O and C=0 show their specific peaks at
531.5 eV and 532.9 eV respectively (Fig. 4, right). In addition, the O 1S
deconvoluted spectra of Cu (20 wt.%)/N—CFF nanocatalyst demon-
strates the copper oxide peak at 529.5 eV.

Based on our previous works [24], the nitrogen atoms in an N—CFF
can be seen in various forms such as pyridinic, pyrrolic, oxidized ni-
trogen (N—Oxide), and quaternary ones. In the deconvoluted spectra of
N 1s, two main peaks appeared at 401.2 eV and 398.8 eV, which can be
assigned to C—N (pyrrolic- nitrogen) and N—Cu pieces. According to
our measurements nowhere can be found the characteristic peaks of
oxidized nitrogen, quaternaries and pyrrolic ones (Fig. 5, left). Consid-
ering copper atom, there are two prominent peaks in the spectrum of Cu
core in the binding energies of 932.8 eV (Cu 2p3/2) and 952.9 eV (Cu
2p1/2), which can be attributed to the Cu20 specie. Indeed, the peaks at
934 eV and 954 eV together with the broad satellite peaks around
934-947 eV confirm the presence of Cu(Il) species (Fig. 5, right) [30].
The presence of copper cations can be explained by the possible
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oxidation of metal salts during the condensation or exposure to the air.

3.7. Catalysts performance

To examine the catalytic activity of various catalysts prepared by the
strategy, the catalysts were tested in direct oxidation of benzene-to-
phenol (by utilizing HyO, 25% as a cost-effective and
environmentally-friendly oxidizing agent) under mild thermal condi-
tions (Fig. 6).

The obtained results for Cu (X wt.%)/N—CFF (X = 10, 20, and 40)
catalysts and other materials are shown in Table 1. For this, the reaction
flask was firstly charged with 5 bar of nitrogen gas to prevent oxidant
decomposition at high temperatures. Table 1 depicted the data of re-
actions in acetonitrile as solvent, followed by determining the exact
amounts of products by gas chromatography. Cu (X wt.%)/N—CFF
catalysts (X = 10, 20, and 40) showed better activity toward selective
phenol production compared to the un-calcined samples (Table 1, En-
tries 5-7 compared to 1-4 ones). The reason behind this story is asso-
ciated with the pyrolysis effect, in which the releasing of active sites of
Cu/N—CFF will lead catalytic sites to be more accessible for the
oxidation reaction [31]. When the Cu-Salen/CFF and N—CFF structures
were tested, the amounts of phenol were negligible, as yields of 3 and
1% were found respectively. Clearly, for CFFs and salen/CFF no catalytic
activity was observed, and thus no phenol production as well. To
investigate the effect of the presence of CFF as support catalyst sample
without CFF (Cu/N—C) was also produced under same condition. The
structure showed low activity and selectivity toward phenol production
(12 and 62% for phenol yield and selectivity respectively, (Table 1,
Entry 5). As expected, the increase in the amount of copper content up to
20% can lead to the higher rate of activity, after which a sharp decline in
the figure can be observed for higher copper percentages (Table 1, Entry
6-8). One explanation for this behavior is that a higher weight percent of
Cu(salen) used during catalyst construction was found to cause higher
yields of di-hydroxylated isomers and lower selectivity towards phenol
as the main product, meaning that the lower amounts of copper are
preferable for achieving high selectivity of phenol. This is because the
as-prepared phenol is believed to be oxidized more actively (compared
with starting benzene) by remaining oxidants and catalysts in the
reactor [18,23]. To evaluate the effect of the type of oxidant on the
activity of catalyst during oxidation, molecular oxygen as an inexpen-
sive and environmentally-friendly reagent was investigated. Based on
the results, no amount of phenol product detected by our experiment.
Higher temperature is observed to cause in phenol production by lower
selectivity. The reduction in selectivity in harsh condition give rise to
more by-products at higher temperature (Table 1, Entries 9 and 10).

To study the effect of various parameters on the oxidation progress,
different factors were investigated in the presence of Cu (20 wt.
%)/N—CFF nanocatalyst by using 25% hydrogen peroxide. According to
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Fig. 4. XPS deconvoluted spectrum of Cu (20 wt.%)/N—CFF nanocatalyst at the core levels of C 1s (left) and O 1S (right).
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OH

Cu (20 wt%)/N-CFF

80°C,6h
H,0, (2 mL, 25%)
Acetonitril (5 mL)

Fig. 6. Pathway for benzene-to-phenol oxidation in the presence of Cu (20 wt
%)/N—CFF nanocatalyst.

