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ABSTRACT: Phenol is an important commodity chemical, and
the catalytic conversion of benzene to phenol by molecular
oxygen with minimum waste production is of high significance
from an academic as well as industrial point of view. We have
developed a facile synthesis method for the preparation of 2—8
nm Cu(Il) oxide nanoparticles supported on CuCr,O, spinel
nanoparticles (with size ~SS nm). Detailed characterization of the
material was carried out by XRD, SEM, TEM, XPS, FTIR, TGA,
TPR, BET surface area, XANES, and ICP-AES methods. XRD
and XPS analyses revealed that the main phase is CuCr,O, spinel,
where a small amount of CuO is dispersed on it. The catalyst was
highly active for selective oxidation of benzene to phenol with air
as oxidant. The influence of reaction parameters was investigated
in detail. The high catalytic performance of the catalyst is due to

the ultrasmall size of Cu(Il) oxide nanoparticles and the strong synergy between ultrasmall Cu(II) oxide and CuCr,O, spinel
nanoparticles that plays a pivotal role in activating air to generate active oxygen species which accomplishes benzene to phenol
conversion (36%) with very high selectivity (78%) in a continuous process.
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1. INTRODUCTION

Production of new chemical compounds by means of direct
activation of C—H bonds has been a subject of potential
interest.' Transition-metal-catalyzed hydroxylation of C—H
bonds, categorized under this subject, has received considerable
attention because of the industrially important alcohol or
phenol products.”® Despite significant development in the past
few decades,"” catalytic hydroxylation of C,»—H bonds via
activation of C—H bonds still remains a very challenging to
researchers, as C—H bonds are thermodynamically strong and
kinetically inert.>* Phenol is an instance of such a type of
compound, which is the major source of Bakelite and phenol
resins, which are utilized in many industries over the world.®
The industrial demand for phenol is increasing every year, and
its production currently exceeds 7.2 megatons per year. Major
worldwide production of phenol is carried out by a well-known
three-step process, called the cumene process,® where the initial
source is benzene. The cumene process is energy-consuming,
environmentally unfavorable, and disadvantageous for practical
operation, and the process also produces unnecessary by-
products such as acetone and a-methylstyrene. Furthermore,
the intermediate, cumene hydroperoxide, is explosive and
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cannot be concentrated in the final step, resulting in a very low
yield of phenol. Thus, direct phenol synthesis from benzene in
a one-step reaction with high benzene conversion and high
phenol selectivity is most desirable from the viewpoints of an
environmentally benign green process and economical
efficiency. Various methods have therefore been investigated
to replace it by a more benign process, which has been called
one of the 10 challenges of catalysis.” Many researchers have
come forward to overcome this difficulty and reported benzene
hydroxylation reactions using different oxidants such as N0,
H,0,° NH; + 0,,' air + CO,"" molecular O,, etc.'” but in
most cases the phenol yield is very low because phenol is more
reactive toward oxidation than benzene and overoxidized
products are readily formed."> The rapid deactivation of the
catalyst by coke deposition during the gas-phase reaction is also
a major concern.

In light of the desirability of sustainable chemistry, catalytic
oxidation of benzene using molecular oxygen as the oxidant is
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of high potential interest. From a green chemistry perspective,
molecular oxygen is regarded as an ideal oxidant because of its
natural, inexpensive, and environmentally friendly character-
istics.'> However, catalytic aerobic oxidation of benzene via
molecular oxygen activation is not an easy task, since the O,
molecule possesses a double bond with a length of 1.208 A and
497 kJ mol™ dissociation energy.16 In its ground state, the O,
molecule resides in its triplet state and is reluctant to undergo
formation of highly reactive oxygen radicals, hydroxyl radicals,
hydroperoxides, and peroxides.'® Although these hurdles can be
overcome by using transition-metal complexes to activate both
O and the C—H bond, catalytic activity, stability, and selectivity
are still important issues in current research and therefore,
catalytic aerobic C—H oxidation is one of the “dream reactions”
from both a laboratory and an industrial point of view.'®
Recently, Shang et al. reported a 5% yield of phenol by
hydroxylation of benzene by Pd—VO, nanoparticles using
molecular oxygen.'” Very recently, Long et al. reported a
phenol yield of 14% using C;N,—H;PMo,,V,0,, in reductant-
free aerobic oxidation of benzene.'® In these cases, however, the
yield of phenol is too poor to be scalable to an industrial level.

