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ABSTRACT: Three-dimensional (3D) raspberry-like
CuCr2O4 spinel nanoparticles were prepared hydrothermally
in the presence of cationic surfactant, cetyltrimethylammo-
nium bromide (CTAB). Detailed characterization of the
material was carried out by X-ray diffraction (XRD),
inductively coupled plasma−atomic emission spectroscopy
(ICP-AES), X-ray photoelectron spectroscopy (XPS), scan-
ning electron microscopy (SEM), transmission electron
microscopy (TEM), Fourier transform infrared (FTIR)
spectroscopy, and thermogravimetric analysis (TGA). XRD
revealed the formation of CuCr2O4 spinel phase, and SEM showed the formation of a 3D raspberry-like structure, composed of
20−50 nm nanoparticles. The raspberry-like particles exhibited excellent catalytic behavior for the hydroxylation of benzene to
phenol with H2O2. The influence of reaction parameters were investigated in detail. A benzene conversion of 68.5% with 95%
phenol selectivity was achieved at 80 °C. The catalyst did not show any leaching up to 10 reuses, showing the true heterogeneity
of the catalyst. However, significant H2O2 decomposition occurs on the catalyst necessitating its use in 5-fold excess.
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■ INTRODUCTION

Three-dimensional (3D) nanostructures have drawn much
attention, because of their potential applications, such as
catalysis, removal of pollutants in water treatment, use in
supercapacitors, etc.1−6 However, the controlled controlled
construction of 3D architectures from nanobuilding blocks via
chemical routes still remains a challenge in material chemistry
research, because control of the nucleation and growth of
nanomaterials is really a mammoth task.6 The simplest synthetic
route to 3D nanostructures is the self-assembly, in which ordered
aggregates are formed in a spontaneous process and thus the
process has become an important technique to execute
fabrication of sophisticated architectures.6,7 However, the
development of simple and reliable synthetic methods for
hierarchically self-assembled architectures with designed chem-
ical components and tunable morphologies still remains a
challenge for the researchers. Since the first successful
preparation of nonporous monodispersed silica spheres by
Stober et al.,8 spheres and spheres on sphere (SOS) have been
among the most investigated morphologies, because of their
broad applications in areas of catalysis, controlled drug release,
and separation science. Fabrication of self-assembled architec-
tures produced from a series of building blocks with a raspberry-
like morphology has been projected as one of the intense fields of
research.9 There have been reports on nanomaterials possessing
raspberry-like morphologies, such as silica particles,9,10 gold
microspheres,11 cobalt-hierarchical microspheres,12 and Fe3O4@

SiO2 particles.13 Xu et al. has reported raspberry-like phenol
formaldehyde resin (PFR), where Ag and Au were used to
prepare Ag@PFR and Au@PFR colloidosomes with high
yields.14 Recently, Lin and his group reported one-step
solvothermal-processed 3D spinel-type manganese dioxide
microspheres with a raspberry-like morphology.5 Composite
oxides of Cu and Cr have long been recognized as versatile
functional materials, because of their wide commercial
applications as a catalyst for various chemical reactions.15−18

Moreover, its major application lies as a burn rate modifier in
solid propellant processing for space launch vehicles.19−21

Among these oxides, Cu−Cr spinels are considered to be the
most effective, because of the tetragonally distorted normal
spinel structure, where the more-active Cu2+ possesses
tetrahedral coordination.18,19 During the past few decades,
considerable attention has been paid in the preparation of Cu−
Cr catalysts,15−17,19−24 but preparation of the surfactant-assisted
3D ordered raspberry-like microspheres of CuCr2O4 spinel has
not been reported to date. Herein, for the first time, we report
here the surfactant-assisted preparation of 3D raspberry-like
CuCr2O4 spinel nanoparticles via a hydrothermal synthesis
method.
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Phenol is one of the most important chemical intermediate
and its current worldwide production exceeds 10 megaton per
annum.25 Industrially, it is being produced by a cumene
process.26 Apart from being multistep in nature, this process
suffers from low yield (∼5% based on the amount of benzene
initially used) and produces explosive intermediate, cumene
hydroperoxide, and unwanted byproducts. Although there have
been several reports using different oxidizing agents, such as
N2O,