Table 1

Catalytic activity of various catalysts during oxidation of benzene.
Entry Type of Catalyst PhOH Yield  PhOH Selectivity ~ TOF " (h ~ 1)
: (%) (%)
1 CFF - - -
2 Salen-CFF - - -
3 N-CFF >1 >1 >1
4 Cu-Salene/CFF 3 54 1
5 Cu/N—C 12 62 4.3
6 Cu(10 w%)/N—CFF 17.5 95 6.4
7 Cu(20 w%)/N—CFF 25.2 100 9.2
8 Cu(40 w%)/N—CFF 14.3 76 5.2
9° Cu(20 w%)/N—CFF - — -
109 Cu(20 w%)/N—CFF 5 35 1.8

@ : Bz and PhOH stands for benzene and phenol respectively. Reaction con-
ditions: Acetonitrile (5 ml) as solvent, Temperature of 80 °C, 6 h time of reaction,
H,0, (25%) as oxidant, H,0,/Bz molar ratio of 4, 2 ml of Benzene, Temperature
of pyrolysis: 550 °C and 25 mg of catalyst.

b . b. *The number of moles of the substrate (benzene) converted to main
product (phenol) per hour, per mole of the used metal catalyst was defined as
TOF.

¢ : Bz and PhOH stands for benzene and phenol respectively. Reaction con-
ditions: Acetonitrile (5 ml) as solvent, Temperature of 80 °C, 6 h time of reaction,
15 bar pressure of Oz, 2 ml of Benzene, Temperature of pyrolysis: 550 °C and 25
mg of catalyst.

4 : Bz and PhOH stands for benzene and phenol respectively. Reaction con-
ditions: Acetonitrile (5 ml) as solvent, Temperature of 120 °C, 6 h time of re-
action, 15 bar pressure of O,, 2 ml of Benzene, Temperature of pyrolysis: 550 °C
and 25 mg of catalyst.

the optimized conditions, the highest selectivity and a reasonable yield
of phenol were achieved in 5 mL acetonitrile, 80 °C temperature, 6 h
time of reaction, 25 mg of catalyst, and benzene/H02 molar ratio of 4.
Higher temperatures were demonstrated to yield lower amounts of main
product, and thus less selectivity, which means that more by-products

can probably be formed [31]. This is due to the fact that the phenol is
always estimated to be over-oxidized more easily than benzene in the
presence of remnant oxidant and active catalyst. This is in agreement
with literature, in which the higher temperatures can perhaps lead to the
benzene over-oxidation, or even phenol degradation, meaning that
lower temperatures are preferable to obtain higher products (Table 2,
Entries 1-5) [32]. Considering the highest amount of phenol yield and
selectivity, the optimized reaction temperature is selected as 80 °C
(Table 2, Entry 2). Table 2 demonstrate the phenol yield and selectivity
of reaction by changing the amount of catalysts and a similar trend to the
temperature optimization can be observed in the range of 25-150 mg
(Entries 6-8). The findings clearly showed that the highest activity can
be achieved by using 25 mg of Cu (20 wt.%)/N—CFF nanocatalyst, so
that in the presence of higher amounts of catalyst, more by-products
were detected. Due to some operational limitations in our laboratory,
it was found unaffordable to try with the catalyst amounts less than 25
mg. Once the molar ratio of HyOo/Benzene was investigated, it was
found that the initial increase in the ratio led to a higher activity in the
selective production of phenol, after that, the amount was sharply
reduced. This is due to the fact that an extra amount of oxidant is
imagined to oxidize the newly-generated phenol, providing other
by-products, as mentioned earlier. (Table 2, Entries 9-11) [18-23]. As
expected, the catalyst illustrated superior performance after thermal
treatment in extreme conditions, compared to the samples prepared
before pyrolysis. To evaluate the suitable conditions for achieving the
highest amounts of phenol, composites containing 20 wt.% of copper
were calcined at different temperatures. The catalysts which were sub-
jected to calcination at 450 °C and 550 °C temperatures had the better
yield and selectivity for phenol compared to the catalyst treated at
650 °C (Table 2, Entries 12-13). At optimized parameters and main-
taining other parameters, some experiments were carried out to study
the impact of different times of reaction on the oxidation reaction.