Several researchers have tried to synthesize phenol by direct
oxidation of benzene using Cu(Il)-supported catalysts."”
Recently, we have developed nanoclusters of Cu(Il) supported
on a CuCr,0, spinel nanoparticle catalytic system for the
oxyamination of benzene to aniline with very high selectivity.*’
We speculated on the formation of phenol as a side product in
that reaction. On the basis of the above experimental finding,
we envisioned that Cu(II) oxide nanoparticles supported on
CuCr, 0y spinel nanoparticles efficiently activate Cy,>—H bond
in benzene selectively.

Herein, we report the direct hydroxylation of benzene with a
phenol yield of ~28% over polyethylene glycol (PEG)-assisted
formation of ultrasmall Cu(II) oxide nanoparticles supported
on CuCr,0O, spinel nanoparticle catalyst, featuring air as the
sole oxidant. We demonstrate that the catalyst is highly
selective and efficient and the synergistic mechanism between
supported Cu(Il) oxide nanoparticles and CuCr,O, spinel
nanoparticles is detrimental factor to its high activity. To the
best of our knowledge, there has been no report on benzene
hydroxylation that has furnished a high yield of phenol using air
as oxidant.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Catalyst. Ultrasmall Cu(II) supported
on CuCr,O, spinel nanoparticle catalyst was prepared
according to the protocol described in previous literature.! In
a typical synthesis procedure, an aqueous solution of 2.25 g of
Cu(NO;),-3H,0 (from Sigma-Aldrich) was added to to 7.5 g
of Cr(NO;);-9H,0 (from Sigma-Aldrich) dissolved in 39 g of
deionized water to give a clear dark blue homogeneous
solution. The pH of the solution was made 8 by gradual
addition of a few drops of ammonia solution. An ethanolic
solution (10%) of 2.55 g of CTAB (from Sigma-Aldrich) was
added dropwise followed by addition of 0.6 g of hydrazine
(from Sigma-Aldrich) to the reaction mixture. The reagents
were added maintaining the molar ratio Cu:Cr:CTAB:-
H,O:hydrazine = 1:2:0.75:250:1. After it was stirred, the so
obtained homogeneous solution was subjected to hydrothermal
treatment at 180 °C for 24 h in a Teflon-lined autoclave vessel
under autogenous pressure. The autoclave was cooled until it
reached room temperature. Then, the green fluffy mixture was
taken out as such. Meanwhile, 0.4 g of Cu(NO;),-3H,0. and

0.50 g of CTAB were dissolved in 30 mL of polyethylene glycol
(PEG) with intense stirring for 2 h, and a homogeneous
transparent mauve solution was obtained. After that, the mauve
solution was added to the green fluffy mixture dropwise,
followed by continuous stirring for 30 min. Then the whole
mixture was washed several times with ethanol and dried at 100
°C for 10 h, followed by calcination at 750 °C for 6 h in air
(ramped at 1 °C/min) to get black powders of Cu—Cr
composites.

2.2. Reaction Setup. All catalytic experiments were carried
out with a high-pressure stainless steel down-flow microreactor
setup. All of the reactions were carried out using 0.2 g of the
catalyst in the form of granules. The reactor zone (430 mm
length, i.d. 10 mm) above the catalyst bed packed with ceramic
beads served as the preheater. The reactor was placed in a
temperature-controlled furnace (Autoclave Engineers, Division
of Snap Tite) with a thermocouple (K-type) placed at the
center of the catalyst bed to measure the reaction temperature.
The feed (ie, benzene) was passed to the catalyst surface
through the reactor using a HPLC pump at a rate of 0.1 mL
min~!. Pressure was maintained by air, which also served as
oxidant. The gas flows were adjusted by mass flow controllers
(Brooks). The product was collected in a water-cooled receiver.

The reaction stream was analyzed by an online GC (Agilent),
which was equipped with a flame ionization detector (FID),
connected to an HPS capillary column (30 m length, 0.28 mm
i.d,, 0.25 pm film thickness. column) and a thermal conductivity
detector (TCD, column Porapak Q column and with an FID
using a RESTEK MXT-WAX column).