27 H2O2,
28−30 NH3 +O2,

26,31 air + CO,32 etc., in most of the
cases, the phenol yield is very low. Although researchers have
tried the direct hydroxylation of benzene to phenol in the gas
phase, the catalyst suffers rapid deactivation due to coke
deposition.33 The use of H2O2 as an oxidant in the liquid-
phase hydroxylation of benzene is very advantageous, from both
environmental and industrial viewpoints;34 however, in most of
the cases, overoxidation of the phenol occurs, forming products
such as catechol, resorcinol, or benzoquinone.25,35 Pinnaivia and
his group reported a benzene conversion of 31% with 95%
phenol selectivity using titanosilicate (TS-1) catalyst.36

Vanadium(IV)-based catalysts have been proved to be a
promising candidate for activating the Csp2−H bond. A benzene
conversion of 34.5% and 100% selectivity toward phenol was
reported over a homogeneous catalyst (Keggin-type molydova-
nadophosphoric acid catalyst in liquid phase).37 Borah et al.
reported the oxidation of benzene to phenol using vanadyl(IV)
acetylacetonate grafted to periodic mesoporous organosilica
catalyst and H2O2 as oxidant to get a benzene conversion of 27%
with 100% selectivity.38 Zhao and his group reported a phenol
yield of ∼24% using heteropolyanion-paired cross-linked ionic-
copolymer [prepared by the anion-exchange of heteropolyacid
H5PMo10V2O40 with poly(divinylbenzene-3-n-butyl-1-
vinylimidazolium)Br] at 55 °C39 and thereafter reported a
phenol yield of 31% using the nitrile-functionalized POM salt
[C3CNpy]4HPMoV2, which is a phase-transfer catalyst with
H2O2 as the oxidant at 60 °C.

40 Recently, Long et al. reported a
phenol yield of 14% using C3N4−H5PMo10V2O40 in reductant-
free aerobic oxidation of benzene.41 However, the hydroxylation
of benzene in liquid phase is concerned with several issues like
either low phenol yield, recyclability of the catalyst and
separation of products. Very recently, our group reported
72.5% benzene conversion with a phenol selectivity of 94% over
CuCr2O4 spinel nanoparticles with H2O2 as the oxidant.

42 We
observed that the activity of the catalystis gradually reduced after
the sixth run because of the leaching of Cu(II) from the spinel
framework. Therefore, we were in need of a highly stable catalyst
that would be recycled several times (at least 10 times) without
significant losses in activity. We envisioned that, if a chromium-
(VI) precursor is used in the preparation of CuCr2O4 spinel, a 3D
structure of CuCr2O4 spinel is generated, where the catalyst
showed to be devoid of leaching properties apart from displaying
high activity in benzene hydroxylation reaction.
Herein, we report the selective oxidation of benzene to phenol

using H2O2 as oxidant where a benzene conversion of 68.5% with
95% phenol selectivity was achieved at 80 °C over nanocrystallite
of CuCr2O4 spinel catalyst with the unique raspberry-like 3D
structure.

■ EXPERIMENTAL SECTION
Materials and Methods. Ammonium dichromate, copper nitrate,

cetyltrimethylammonium bromide (CTAB, 99%), hydrazine mono-
hydrate solution, benzene, acetonitrile, andH2O2 (50%)were purchased
from Sigma−Aldrich. NH3 solution was acquired from Acros Organics

(for analysis) and doubly distilled water (HPLC grade) was used in the
synthesis.

Catalyst Preparation. The 3D CuCr2O4 spinel nanoparticles
catalyst with a raspberry structure was prepared by modifying our own
preparation method.43 The typical preparation method is as follows. An
aqueous solution of 2.6 g of Cu(NO3)2·3H2O was added with vigorous
stirring to 2.7 g of (NH4)2Cr2O7 dissolved in 40 g of deionized water to
form a homogeneous solution. The pH of the medium was made to be 9
by adding ammonia solution dropwise. An aqueous solution of 3.2 g of
the cationic surfactant cetyltrimethylammonium bromide (CTAB) was
added to the Cu−Cr solution mixture. Finally, an aqueous solution of
1.0 g of hydrazine was added dropwise. The reagents were added by
maintaining a CuO:Cr2O3 molar ratio of 1:1 and a Cu:Cr:CTAB:-
H2O:hydrazine ratio of 1:2:0.8:200:1.5. After stirring until a
homogeneous solution was obtained, the resultant gel was transferred
into Teflon-lined stainless steel autoclave vessel and treated hydro-
thermally at 180 °C for 18 h under autogenous pressure; after 18 h, the
autoclave was cooled to room temperature and the final greenish
product was washed with distilled water, acetone, and ethanol and dried
at 100 °C, for 10 h under vacuum, followed by calcination at 800 °C for 6
h in air.