The data in Fig. S11 shows that no remarkable effect of time periods
was expected on the reaction process during our experiments (that was
altered from 3 to 18 h) and the results were changed from 8.7 to 9.2 and
22.3-25.2 for TOF and yield of phenol respectively. In addition to that,
the reusability of Cu (20 wt.%)/N—CFF nanocatalyst was studied over
ten successive reactions. For this investigation, the recycled sample was
removed from the batch reactor and after washing with a mixture of
water-ethanol, the sample was applied for further runs. The results
demonstrated that the yield of phenol was dropped by 0.5-1%, from
25.2 in the first cycle to 24.8 in the ninth run, whereas at the same time
the selectivity for phenol product remained mostly stable (Fig. 7). To
explain this observation, it can be proposed that the simultaneous
doping of nitrogen atoms to the CFFs and deposition of copper nano-
particles into the as-prepared N—CFF can prevent conventional aggre-
gations (see Section 3.1) and avoid leaching (see data in the Table S1) of
metallic particles during the oxidation process. This is in complete
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Table 2

Effect of different reaction parameters on the catalytic activity of Cu (20 wt.%)/N—CFF nanocatalyst during the oxidation of benzene.
Entry * Temperature ( °C) Amount of Catalyst (mg) H,0,/Bz ratio Pyrolysis Temperature ( °C) PhOH Yield PhOH Selectivity TOF"(h Y

(%) (%)

1 60 25 4 550 13.3 88 4.9
2 80 25 4 550 25.2 100 9.2
3 100 25 4 550 22.4 99 8.2
4 110 25 4 550 23.5 99 8.8
5 120 25 4 550 22.5 98 8.1
6 80 50 4 550 20 92 7.8
7 80 100 4 550 19.2 88 7.4
8 80 150 4 550 14.9 52 5.3
9 80 25 1 550 16.4 63 6.2
10 80 25 2 550 18.4 83 7.1
11 80 25 6 550 15.1 65 5.4
12 80 25 4 450 18.2 89 6.1
13 80 25 4 650 15.9 78 5.6

@ : Bz and PhOH stands for benzene and phenol respectively. All the tests were carried in acetonitrile (5 ml) as solvent, 6 h time of reaction and Hy02 (25%) as

oxidant.

b . b. *The number of moles of the substrate (benzene) converted to main product (phenol) per hour, per mole of the used metal catalyst was defined as TOF.
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Fig. 7. The reusability of Cu (20 wt.%)/N—CFF nanocatalyst.
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Note: PhOH stands for phenol. Reaction conditions is: Acetonitrile (5 ml) as solvent, Temperature of 80 °C, 6 h time of reaction, H,O5 (25%) as oxidant, HO,/Bz
molar ratio of 4, 2 ml of Benzene, Temperature of pyrolysis: 550 °C and 25 mg of catalyst.

agreement with ICP-OES (Table S1) and EDX-Mapping (Fig. S2) results,
in which the strong coordination of copper metals (see also Fig. 5 to find
Cu-N sites) to the active nitrogen sites as well as distribution over the
mesoporous framework potentially hindered metal nanoparticles to
stand out of the whole matrix. Nevertheless, for 10th run the phenol
yield and selectivity dropped to 18.8 and 90% respectively. This can be
related to the loss of some active metal centers (Table S1) as well as
particle aggregation during recyclability reactions. The TEM images of
catalyst after reaction illustrate the particles with average size larger
than 100 nm for Cu (20 wt.%)/N—CFF catalyst (Fig. S12).

In the end, the performance of Cu (20 wt.%)/N—CFF nanocatalyst
was compared with the similar reports in the literature [32-40]. Even
though the comparison between the data does not appear to be logical
because of the differences in reaction conditions, it seems to be a
reasonable conclusion that the Cu (20 wt.%)/N—CFF nanocatalyst has
an acceptable yield and excellent selectivity in mild reaction conditions.
Besides, the catalyst due to its macroscopic nature, can be considered a
wonderful alternative for industrial applications (Table S5).

4. Conclusion

In summary, we developed a co-assembly profile for the synthesis of
a heterogeneous bulk nanocatalyst based on a porous nitrogen-doped
CFFs support during the immobilization of copper nanoparticles. The
structural, morphological, and textural characterizations demonstrated
that the Cu (20 wt.%)/N—CFF nanocatalyst has outstanding

performance in one-pot thermal oxidation of benzene-to-phenol in mild
conditions. The characterization of the newly-fabricated catalyst
confirmed that copper nanoparticles have a relatively narrow size dis-
tribution over the macroscopic framework. These features prove that the
optimized composite has strong mechanical, textural, and thermal fea-
tures, preventing metal from leaching, thus leading to a higher lifetime.
The optimized catalyst in ideal conditions in the presence of 25% H02
as a low-cost and environmentally-friendly oxidant, acetonitrile as the
solvent, and nitrogen gas as an inert atmosphere showed the amounts of
25.2 and 100% for phenol yield and selectivity respectively. Due to its
noticeable structural properties, the Cu (20 wt.%)/N—CFF nanocatalyst
maintained its activity (phenol yield and selectivity) for nine consecu-
tive cycles, whereas the yield and selectivity just dropped to 18.8 and
90% in tenth cycle respectively. Finally, because of the bulk nature of Cu
(20 wt.%)/N—CFF nanocatalyst and its durability, it can be concluded
that the designed nano-composite can be regarded as a useful candidate
in large-scale applications.
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