3. RESULTS AND DISCUSSION

3.1. Characterization of the Catalyst. The catalyst was
characterized by XRD, SEM, TEM, XPS, FTIR, TGA, TPR,
BET surface area, XANES, and ICP-AES. To determine the
crystallite phase of the Cu—Cr nanocomposites, we performed
X-ray diffraction (XRD) analyses as shown in Figure 1. Sharp

m CuCr,0, [JCPDS: 05-0657]
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Figure 1. XRD diagram of (a) commercial CuCr,O, spinel and our
prepared (b) fresh and (c) spent catalyst.
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Figure 2. TEM images of (a—c) fresh catalyst at ascending resolutions, STEM-elemental mapping of (d) Cu, (e) Cr, and (f) O, (g) HRTEM of fresh
catalyst, and (h, i) TEM images of spent catalyst at ascending resolutions.
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Figure 3. H,-TPR profiles of (a) commercial CuO (CuO““M), (b)
nanoclusters of Cu(II) supported on CuCr,O, spinel nanoparticles

(Cu(1r)/SP*%), and (c) ultrasmall Cu(II) supported on CuCr,O,
spinel nanoparticle catalyst Cu(II)/SP"E35,
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Figure 4. Effect of temperature on benzene hydroxylation: (black M)
conversion of benzene; (red @) selectivity to phenol; (green A) yield
of phenol. Reaction conditions: catalyst 0.2 g; pressure (air) 35 bar;
benzene flow 0.1 mL min~}; time 6 h.
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Figure 5. Effect of pressure on benzene hydroxylation: (black M)
conversion of benzene; (red @) selectivity to phenol; (green A) yield
of phenol. Reaction conditions: catalyst 0.2 g; temperature 350 °C;
benzene flow 0.1 mL min~’; time 6 h.
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Figure 6. Effect of liquid hourly space velocity on benzene
hydroxylation: (black M) conversion of benzene; (red ®) selectivity

to phenol; (green A) yield of phenol. Reaction conditions: catalyst 0.2
g; temperature 350 °C; benzene flow 0.1 mL min~%; time 6 h.

peaks at 260 = 18.2, 29.58, 31.07, 35.16, 37.42° correspondingly
indexed as the [111], [220], [022], [311], and [113] planes of
CuCr,0, spinel (JCPDS Card No. 05-0657). In addition, XRD
reflections with comparatively low peak strength due to
crystalline CuO (monoclinic) were also noticed at 26 =
35.51, 38.97, 48.68, 68.15°, etc. (JCPDS Card No. 89-2530).
When the Debye—Scherrer equation was applied, the average
crystallite sizes of the particles of CuCr,0, and CuO were
determined to be 28 nm (based on 20 = 35.16°) and 6 nm
(based on 20 = 35.5°), respectively, which are actually near the
size of the crystallites as seen under HRTEM imaging.
Moreover, other crystalline byproducts such as CuCrO, or
other phases of copper oxides were not detectable by XRD,
indicating the high purity of our synthetic procedure.

XPS was utilized to detect the surface composition and the
chemical state of the catalyst. The XPS binding energies (BE)
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of some characteristic core levels of Cu and Cr in the Cu—Cr
samples have been presented (Figures Sl and S2 in the
Supporting Information). The Cu 2p spectrum of the fresh
sample is characterized by two spin—orbit doublets with strong
satellite peaks. The so obtained Cu 2p;), signals fit satisfactorily
to two principal peak components at ~935.3 and 933.8 V. The
BE for the Cu 2p peak was in close agreement with that of
CuCr,0,, indicating that the main phase is CuCr,O, spinel.”!
The low-energy component with Cu 2p;, at 933.8 eV is
associated with Cu®* in octahedral sites, whereas the high
component at 935.3 eV is associated with Cu®* in tetrahedral
sites. The Cr 2p;,, core level spectra of the CuCr,0O, fresh
catalyst appeared at 576.5 eV, which shows the presence of Cr**
ions in CuCr,0, spinel.”’ Moreover, the ratio of the areas
(15859.6) corresponding to the Cu 2p; ), signal at 935.5 eV and
that of the Cr 2p;, signal at 576.5 eV (22015.5) is 0.72, which
is >0.5 (the ratio in CuCr,O, spinel), supporting the fact that
the main phase is comprised of CuCr,O, spinel, whereas a
small amount of CuO is dispersed on the spinel phase of the
catalyst surface. To further investigate the surface property and
to detect subtle phase information on the composite, we
conducted FTIR spectroscopic analysis. Furthermore, FTIR of
the spent catalyst ascertained the fact that structural
deformation of the catalyst hardly took place during catalysis
(Figure S3 in the Supporting Information).