We also prepared surfactant promoted copper(II) oxide and
chromium(III) oxide in hydrothermal method in the same process to
compare their catalytic activities with the prepared CuCr2O4 raspberry
catalyst in a benzene hydroxylation reaction.

■ CHARACTERIZATION TECHNIQUES
Powder X-ray diffraction (XRD) spectra were collected on a
Bruker D8 Avance X-ray diffractometer fitted with a Lynx eye
high-speed strip detector and a Cu Kα radiation source.
Diffraction patterns in the 2°−80° region were recorded at a
rate of 0.5° (2θ) per minute. Scanning electron microscopy
(SEM) images were taken on a FEI Quanta 200 F system, using a
tungsten filament doped with lanthanum hexaboride (LaB6) as
an X-ray source, fitted with an ETD detector with high vacuum
mode using secondary electrons and an acceleration tension of
10 or 30 kV. Samples were analyzed by spreading them on a
carbon tape. Energy-dispersive X-ray spectroscopy (EDX) was
used in association with SEM for the elemental analysis. The
elemental mapping was also collected with the same
spectrophotometer. Transmission electron microscopy (TEM)
images were collected using a JEOL JEM 2100 microscope, and
samples were prepared by mounting an ethanol-dispersed
sample on a lacey carbon Formvar-coated copper grid. X-ray
photoelectron spectroscopy (XPS) spectra were recorded on a
Thermo Scientific K-Alpha XPS spectrometer, and binding
energies (±0.1 eV) were determined, with respect to the position
of the C 1s peak at 284.8 eV. Chemical analyses of the metallic
constituents were performed using inductively coupled plasma−
atomic emission spectrometry (ICP-AES) (Model PS 3000 uv,
(DRE), Leeman Laboratories, Inc., USA). Thermogravimetric
analyses (TGA) of the uncalcined catalyst were carried out in a
Pyris Diamond (Perkin−Elmer) and Technology by SII (Seiko
Instruments Inc., USA) instrument balance by heating 2.15 mg
samples at 5 °C min−1 in flowing air. Fourier transform infrared
(FT-IR) spectra were recorded on a Thermo Nicolet Model
8700 (USA) instrument with the following operating conditions:
resolution, 4 cm−1; number of scans, 36; operating temperature,
23−25 °C; and frequency range, 4000−400 cm−1.

■ CATALYTIC OXIDATION
Catalytic liquid-phase hydroxylation of benzene was carried out
using a two-neck 25-mL round-bottom flask (immersed in a
water bath) fitted with a condenser, thermometer, and a
magnetic stirrer. In a typical oxidation experiment, 10 mL of

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am503722t | ACS Appl. Mater. Interfaces 2014, 6, 14451−1445914452



acetonitrile, 1 g of benzene, and 0.08 g of CuCr2O4 raspberry
spinel catalyst were taken in the flask and the reaction
temperature was increased to 80 °C. Then, H2O2 (50% aqueous
solution) was added dropwise, and the resulting mixture was
refluxed for the required time. Small aliquots of the sample were
withdrawn from the reaction mixture at regular intervals for
analysis using a syringe. At the end of the reaction, the solid
particles (catalyst) were separated by filtration, and the products
were analyzed using a gas chromatography (GC) (Agilent,
Model 7890) system equipped with a flame ionization detector
(FID) and a HP5 capillary column (30 m length, 0.28 mm id,
0.25 μm film thickness), using methanol as an internal standard.
The product identification was carried out by injecting the
reference samples and performing GC-MS analyses. The
benzene conversion and phenol formation were calculated
using a calibration curve (obtained by manual injecting the
reference compounds). The individual yields were calculated and
normalized with respect to the GC response factors. For the
reusability test, the catalyst was repeatedly washed with
acetonitrile and acetone and dried overnight at 100 °C and
used as such, without regeneration.

■ RESULTS AND DISCUSSION
Catalyst Characterization. The powder XRD patterns of

the Cu−Cr catalysts are shown in Figure 1. The powder XRD

pattern exhibited the typical diffraction lines of the bulk CuCr2O4
spinel exclusively with the maximum intensity peak at 2θ value of
35.16° (JCPDS File Card No. 05-0657), along with the presence
of chromium oxide, as suggested by the peak observed at 40.06°
(JCPDS File Card No. 38-1479). The crystallite size was
determined using the Scherrer equation (based on 2θ = 35.15°)
and a mean particle size of 38.5 nm was observed. A panoramic
SEM image (Figure 2) revealed the production of the uniform
3D raspberry-like structures with diameters in the range of 2−5
μm. The yield of product with a 3D raspberry-like morphology is
∼100%. SEM also revealed that the entire raspberry architecture
is composed of several nanoparticles in the range of 30−50 nm.
Ensembles of these nanoparticles assemble together to form 3D
raspberry-like structures. The microspheres continued to grow

by combining with the existing primary particles during
hydrothermal treatment and finally form the raspberry-like
structure. The surface of the individual particle in the raspberry
was smooth (as confirmed by TEM analyses), indicating the
good coverage and protection effect of CTAB template during
the nucleation and growth of the crystallite. Calcination did not
change the overall morphology of the as-synthesized sample (see
Figures 2a and 2b, and Table 1). The embedment of the CTA
molecules over the precalcined catalyst was confirmed by the
FTIR analysis (see Figure 3). The peaks of the sample at 812 and
1062 cm−1 can be assigned to the C−N+ stretching modes of
CTAB molecules.44 The peaks at 1378 and 1462 cm−1 are
assigned to the symmetric mode of vibration of the head groups
of the methylene moiety (N+−CH3) and the CH2 scissoring
mode, respectively.44 The frequencies above 1600 cm−1 to 3000
cm−1 are due to CH2 symmetric and antisymmetric vibrations,
respectively. Note that the shift of vibrations to lower frequency
occurred as the alkyl chains experienced a more hydrophobic
environment in Cu−Cr blocks upon the surface of which the
CTA moieties were supposed to be bound.44 It can be inferred
that the mutual interactions between CTAB and the Cu−Cr
surface have taken place. These typical frequencies were absent
when the material was calcined at 800 °C in air (fresh catalyst) in
the case of the prepared catalyst, which indicated that the
embedded CTAB moieties have been completely removed from
the catalyst surface during calcination. The calcined sample also
exhibited absorption bands at 608 and 517 cm−1, which refer to
the Cr2O4

2− group in spinel.6 The absorption bands at 517 cm−1

Figure 1. XRD patterns of the three-dimensional (3D) raspberry-like
CuCr2O4 spinel catalyst (a) before and (b) after catalysis (after 10
recycles).

Figure 2. SEM images of (a, b) uncalcined and (c−e) calcined CuCr2O4
raspberry-like fresh and (f) spent catalyst (after 10 recycles).
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may also correspond to the stretching vibrations of the Cr−O−
Cu. The FTIR spectrum of CuCr2O4 (Figure 3c) reveals well-
resolved absorption bands at 620 cm−1, corresponding to the
stretching vibrations of the Cr−O bonds of CuCr2O4. The band

at 517 cm−1 is also marked with asymmetric line broadening,
indicating the presence of a band at 500 cm−1, which is the
characteristic band of Cu−O. The band located at 557 cm−1 is
the characteristic band of Cr−O.45 Moreover, it was also
confirmed from the FTIR diagram that, there was no structural
deformation in the catalyst, even after 10 recycles. Furthermore,
in the SEM-EDAX diagram of the fresh catalyst (see Figure S1 in
the Supporting Information) does not show any peaks for C, N
or even Br, which further confirms the removal of the template
(CTAB) by calcination. The embedding of CTAB molecules on
the precalcined catalyst surface was further confirmed from TGA
analysis. When TGA analysis of the uncalcined sample was
performed, in the temperature range of 100°−500 °C, an overall
weight loss of 32.6% was observed (see Figure S3 in the
Supporting Information), which also supports the presence of
CTA moiety in the as-synthesized catalysts. However, trans-
mission electronmicroscopy (TEM) images at lowmagnification
(Figure 4a) revealed that each unit of the raspberry-like structure
was composed of interconnected nanoparticles with smooth
surfaces (see the inset of Figure 4a). A representative high-
resolution TEM image is shown in Figure 4d. The lattice fringes
with a d-spacing of 0.30 nm, corresponding to the spacing of the
(220) plane of CuCr2O4 can also be seen.18 The (220) plane
probably regulates the activity and chemical selectivity of the
catalyst. Particle size distribution (histogram) based in Figure 4a
(TEM image of fresh catalyst) and that of Figure 4e (TEM image
of spent catalyst) have been plotted (see Figures 4c and 4f,
respectively). From TEM images (Figure 4a and 4e) and from
the respective histograms, it was also noticed that the catalyst did