The topology of the catalyst was studied by scanning electron
microscopy (Figure S4 in the Supporting Information) which
showed a typical sample composed of throughout uniform
nanoparticles in the range of 30—60 nm. SEM images revealed
that all the nanoparticles organized into spherical assemblies,
owing to the structure-directing effect of the template. SEM-
EDX analysis (Figure S4b in the Supporting Information) of
the composite revealed that there appears a distribution of Cu,
Cr, and O only, and no sort of C or Br. This observation
indicated the complete removal of the structure-directing
template(s). This experimental finding was further supported
from TGA analysis of the uncalcined catalyst (Figure SS in the
Supporting Information). However, transmission electron
microscopy (TEM) image (Figure 2a—c) revealed that some
particles (i.e, CuCr,O, spinel nanoparticles (support) are
almost hexagonal (Figure 2b) with a size of 55 nm. Some
spherical particles with average size 2.5 nm (Cu(Il) nano-
particles) are seen to be anchored (attached) on these
hexagonal particles (Figure 2b,c and Figures S6—S8 in the
Supporting Information). Typically, the dispersion of Cu, Cr,
and O atoms in the catalyst were also analyzed by STEM-
elemental mapping (Figure 2d—f). It indicated that each of the
Cu, Cr, and O species was homogeneously dispersed and this
dispersion was also retained in the spent catalyst (Figure S9 in
the Supporting Information). To get further information about
the catalyst structure, a representative high-resolution TEM
(HRTEM) image taken from a nanoparticle is shown in Figure
2g. The lattice fringes with a d spacing of 0.23 nm,
corresponding to the spacing of the [111] planes of monoclinic
CuQ, is conveniently discriminated from that of the [211]
planes of CuCr,O, with a d spacing of 0.30 nm.*>** Moreover,
the morphology as well as the particle size distributions
(supported Cu(1I)) remain almost unhindered after catalysis
(as evident from TEM diagram Figure 2h,i and Figure $9). An
increase in the percent of Cu loading (loading of supported Cu
was varied 2.3%, 3.6%, and 7.6% and the respective catalysts are
denoted as Cu(II)/SPPE23 Cu(I1)/SP*E63S and Cu(Il)/
SPPEG76)  changes the overall structure of the catalyst
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Table 1. Catalytic Hydroxylation of Benzene with Air as Oxidant”

Sp (%)°
entry catalyst Cy (%)° Doy HQ co, other Yo7 (%) TON®
no catalyst poor >99
2 CuQcM L5 25 15 55 5 0.4
3 CuCr,0,°M 3.8 27 18 47 8 1.0
ry CuCr,0," 12.5 35 22 38 5 4.4
5¢ CuO—CuCr,0,™" 14 44 17 33 6 6.2 8.6
6" Cu(I1)/SP*S 2 80 5 12 3 17.6 20.5
7 Cu(11)/SPPEC23 18 84 3 8 5 15.1 26.77
/ Cu(11)/SPPEG36 36 78 6 14 2 28.1 318
9k Cu(I1)/SPPEG7¢ 44 55 15 22 8 24.2 129
10’ CuO™R 2.5 28 10 57 5 0.7

“Reaction conditions: catalyst 0.2 g reaction temperature 350 °C; pressure 35 bar; benzene flow 0.1 mL mm’l, air flow 80 mL min~", liquid hourly
space velocity (LHSV) 30 mL ¢! h™/, time on stream 6 h, contact time (W/F) 0.114 g s mL™". Abbreviations: COM, commercial; NP,
nanoparticles; SP, spinel; PEG, polyethylene glycol assisted synthesized catalyst. bCy is the conversion of benzene based upon the FID-GC (GC
equipped with a flame ionization detector) and is equal to 100 X (mol of benzene reacted)/ (1n1t1al mol of benzene used). S, is the selectivity of
products and is equal to 100 X (total mol of product(s))/(total mol of benzene consumed). YP is the yield of phenol and is equal to (Cy X
(selectivity of phenol))/100. “TON is the turnover number and is equal to (mol of benzene converted)/(mol of Cu in the catalyst present as
supported Cu(II) on spinel). The Cu loading was estimated by inductively coupled plasma-atomic emlss10n spectroscopy (ICP-AES). CuCrZO4
spinel nanoparticle catalyst. £<CuO— CuCr,0,™" is 2. 9% Cu doped on commercial CuCrZO4 catalyst. 13.5% of Cu loading over spinel. 2.3% of Cu
loading over spinel. 73.6% of Cu loading over spinel. k7.6% of Cu loading over spinel. ‘CuO is supported CuO prepared hydrothermally in our
process.

is dispersed (as active component) on the spinel phase of the
catalyst surface.

3.2. Catalytic Performance in Benzene Hydroxylation
Reaction. We detected the formation of phenol as a side
(b) product when attempting to produce aniline from benzene with
Cu®* nanoclusters supported on CuCr,O, spinel nano-
particles.”® We employed this catalyst in benzene hydroxylation
(@ reactions with air as oxidant and identified phenol as the main
product. Next we substituted the catalyst by CuCr,O, spinel
nanoparticle catalyst, prepared by the same process, and
observed a much smaller amount of phenol formation. This
serendipitous observation suggested that the key to the process
is the activation of molecular oxygen (air). To our delight,
PEG-assisted preparation of Cu(Il) oxide nanoparticles (with
i : . : . : i : average size 2.5 nm) supported on CuCr,O, spinel nanoparticle
8960 8980 9000 9020 9040 catalyst (Cu(II)/SPPES3€) was found to be highly active in the

Energy (eV) benzene hydroxylation reaction with air as oxidant in a fixed-
bed, high-pressure microreactor, and hence it was chosen as a
model catalyst owing to its higher activity, convenient synthesis,
and reactivity.

The temperature dependence of benzene conversion and
phenol selectivity over PEG-assisted formation of Cu(II) oxide
nanoparticles supported on CuCr,O, spinel nanoparticle

To obtain further insight into Cu(Il)~CuCr,0, spinel cetalyst (Cu(II)/SPPFjG.S'é) has been studied a.nd depicted as
interactions and the nature as well as distribution of CuO, Figure 4. The selectivity of phenol was maximum at lower

TPR analyses of the catalyst (Cu(II)/SPP*%>¢) was performed temperetures (selectivity 96 and 88% .at .200 ar.1d 250 °C,
(Figure 3c). The H,-consumption peak due to Cu(II) (present respectively) and decreased gradually with increasing temper-

Normalized Absorbance (a.u.)

Figure 7. Cu K-edge background subtracted and normalized XANES
spectra of (a) the fresh catalyst and (b) the catalyst after treatment in
air, followed by a flow of benzene under optimum reaction conditions.

significantly. A comparative particle size histogram is also
shown against the respective TEM diagrams (Figures S6—S8).

as supported ultrasmall CuO) was much lower than that of ature. The optimum temperature was proven to be 350 °C,
commercial CuO (CuO®“M) with a peak maximum at about over which a decrease in the yield of phenol (selectivity 55.5 at
330 °C (Figure 3a). This can be ascribed due to the fact that 400 °C) was observed due to the increase in the yield of CO,,
the supported Cu(Il) species is comprised of very small Cu®* CO, etc. monotonically. When the reaction temperature was
nanoparticles and are easily reducible in comparison to the bulk kept at 350 °C, the effect of pressure (air) on benzene
CuO owing to dispersion effects.”* Quantitative analysis of hydroxylation was monitored and the results are plotted in
TPR profiles suggests that the addition of Cu(Il) promoted the Figure S. The catalyst did not show any activity at atmospheric
reducibility of the catalyst as a whole. pressure. High pressure boosts the conversion of benzene. A

The corroboration of all the catalyst—characterization data pressure of 35 bar was proven to be optimum, since under this
led to the conclusion that the main phase of the catalyst is reaction condition, a maximum phenol yield (yield of 28%) was

comprised of CuCr,O, spinel, whereas a small amount of CuO observed. The vyields of both CO, and CO increased