Table 1. Physicochemical Properties of the CuCr2O4 Raspberry Spinel Nanoparticles Catalyst

Particle Size
(nm)

entry catalyst
BET surface area

(m2/g)
Cu/Cr molar

ratioa XRDb TEM morphology (from SEM)

1 CuCr2O4 (fresh) 68 0.5 38.5 40 raspberry-like spherical (composed of innumerable
nanoparticles)

2 CuCr2O4 (spent, after 10
recycles)

65 0.5 39.8 40 raspberry-like spherical (composed of innumerable
nanoparticles)

aEstimated by ICP-AES. bMeasured using the Scherrer equation.

Figure 3. FTIR spectra of pure CTAB (spectrum a), uncalcined
(spectrum b), calcined (spectrum c), and spent (after 10 recycles)
CuCr2O4 spinel catalyst (spectrum d).

Figure 4. TEM images of the (a, b, d) fresh (at different resolutions) and (e) spent CuCr2O4 raspberry spinel particles. Panels c and f show their
respective particle size distributions (histograms).
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not undergo any significant change in during catalysis, even after
10 reuses.
The XPS spectra of Cu, Cr, and O in the CuCr2O4 spinel were

presented in Figure 5 (left and right panels, respectively). Figure

S4 in the Supporting Information, respectively. The Cu 2p
spectrum of the fresh sample was characterized by two spin orbit
doublets with strong satellite peaks. The Cu 2p3/2 signals fitted
satisfactorily to two principal peak components at 935.0 and

Figure 5. (Left) Cu 2p3/2 and (right) Cr 2p3/2 core level spectra (XPS) CuCr2O4 raspberry-spinel catalyst.

Scheme 1. Generation of the 3D-Raspberry-Like CuCr2O4 Spinel Catalyst
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933.7 eV. The binding energy (BE) for the Cu 2p peak was in
close agreement with that of CuCr2O4. The low-energy
component with Cu 2p3/2 is associated with Cu2+ in octahedral
sites, whereas that the high energy component to Cu2+ in
tetrahedral sites.18,46

Possible Formation Mechanism of the 3D Raspberry-
Like Structure. The formation of 3D raspberry-like CuCr2O4
spinel particles can be explained on the basis of surfactant
(CTAB) assisted nucleation−growth rate of the seed that
actually determines the morphology of the final nanoparticle. As
per the LaMer plot for the crystallization nucleation−growth
process, the nucleation rate increases with decreasing surface
energy.47 In the presence of the surfactant, the surface tension of
the solution is reduced, which lowers the energy needed to
generate a new phase from the precursor ions.48 The surfactant
controls the nucleation rate by affecting the surface energy.
According to Gibbs−Wulff theory, the equilibrium shape of a
crystal is one that minimizes the surface energy for a given
enclosed volume.47 If the surface energy is isotropic, the
equilibrium shape will be spherical, because the sphere has the
minimum surface area. Before hydrothermal treatment, spherical
nanoparticles of Cu−Cr are generated, since this represents the
lowest possible surface energy. Hydrothermal treatment
probably interferes with the surface energy to be and the
particles aggregate into 3D nanostructures. In a control
experiment, without the addition of surfactant CTAB, we failed
to obtain the uniform 3D raspberry-like micro/nanocomposite
structure (see Figure S5 in the Supporting Information),
reflecting the structure-directing property of CTAB under
hydrothermal conditions. Therefore, it can be suggested
tentatively that CTAB molecules facilitate the assembly of
almost-spherical nanoparticles into the 3D raspberry-like
structure. Moreover, it also acted as a stabilizer to prevent
nanoparticles from aggregation. The assembly effect of CTAB is
assisted in basic pH,49 and the role of CTAB in the generation of
3D raspberry-like CuCr2O4 spinel particles was furthermore
confirmed when in a control experiment, when all the reagents
were used without pH maintenance (pH ≪7), agglomerated
particles with indefinite morphology were obtained (see Figure
S5a in the Supporting Information). Hydrazine probably acted as
a capping agent to control further growth of the particles; this is
probably why we obtained particles with irregular and
comparatively larger size in the absence of hydrazine, although
a raspberry-like structure was noticed (see Figure S5c in the
Supporting Information) Hydrothermal treatment, which is the
genesis of autogenous pressure, is probably also responsible for
the generation of 3D raspberry-like CuCr2O4 spinel particles.
When we tried to synthesize 3D raspberry-like CuCr2O4 spinel
particles without hydrothermal treatment, we obtained nano-
particles with irregular shapes and, more importantly, 3D
architectures were not built (see Figure S6 in the Supporting
Information). Although the mechanism for the formation of
nanostructures is not very clear, we believe that CTAB, NH4OH,
hydrazine solutions, and the overall hydrothermal treatment each
played an important role in orchestrating the 3D raspberry-like
CuCr2O4 spinel particles. On the basis of the above discussion,
the illustration for the possible formation mechanism of 3D
raspberry-like CuCr2O4 spinel particles prepared in the presence
of CTAB is shown in Scheme 1. In order to elucidate the growth
process of 3D raspberry-like architectures, a series of time-
dependent experiments were performed and we followed the
growth steps of the samples at various reaction stages by SEM. It
was also observed that a crystallization time of at least 18 h is