2854 DOI: 10.1021/cs5020699
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Scheme 1. Plausible Mechanism for the Formation of Phenol over Ultrasmall Cu(II) Supported on CuCr,0, Spinel
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monotonically with a further increase in air pressure. This
phenomenon can be attributed to the fact that the produced
phenol molecules undergo overoxidation with the excess
oxygen (air) supplied. The yield of phenol is largely dependent
on the contact time (contact time; W/F is inversely
proportional to LHSV). The dependence of benzene
conversion and phenol selectivity has been plotted (Figure
6). The selectivity of phenol sharply increased with the
increment of LHSV (selectivity 78%, 80%, 82%, and 86% at
LHSV 30, 60, 100, and 300 mL h™* gfl, respectively). The
increment of LHSV actually indicates that the reactants get less
time to stay in contact with the catalyst surface. When the
contact time is increased (W/F; ie., at low LHSV), although
the conversion of benzene increased, the selectivity of phenol
decreased linearly.

A blank reaction (without using any catalyst) was performed.
CO, was detected as the sole product, owing to auto-oxidation
of benzene (entry 1, Table 1). This indicated the fact that
oxygen species adsorbed on the catalyst were mainly
responsible for the phenol formation, rather than gaseous O,,
which contributes to the deep oxidation of benzene to CO, and
CO. Notably, when the benzene hydroxylation reaction was
carried out using commercial CuO (CuO“™; entry 2, Tablel),
a poor yield of phenol was obtained. When commercial spinel
(CuCr,0,°°M, entry 3, Tablel), was used as catalyst, initially
formation of a low yield of phenol was observed, but the
catalyst became deactivated with time, due to the leaching of
Cu?* species from the spinel framework (as confirmed by ICP-
AES). Moreover, these catalysts lack good catalytic activity due
to their irregular shapes and nonuniform sizes. These results
indicate that morphology of the catalyst as well as the nature of
Cu®* species play an important role in affecting the catalytic
activity. We also introduced nanoclusters of Cu(II) supported
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on nanocrystalline Cr,O; as a catalyst in this reaction and
observed that the catalyst was proven to be active for a short
span of time, probably due to sintering of CuO nanoparticles.
To rule out the possibility of leaching and sintering processes
acquainted with the above catalytic systems, we applied our
previously reported® CuCr,O, spinel nanoparticles catalyst
(CuCr,0,"; entry 4, Tablel). We noticed that, although
phenol formation with considerable yield was possible, the
formation of phenol was noticed after a comparatively long
time (4 h). Moreover, although greater conversion of benzene
was noticed with time (7 h), the selectivity of phenol decreased
due to the formation of side products. This experimental
finding can be attributed to the fact that probably Cu(II)
species in the spinel framework are necessary to activate the
aromatic C—H bond, whereas Cr(III) oxide is not involved in
the reaction but stabilizes the copper ion(s) against aggregation
under the reaction conditions.”'* Moreover, the Cu(Il) species
in the spinel framework were hard to reduce by benzene
molecules; thereby formation of phenol on the catalyst surface
was inhibited due to the need for a suitable redox system.”* In
our effort to enhance the catalytic activity of the catalytic
system, we incorporated some extra CuO (commercial) to
CuCr,0O, spinel nanoparticles catalyst by means of an
impregnation method in an attempt to improve the catalytic
system (CuO—CuCr,0,"™"; entry 5, Tablel). We observed
that within 3 h the catalyst began to perform in the benzene
hydroxylation reaction; however, after 4 h, the catalyst started
to be deactivated due to massive leaching of extra Cu** doped
on CuCr,0Oy spinel. From these experimental findings it can be
inferred that a supported Cu(II) species on a spinel framework
is necessary for the generation of a suitable redox system to
facilitate the Cu(I) <> Cu(I) path, thereby rendering phenol
formation by direct oxidation of benzene. To prove this
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hypothesis, we introduced nanoclusters of Cu(II) supported on
CuCr,0, spinel nanoparticles prepared hydrothermally (Cu-
(I1)/SP)**, following the protocols described in our previous
report.”® We noticed 22% benzene conversion with a phenol
selectivity of 75% (entry 6, Table 1). However, we obtained a
better result when we prepared ultrasmall Cu(Il) oxide
nanoparticles supported on CuCr,O, spinel nanoparticle
catalyst, modifying the previous method (Cu(II)/SPPES3¢,
entry 8, Tablel). Furthermore, we prepared Cu(Il) oxide
nanorods hydrothermally (CuO™Y; entry 10, Table 1) using
CTAB and applied it as a catalyst, maintaining all the optimum
conditions. We noticed very low conversion of benzene with
28% selectivity to phenol. From all these observations we can
tentatively suggest that, although benzene molecules become
activated on the CuCr, O, spinel surface, producing phenol with
high yield consistently maintaining the catalytic system
unhindered solely depends on the present catalytic system,
where ultrasmall cationic Cu(Il) species are located at the
metal—support interface and serve as “chemical glue” to bind
the species to the support. Moreover, this chemical glue is
responsible for the synergy displayed between the ultrasmall
Cu(II) species and the CuCr,O, spinel surface. Furthermore, it
can also be suggested that the crucial effect of the latter
synthesis method is demonstrated by its strikingly superior
activity in comparison to the previously reported Cu(Il)
nanoclusters supported on CuCr,O, spinel nanoparticles, in
spite of the fact that these two systems have the same chemical
composition, the same active metal as well as support, and
almost the same metal loading and BET surface areas (65 and
66 m* g~', respectively). Such a unique nanostructure benefits
the structural stability of the catalyst.