necessary for the formation of a raspberry-like structure with
almost-uniform sizes. Prolonged crystallization time (>18 h)
resulted in the formation of polydispersed particles (Figure 6).

The driving force for the formation of raspberry morphology by
means of interaction among the individual nanoparticles may be
due to several factors, which include crystal-face attraction,
electrostatic and dipolar fields associated with the aggregate, van
der Waals forces, hydrophobic interactions, hydrogen bonds, etc.
without any external intervention.10 Moreover, the self-
assemble- directing effect of the “soft template” CTAB and the
contribution of the Ostwald ripening process cannot be avoided.
It is worth mentioning that precursors of Cr6+ are necessary for
the formation of the raspberry-like structure. This hypothesis was
confirmed when other precursors of chromium were used, such
as CrCl3, Cr(NO3)3·9H2O, KCr(SO4)2·12(H2O) (chrome
alum), where chromium exists as chromium(III), a 3D
raspberry-like morphology was not formed; however, a
raspberry-like structure formation was noticed when K2Cr2O7
was used as the chromium precursor (see Figure S7 in the
Supporting Information). Moreover, when chromium(III) oxide
was prepared by using (NH4)2Cr2O7, CTAB (basic medium),
and hydrazine, a 3D-strawberry-like structure developed, which
is entirely different from commercial chromium(III) oxide and
even chromium(III) oxide obtained by heating (NH4)2Cr2O7 at
600 °C (see Figures S8 and S9 in the Supporting Information),

Figure 6. SEM micrographs of the Cu−Cr samples prepared by
maintaining hydrothermal treatment (180 °C) for (a) 6 h, (b) 18 h, (c)
72 h, and (d) 7 days; SEM micrographs of the Cu-Cr samples prepared
via hydrothermal treatment (e) after 7 days of continuous stirring and
(f) after 7 days of aging, followed by hydrothermal treatment.
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indicating the active participation of Cr6+ rather than Cr3+ in the
self-assembly process during the micelle formation process.
Catalytic Oxidation Reaction. The reactions of the

different Cu−Cr catalyst for selective oxidation of benzene to
phenol are shown in Table 2. The prepared CuCr2O4 raspberry
catalyst showed better catalytic activity than commercial catalysts
and even better than Cu nanoclusters supported on Cr2O3
catalyst (see entries 1−7 in Table 2), which indicated the
necessity of the spinel phase. Furthermore, the commercial
CuCr2O4 spinel showed poor activity, compared to our so-
prepared CuCr2O4 raspberry-like catalyst. This experimental
finding can be attributed to the fact that the commercial
CuCr2O4 spinel possesses particles that are of larger size, are not
uniform (see Figure S10 in the Supporting Information), and
have less BET surface area (5 m2 g−1). Therefore, the key sources
for the higher activity of the CuCr2O4 raspberry-like catalyst,
compared to the commercial spinel in the benzene hydroxylation
reaction, is the presence of nanoparticles that have a high surface-
to-volume ratio (BET surface area = 68 m2 g−1). Copper
nanoclusters supported on a Cr2O3 catalyst showed activity in
benzene hydroxylation; however, they suffered serious leaching.
Moreover, we also prepared CuO (denoted as CuOSRF) and
Cr2O3 (denoted as Cr2O3