Although the mechanism of the formation of supported
ultrasmall Cu(1I) oxide nanoparticles is not very clear, we
believe that the modifiers used in the preparation of the catalyst
play an important role in the generation of the active
component (here Cu“)—support synergistic interaction in
the catalyst. This hypothesis was further proved from a
comparative study of their TPR analyses (Figure 3). There
were two types of Cu(Il) species present in both catalysts (i.e.
nanoclusters of Cu(II) supported on CuCr,0, spinel nano-
particles (Cu(II)/SP) and ultrasmall Cu(II) supported on
CuCr,0, spinel nanoparticle catalyst (Cu(II)/SP*¢34), which
were reduced at 150—450 °C (due to supported Cu(II)
species) and 450—800 °C (three peaks due to Cu(II) species in
spinel), respectively. The former Cu(II) species present in both
catalysts were reduced at a temperature lower than that for
commercial CuO (CuO“°™; Figure 3a), which is reduced at
330 °C; moreover, the Cu(Il) species in the present catalyst
(Cu(I1)/SPPES36) is reduced at a temperature comparatively
lower than that for our previously reported catalyst (Cu(Il)/
SP33). Taking into account the general dependence of T,
(temperature at maximum reduction point) on the particle size,
ie. smaller Earticles are expected to be reduced at lower
temperature,”* we can clearly state that the Cu(II) oxide in the
present catalyst (Cu(II)/SP* %*4) is much smaller and is highly
dispersed on the CuCr,0, spinel phase. Furthermore, this TPR
analysis also demonstrates indirectly that Cu(II) species
supported on CuCr,0, spinel nanoparticles (in both Cu(1I)/
SPPEG36 and Cu(II)/SP>*) are greatly superior (comparatively
much easily reducible) in comparison to CuCr,O, spinel
nanoparticle (containing single-phased spinel) catalyst. These
results are consistent with the experimental findings (Table 1),
which demonstrate the fact that stable dispersed ultrasmall
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Cu(II)—NPs with a more accessible catalytic surface can be
particularly effective in benzene hydroxylation. The synergistic
effect between Cu(II) NPs and CuCr,O, spinel plays a critical
role in the formation of phenol and the support CuCr,O,, not
only stopping coalescence and agglomeration of the Cu(II)
nanoparticles but also supporting phenol formation. The above
rationale was also followed in the experimental findings, i.e. the
reactivity order of the catalysts toward benzene hydroxylation:
ultrasmall Cu(II) supported on CuCr,O, spinel nanoparticles
(size of Cu(1II) species 2—8 nm, i.e. Cu(II)/SP*E%36) > Cu(1I)
nanoclusters supported on CuCr,O, spinel nanoparticles (size
of Cu(Il) species 10—18 nm, ie. Cu(Il)/SP**) > CuCr,0O,
spinel nanoparticles (size of Cu(II) species 25—55 nm).