SRF) hydrothermally in the presence of
CTAB and hydrazine (following the same preparation method as
that of the CuCr2O4 raspberry-like catalyst) and conducted
benzene hydroxylation reactions under the similar conditions
(see entries 8 and 9 in Table 2). However, we still noticed that
thesematerials were proven to be catalytically inactive in benzene
hydroxylation.
Liquid-phase benzene hydroxylation reaction over the

CuCr2O4 raspberry-like catalyst was speculated to be dependent
on various reaction parameters, such as reaction temperature,
concentration of oxidant, amount of catalyst, etc. We noticed that
the benzene hydroxylation reaction was highly dependent on
reaction temperature. At room temperature (35 °C), only 3.5%
of benzene conversion was noticed. With increasing reaction
temperature, the yield of the desired product (i.e., phenol)
increased. The yield of phenol reached ∼10% at 50 °C and 65%

at 80 °C over this catalyst (see Figure S11 in the Supporting
Information). Further raising the temperature to 90 °C, there
was no marked increase in the conversion of benzene,
presumably because of the rapid decomposition of H2O2 at
this temperature; but the selectivity to phenol (ΦOH) decreased
sharply to 88%, because of the formation of overoxidized
products, namely catachol (Cat) and hydroquinone (HQ). We
also studied the activity of the CuCr2O4 raspberry-like catalyst
with different benzene:H2O2 molar ratios. When the benzene:-
H2O2 molar ratio was 1:1 or 1:2.5, although the selectivity was
>95%, the conversion of benzene was very low. This
phenomenon can be attributed to the fact that the decom-
position of H2O2 over CuCr2O4 surface was prominent.

50 When
the benzene:H2O2 molar ratio was above 1:5, rapid decrement in
total yield of phenol was observed, because of the formation of
overoxidized product(s) (see Figure S12 in the Supporting
Information). The benzene hydroxylation reaction also was
dependent on the amount of catalyst used. Without any catalyst,
the conversion of benzene was too poor to be detected (see entry
14 in Table 2), because of auto-oxidation of the benzene. With
the increment of catalyst weight, an increment in phenol yield
was noticed (see Figure S13 in the Supporting Information).
Further increment of the catalyst led to a decrease in phenol
selectivity, probably due to the increment in active sites of
catalyst, which compelled the benzene molecules to overoxidize.
Maintaining all the optimum conditions, when the reaction was
allowed to run for hours, it was noticed that, initially, the
conversion of benzene was low. Probably, much time was taken
for the activation of the benzene ring; gradually grater conversion
of benzene was speculated with time. We also observed that, with
further increase in time, although there was higher conversion of
benzene, but selectivity to phenol decreased sharply due to the
inevitable oxidation of phenol to catechol (Cat) and hydro-
quinone (HQ), and polymerization of phenol (see Figure S14 in
the Supporting Information).
Solvent (acetonitrile) played a very crucial role in the benzene

hydroxylation reaction. When acetonitrile was employed as the
solvent, the substrate benzene was miscible in acetonitrile, and

Table 2. Reaction Conditions of Catalytic Oxidation of Benzenea

SP(%)
d

entry catalystb CB (%)
c ΦOH catachol, Cat hydroquinone, HQ others YP (%)

e E° (%)f

1 CuOCOM 6.6 5.5 50 43 1.5 0.3 0.06
2 Cu2O

COM 6.9 7.5 52.5 38 2.0 0.5 0.1
3 Cr2O3

COM 7.8 3.0 54 40 3.0 0.2 0.04
4 CuCr2O4

COM 17.5 15.5 46 36 2.5 2.7 0.54
5 CuO−Cr2O3

IMP 13.8 15.0 48 36 1.0 2.0 0.4
6 CuO−Cr2O3

CPM 13.5 15.8 44 38 2.2 2.1 0.42
7g CuO−Cr2O3 37.5 68 17 13 2.0 25.5 5.1
8 CuOSRF 7.0 6.5 47 44 2.5 0.4 0.08
9 Cr2O3

SRF 7.5 4.0 50 43 3.0 0.2 0.04
10h CuCr2O4

RB 68.5 95 3 1.5 0.5 65.0 13.0
11i CuCr2O4

RB 67.0 93 4 2 1.0 62.3 12.5
12j CuCr2O4

RB 22.0 75.0 14 9 2.0 16.5 3.3
13k CuCr2O4

RB 18.0 68.0 18 12 2. 12.2 2.4
14 no catalyst

aTypical reaction conditions: solvent (acetonitrile) = 10 mL, substrate (benzene) = 1 g, catalyst= 0.08 g, benzene: H2O2 (molar ratio) = 1:5, reaction
temperature = 80 °C; time = 10 h. bCOM = commercial; IMP = impregnation method; CPM = coprecipitation method; SRF = surfactant-
promoted; RB = raspberry-like. cCB = conversion of benzene based upon the FID-GC using methanol as external standard = [moles of benzene
reacted/initial moles of benzene used] × 100. dSP = selectivity to phenol = [moles of products produced/mols of benzene reacted] × 100. eYP =
yield of phenol = CB × SP/100.

fE° = H2O2 efficiency = [moles of phenol formed/total moles of H2O2 added] × 100. gCopper nanoclusters
supported on Cr2O3.

hPrepared CuCr2O4 spinel nanoparticles.
iCatalyst after 10 reuses. jSolvent = n-octane. kSolvent = DMF.
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the catalyst could be well-dispersed. Dissociation of H2O2 over
CuCr2O4 generates the active species •OH (free hydroxy
radical). During the benzene hydroxylation reaction, these
hydroxy radicals behave as an electrophile in this reaction51 and
attack the activated C−Hbond, which is adjacent to the π-system
(phenyl ring), by means of homolytic C−H bond cleavage
mechanism; thereby hydroxylated benzene (i.e., phenol
molecules) are produced on the surface of the catalyst. This
hydroxylation path is facilated by MeCN (solvent) molecules;
consequently, high yield of phenol in acetonitrile was furnished.
When n-octane and dimethylformamide (DMF) were used as
solvents (entries 12 and 13 in Table 2), the catalyst showed very
poor activity. Although high phenol selectivity was achieved in
these solvents, but the conversion of benzene was very less. This
can be attributed to the fact that n-octane is highly hydrophobic
and DMF is highly hydrophilic in nature.28 n-Octane and DMF
quantitatively extract benzene and H2O2, as well as hydrated
•OH radicals, respectively, inhibiting a barrier between the
catalyst surface, the reactant (benzene), and oxidant molecules,
thereby waning the entire catalytic system.
Reusability Test. At the end of the reaction, the catalyst was

filtered in the hot condition and was dried for 12 h at 100 °C.
Recycling and reusability of the catalyst was examined by
introducing the used catalyst subsequently 10 times to perform
the catalytic oxidation. The reusability of the 3D CuCr2O4
catalyst was studied without regeneration of the catalyst in the
same experimental condition. The catalyst showed 93%
selectivity, even after 10 successive runs (see Figure S15 in the
Supporting Information). The raspberry-like CuCr2O4 catalyst
shows its high activity until 10 recycles. This may be attributed to
the extreme stable spinel phase with a 3D structure, which
inhibits the positions of the individual elements to be displaced.
Interestingly, no leaching of Cr metal was detected, probably
because of the extremely strong bindings of Cr atom in
framework maintaining the 3D raspberry structure. The amount
of Cu and Cr present in the spent catalyst (after 10 recycles) is
almost same to that of the fresh catalyst (as estimated by ICP-
AES; see Table 1), establishing that there was no leaching and the
reaction was truly heterogeneous in nature. After the 11th run, a
negligible amount of leaching of Cu as detected by ICP-AES
(concentration of Cu was <2 ppb).

■ CONCLUSIONS

In summary, we have presented a facile, water-based, low-
temperature synthesis of self-assembled CuCr2O4 spinel with a
unique three-dimensional (3D) raspberry-like nanostructure.
The initial investigation showed that it was a two-stage process,
where nanoparticles were formed first, followed by organized
assembly of these nanoparticles into raspberry-like microspheres.
It was possible to tune the size of the microspheres by varying the
preparation conditions. This synthesis could easily be scaled up,
because of its simplicity. Moreover, the high thermal stability and
reusability of the catalyst, and its excellent ability in the
hydroxylation of benzene to phenol at liquid phase using H2O2
as the oxidant, may be a potential alternative path of the
conventional cumene process.
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