To further elucidate the role of supported nanoparticles in
the reaction, we studied the size effect of supported Cu(II)
nanoparticles (on CuCr,0, spinel). To this end, Cu(II) NPs
with average sizes ranging from 2.5 to 4.5 to 30 nm were
examined under similar conditions (ie., catalyst 0.2 g, reaction
temperature 350 °C, pressure 35 bar, benzene flow 0.1 mL/
min, air flow 80 mL/min, LHSV 30 mIL g™' h™!, TOS 6 h, and
contact time (W/F) 0.114 g s mL™'; Table 1). A significant
difference was noted in the activities of the first two catalysts at
24 and 3.6 wt % of copper loading on spinel (entries 7 and 8,
Table 1). When the average size of the Cu(II) NPs increased to
30 nm (3.6 wt % of copper loading on spinel), however, the
reaction rate decreased drastically (entry 9, Table 1). This can
be explained by the fact that further increasing the Cu content
to 7.6 wt % (on spinel), the slight aggregation of Cu
nanoparticles on the surface of CuCr,O, result in a decrease
in the number of active sites on the surface of the catalyst.
These observations substantiated that the surface area and
morphology of the samples are critical to the adsorption and
activation of molecular oxygen.

3.3. Benzene Hydroxylation Mechanism. To probe the
reaction mechanism, several control experiments were carried
out. Phenol was detected as the main product. Quinol,
biphenyl, and CO, were detected as the main side products.
Very small amounts of naphthalene, #-naphthol, and CO were
detected (as confirmed from GCMS results, Figure S11—S16 in
Supporting Information). When the reaction was performed
under a N, atmosphere, no phenol was detected. Moreover,
biphenyl was not detected under that atmosphere, underscoring
the participation of dioxygen in the reaction. It is a well-known
phenomenom that the activation of molecular oxygen occurs by
transferring charge density from metal to the vacant #*
molecular orbital of adsorbed O,.> It is generally believed that
molecular oxygen (air) dissociates on Cu(I) oxide,”**” which is
produced concomitantly and thereby generates active oxygen
species,”® although the detailed reaction mechanism is still
unknown. To find the probable mechanism of benzene
hydroxylation during catalysis, the catalyst was kept for several
hours with all the reaction conditions unaffected; after that, the
flow of air was stopped and the catalyst was kept under a
continuous flow of benzene. During this period, the pressure
was maintained by N,. Then the catalyst was recovered and was
subjected to XANES analysis. The Cu K-edge XANES spectra
of the fresh catalyst displayed absorption edge positions at 8982
and 8987 eV, indicative of Cu®" species in the catalyst
(supported Cu(Il), which served as the active component).
However, after treatment in air, followed by benzene flow at
high temperature and pressure, this specific peak disappears
(Figure 7); interestingly, this change does not occur if the
catalyst is kept under benzene flow only. This experimental
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finding led to the conclusion that while oxygen adsorption
oxidizes the Cu(I) ions to Cu(Il) ions, the reverse path is
facilitated by reduction of Cu(Il) ions caused by benzene
molecules.

The benzene hydroxylation reaction mechanism over
ultrasmall Cu(II) oxide supported on CuCr,O, spinel nano-
particles can be postulated (Scheme 1).2° Cr(IlI) (in the
catalyst) is believed to act as a textural promoter that prevents
sintering of the Cu(II) oxide and, hence, the surface area of the
catalyst is preserved during catalysis.”® Benzene reduces the
supported Cu(II) species to Cu(I) species A, which transforms
into its canonical form B; meanwhile, benzene produces
benzene radical cation (C¢Hg**) and peroxide radical (HOO®).
In the next step, C4Hg"" radical reacts with B to produce
complex C, which can be transformed into its canonical form
D. D eliminates a proton to restore the aromaticity (E). Then E
dissociates into Cu(II) oxide species F and phenol. F interacts
with concomitantly formed *OH radical to form G. This cycle
is closed by reducing G back to a Cu(I) species by a benzene
molecule with the formation of benzene radical cation, which
can re-enter the cycle.

4. CONCLUSIONS

In summary, we have introduced a polyethylene glycol assisted
method for the synthesis of ultrasmall Cu(II) oxide nano-
particles supported on CuCr,O, spinel nanoparticles. We
clearly demonstrated the importance of the morphology-
controlled ultrasmall Cu(II)—spinel interaction, which has a
great influence on the benzene hydroxylation reaction. The
catalyst displayed excellent catalytic performance in the
sustainable hydroxylation of benzene with air as oxidant,
achieving high efficiency in terms of activity, selectivity, and
stability. The attractive features of the catalyst are very
promising, as it may serve as a potential alternative to the
existing cumene process.
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